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Abstract

Current therapies for multiple sclerosis (MS) reduce both relapses 
and relapse-associated worsening of disability, which is assumed to be 
mainly associated with transient infiltration of peripheral immune cells 
into the central nervous system (CNS). However, approved therapies are 
less effective at slowing disability accumulation in patients with MS,  
in part owing to their lack of relevant effects on CNS-compartmentalized 
inflammation, which has been proposed to drive disability. Bruton 
tyrosine kinase (BTK) is an intracellular signalling molecule involved 
in the regulation of maturation, survival, migration and activation of 
B cells and microglia. As CNS-compartmentalized B cells and microglia 
are considered central to the immunopathogenesis of progressive MS, 
treatment with CNS-penetrant BTK inhibitors might curtail disease 
progression by targeting immune cells on both sides of the blood–
brain barrier. Five BTK inhibitors that differ in selectivity, strength of 
inhibition, binding mechanisms and ability to modulate immune cells 
within the CNS are currently under investigation in clinical trials as 
a treatment for MS. This Review describes the role of BTK in various 
immune cells implicated in MS, provides an overview of preclinical 
data on BTK inhibitors and discusses the (largely preliminary) data 
from clinical trials.
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which correspond in histopathological studies to iron-laden acti-
vated pro-inflammatory macrophages or microglia and (to a much 
lesser extent) reactive astrocytes21–23. SELs are foci of gradual and 
concentric expansion within existing T2 lesions that can be identified 
in serial conventional MRI scans of the same patient24. PRLs and SELs are 
more frequently seen in patients with PMS and are associated with more 
aggressive disease and more rapid disease progression21,25–28, although 
such lesions might represent only a portion of the total burden of 
chronic active lesions29.

Currently available disease-modifying therapies for MS modu-
late the peripheral immune response but have only a limited effects 
on CNS-compartmentalized inflammation, including that mediated by 
the CNS-resident immune cells that are thought to drive the accu-
mulation of disability7,30. This circumstance explains why therapies 
that are effective in preventing relapses and relapse-associated wors-
ening driven by transient infiltration of peripheral immune cells in 
patients with RMS might not necessarily offer a benefit in patients 
with established PMS7. Despite successful clinical trial results for B cell-
depleting antibody therapies such as rituximab, ocrelizumab and ofa-
tumumab31–35, these agents only modestly limit disease progression36, 
probably owing to poor brain penetration of monoclonal antibodies, 
which limits their ability to act on the compartmentalized inflammation 
in PMS37–40. Furthermore, continued use of these non-selective thera-
pies causes chronic B cell depletion41, which can potentially increase 
the risk of serious infections and possibly malignancy36.

To overcome the limitations of B cell-depleting antibody therapies 
for MS, research has focused on Bruton tyrosine kinase (BTK) inhibitors. 
BTK is an intracellular signalling molecule that is produced in B cells 
and cells of most haematopoietic lineages (including monocytes, 
macrophages, microglia, mast cells and neutrophils) except for natural 
killer cells and fully differentiated plasma cells42. BTK is an essential 
proximal component of several signalling pathways downstream of the 
B cell receptor (BCR) that control B cell maturation, survival and activa-
tion, as well as production of cytokines and antigen-dependent stimula-
tion of T cells43–46. As a result, BTK has emerged as a treatment target in 
B cell malignancies and a growing number of autoimmune disorders45,47 
(Supplementary Table 1). Moreover, BTK also has orthologous roles 
in macrophages, microglia and mast cells: BTK controls their activa-
tion, the liberation of histamine through degranulation in mast cells  
and the secretion of pro-inflammatory cytokines as well as inflamma-
some activation45,48–50. BTK is also produced in several cells of neural 
origin, including neurons51 and astrocytes52,53, whereas oligodendro-
cytes do not produce BTK52. Accordingly, the development of CNS-
penetrant BTK inhibitors brings hope for a new era of MS treatments 
that simultaneously target both peripheral immune cells, which drive 
MS relapses, and CNS-compartmentalized inflammation, which is 
thought to be involved in disability accumulation.

This Review highlights the role of BTK in signalling pathways of 
B lymphocytes and other immune cells that are considered important 
in MS. We also provide an update on the growing body of data support-
ing the scientific rationale for use of BTK inhibitors to treat MS and 
discuss the promising preliminary results of clinical trials.

An overview of BTK inhibitors
In 1952, the paediatrician Ogden C. Bruton described an 8-year-old 
boy with ‘complete absence of gamma globulin with otherwise normal 
serum proteins and recurrent pneumococcal sepsis’54. The inherited 
immunodeficiency described by Bruton was termed X-linked agamma-
globulinaemia (XLA). In the early 1990s, the BTK gene (encoding BTK)  

Key points

 • Bruton tyrosine kinase (BTK) is an important intracellular signalling 
molecule involved in regulating the maturation, proliferation, survival 
and activation of B cells and myeloid cells.

 • BTK inhibitors might concurrently target adaptive and innate immune 
mechanisms in the periphery and central nervous system (CNS).

 • This ability makes BTK inhibitors a promising therapeutic approach 
for relapsing and progressive forms of multiple sclerosis (MS).

 • Preclinical studies show that BTK inhibition can suppress 
key pathological features of MS, including B cell activation, 
CNS lymphocyte infiltration, leptomeningeal inflammation, 
pro-inflammatory microglial activation and demyelination.

 • The efficacy and safety of five BTK inhibitors are currently 
being evaluated in clinical trials in patients with relapsing and 
progressive MS.

 • The BTK inhibitors under investigation in clinical trials differ in their 
selectivity, mode of binding, target occupancy, inhibitory potency 
and CNS penetrance.

Introduction
Multiple sclerosis (MS) is a central nervous system (CNS) disorder 
characterized by inflammation, demyelination, gliosis and neuroax-
onal degeneration1–4. Although MS has traditionally been viewed as 
primarily mediated by T cells, B cells and nearly all cell types of the 
innate immune system (Box 1) also seem to have important roles in 
both the initiation and propagation of MS3,5–7. Peripheral immune cells 
that cross the blood–brain barrier (BBB) drive relapses and the forma-
tion of focal demyelinating plaques8. These infiltrating peripheral 
immune cells, as well as endothelial cells and innate immune cells such 
as microglia, macrophages and astrocytes, are thought to contribute to 
CNS-compartmentalized neuroinflammation and neurodegeneration 
in MS through the production of cytokines, chemokines, excitotoxins, 
free radicals, complement components and secondary messengers7,9,10.

Although substantial progress has been made in the develop-
ment of highly effective treatments for relapsing MS (RMS) in the 
past 25 years, limited therapeutic options are available for patients 
with non-relapsing progressive MS (PMS)2,11–13. Salient pathological 
features of PMS include widespread activation of microglia and macro-
phages, astrogliosis, persistent lymphocyte activity in meningeal 
aggregates and dispersed in the CNS parenchyma, increased cortical 
demyelination, deficient remyelination, chronic active lesions, diffuse 
neuroaxonal damage and atrophy of both white and grey matter2,11,13–15.

Chronic active lesions were first described in histopathological 
studies as white matter lesions with a demyelinated, hypocellular core, 
surrounded by activated microglia and macrophages at the lesion 
rim16–19. Advances in MRI made it possible to visualize two subsets 
of chronic active lesions in vivo: paramagnetic rim lesions (PRLs) or 
iron rim lesions and slowly expanding lesions (SELs)20,21. PRLs and iron 
rim lesions are detected with iron-sensitive MRI techniques, such as 
susceptibility-weighted imaging or T2*-weighted imaging20, owing 
to the presence of magnetic susceptibility in the rim of the lesion, 
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was identified as the key mutation site in patients with XLA, and BTK was 
shown to participate in the BCR signalling pathway after antigen 
engagement46,55,56.

After the discovery of BTK, a large number of BTK inhibitors were 
developed for the treatment of B cell malignancies, the survival of 
which requires BCR-mediated BTK signalling57. LFM-A13 was the first 
(non-selective) BTK inhibitor to be developed58, although this agent 
also potently inhibits Janus kinase 2, another non-receptor tyrosine 
kinase59,60. A search for selective BTK inhibitors led in 2007 to the syn-
thesis of ibrutinib61,62. To date, ibrutinib is approved for the treatment 
of chronic lymphocytic leukaemia (CLL), small lymphocytic lymphoma, 
mantle-cell lymphoma (MCL), Waldenström macroglobulinaemia, 
marginal zone lymphoma and chronic graft-versus-host disease63. In 
addition, acalabrutinib is approved for the treatment of CLL, small 
lymphocytic lymphoma and MCL64 and zanubrutinib for MCL65. BTK 
inhibitors are also under investigation for the treatment of several 
other haematological disorders (including malignancies and other 
lymphoproliferative disorders) and non-haematological malignancies 
(including melanoma, breast neoplasms, prostate cancer, urogenital 
carcinoma, gastrointestinal adenocarcinoma, adenocarcinoma of 
the lung, pancreas and kidney and glioblastoma), as well as severe 
acute respiratory syndrome coronavirus-2 infection, which causes 
coronavirus disease 2019 (ref. 66).

Moreover, BTK inhibitors have been tested or are actively being 
investigated as potential treatments for autoimmune diseases, includ-
ing rheumatoid arthritis, Sjögren syndrome, systemic lupus erythe-
matosus, pemphigus vulgaris, chronic spontaneous urticaria, asthma 
and MS67. The development of BTK inhibitor treatments for auto-
immune diseases was fuelled by the observation that B cell-specific 
overexpression of BTK induces systemic autoimmunity in mice68,69 
and the finding that BTK levels are upregulated in B cells from people 
with rheumatoid arthritis or Sjögren syndrome70. BTK inhibitors have 
shown variable efficacy in autoimmune conditions, ranging from no 
benefit (in Sjögren syndrome and systemic lupus erythematosus) to 
favourable efficacy in RMS67. At the time of writing (September 2022), 
330 clinical trials of BTK inhibitors, including in patients with autoim-
mune disorders, are registered at ClinicalTrials.gov. Table 1 includes 
the five BTK inhibitors in late-stage (phases II–III) development for 
MS. Supplementary Table 1 lists notable trials of the same agents 
for other indications.

BTK in immune cell signalling
BTK — along with IL-2-inducible T cell kinase, resting lymphocyte kinase, 
tyrosine kinase expressed in hepatocellular carcinoma (TEC) and bone-
marrow-expressed kinase70 — comprises the Tec family of non-receptor 
protein tyrosine kinases, which participate in the signalling pathways 
of B cells and myeloid cells, a lineage that includes microglia, macro-
phages, monocytes, mast cells, basophils, neutrophils and dendritic 
cells. The presence of a pleckstrin homology (PH) domain is the most 
characteristic conserved motif of Tec family proteins. This PH domain 
enables Tec kinases to bind to phosphoinositides, such as phosphati-
dylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5)P3), in the cytoplasmic 
leaflet of the plasma membrane. Thus, receptor-mediated increases 
in membrane phosphoinositide concentration lead to recruitment 
of Tec kinases to the plasma membrane, where they phosphorylate 
downstream signalling molecules71. As such, the PH domain of Tec 
proteins is essential for their roles in controlling downstream effectors 
that regulate diverse cell processes, including growth, differentiation, 
metabolism, survival and apoptosis72–76.

BTK is crucial for B cell development and maturation in the bone 
marrow, secondary lymphoid tissues and in the periphery. For example, 
patients with XLA, which is caused by mutations distributed across the 
five structural domains of BTK77,78, have a near-complete lack of circulat-
ing B cells (<2% of total lymphocytes in peripheral blood) and plasma 
cells77. By contrast, in mice with X-linked immunodeficiency (XID)79, 
a genetic model of XLA, missense mutations in the Btk region encoding 
the PH domain of BTK cause only partial B cell depletion. Circulating 
B cell levels are less severely affected in mice with XID than in patients 
with XLA owing to the presence of compensatory mechanisms that 
maximize pre-B cell survival79–81.

In the early stages of B cell development in the bone marrow, 
BTK controls the progression of pre-B cells to immature B cells by 
regulating the IL-7-induced proliferation of large (cycling) pre-B cells 
and their transition to small (resting) pre-B cells and by regulating 
immunoglobulin light chain gene expression41,44,82. BTK also controls 
the negative selection of autoreactive immature B cells69,83. Outside the 
bone marrow, BTK participates in the follicular migration (via control 
of integrin gene expression) and maturation of B cells; BTK also regu-
lates the activation and terminal differentiation of B cells into memory 
B cells or plasma cells41,44,82–85.

In addition to its involvement in B cell signalling, BTK has 
important signalling roles mediated by the IgG-specific Fc receptor 
(FcγR) in macrophages and microglia (Fig. 1) and by the IgE-specific 
Fc receptor (FcεR) in mast cells. Through its interactions with these Fc 

Box 1

Innate and adaptive immunity 
in multiple sclerosis
The immune system comprises the innate branch, present in 
many phyla, and the adaptive branch, which is present only 
in vertebrates211. Adaptive immune cells (T cells and B cells) 
drive specific and flexible immune responses through a range 
of antigen receptors and have the capacity for long-term 
immunological memory211,212. By contrast, innate immune cells 
(including macrophages, microglia and neutrophils) sense tissue 
damage and pathogens via pattern recognition receptors. Innate 
immune responses triggered by activation of pattern recognition 
receptors are rapid and relatively nonspecific and include cytokine 
release, phagocytosis and cell migration212,213. In multiple sclerosis, 
autoreactive lymphocytes and other immune cells, including 
macrophages, migrate across the blood–brain barrier into the 
central nervous system (CNS)3,5. Once in the CNS, autoreactive 
T cells are reactivated by antigen-presenting cells and secrete 
pro-inflammatory cytokines, including tumour necrosis factor 
and interferon-γ3,5. These inflammatory mediators promote 
demyelination3, and further axonal damage results from the 
injury of oligodendrocytes, which are the cells responsible for 
myelination and trophic support of axons1. CNS-resident immune 
cells (microglia, astrocytes and macrophages) are also activated by 
the surge in cytokine levels and become involved in the attack on 
axons5. Activated B cells might exacerbate these T cell effects by 
presenting antigen and secreting cytokines and chemokines5.
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receptors, BTK regulates degranulation, the release of histamine and 
pro-inflammatory cytokines, reactive oxygen species (ROS) production 
and inflammasome activation in myeloid cells43,47,86.

BTK in B cell signalling
The BCR consists of a membrane-bound immunoglobulin compris-
ing two heavy chains, two light chains and a heterodimer of Igα and 
Igβ (also known as CD79a and CD79b, respectively). Both Igα and Igβ 
have cytoplasmic tails containing immunoreceptor tyrosine-based 
activation motifs (ITAMs), which are necessary for intracellular signal 
transduction downstream of the BCR. Antigen binding to the BCR leads 
to phosphorylation (usually by tyrosine-protein kinase LYN) of tyrosine 
residues located on ITAMs in the BCR87 and in the intracellular tail of the 
BCR co-receptor CD19 (ref. 88). These phosphorylation events result in 
the creation of docking sites for spleen tyrosine kinase (SYK)89,90 and the 
recruitment of phosphoinositide 3-kinase (PI3K), respectively57,91. PI3K 
can also be activated independently of CD19 by B cell phosphoinositide 
3-kinase adapter protein 192.

Upon BCR stimulation, BTK (which is ordinarily located in the 
cytoplasm) is recruited to the plasma membrane, where PtdIns(3,4,5)
P3 interacts with the PH domain of BTK43,93. Moreover, CD40 activates 
BTK via SYK, both independently and in synergy with the BCR94–96. 
Upon full activation of BTK in association with B cell linker protein (also 
known as Src homology 2 domain-containing leukocyte protein of 

65 kDa (SLP65)), BTK phosphorylates phospholipase C γ2 (PLCγ2)97, 
which generates the secondary messengers inositol 1,4,5-triphosphate 
(IP3) and diacylglycerol98 (Fig. 1a). IP3, via its receptor, mobilizes calcium 
influx from intracellular stores99, which stimulates the calmodulin–
calcineurin pathway leading to activation of nuclear factor of activated 
T cells (NFAT)43,57. Diacylglycerol, together with the increased calcium 
influx, in turn activates protein kinase Cβ98. This enzyme interacts with 
a complex that comprises multiple signalling cofactors (including 
tumour necrosis factor (TNF) receptor-associated factor 6 (TRAF6)) to 
activate the IκB kinase complex. Activation of the IκB kinase complex 
results in the degradation of IκB, which enables nuclear factor-κB 
(NF-κB) to enter the nucleus43,100–102 (Fig. 1a). NFAT and NF-κB transcrip-
tion factors control the expression of genes that are essential for B cell 
survival, proliferation, tolerance, immunoglobulin class switching and 
the release of chemokines and cytokines103–108.

In addition to activating the NF-κB pathway, protein kinase Cβ and 
diacylglycerol stimulate mitogen-activated protein kinase signalling, 
leading to activation and nuclear translocation of extracellular signal-
regulated protein kinases (ERKs) 1 and 2 (ref. 109) (Fig. 1a). Important 
targets of ERK1 and ERK2 include the transcription factors ELK1 and 
MYC, which are involved in pre-B cell survival and proliferation110.

BTK is also essential for the cytoskeletal remodelling that occurs 
following BCR activation111–113. This process involves VAV proteins, which 
are activated by CD19 and linked to BTK via SLP65 (ref. 114) (Fig. 1a). 

Table 1 | Bruton tyrosine kinase inhibitors in ongoing clinical trials for the treatment of multiple sclerosis

Study Phase Setting Treatment duration Treatment groupsa

Evobrutinib

NCT02975349 (ref. 185) II RRMS (n = 261) 24–48 weeks Evobrutinib (n = 154), dimethyl fumarate (n = 54), 
placebo (n = 53)

NCT04338061 III RRMS (n = 1,124) ≤156 weeks Evobrutinib, teriflunomide

NCT04338022 III RRMS (n = 1,124) ≤156 weeks Evobrutinib, teriflunomide

Tolebrutinib

NCT03889639 (ref. 186) IIb RMS (n = 130) 12 weeks Tolebrutinib (n = 129)

NCT04458051 III PPMS (n = 990) 24–48 months Tolebrutinib (n = 660), placebo (n = 330)

NCT04411641 III Non-relapsing SPMS (n = 1,290) 24–48 months Tolebrutinib (n = 860), placebo (n = 430)

NCT04410991 III RMS (n = 900) 18–36 months Tolebrutinib (n = 450), teriflunomide (n = 450)

NCT04410978 III RMS (n = 900) 18–36 months Tolebrutinib (n = 450), teriflunomide (n = 450)

NCT04742400 II MS (n = 10) ≥96 weeks Tolebrutinib (n = 10)

NCT03996291 II RMS (n = 125) 62 months Tolebrutinib

Fenebrutinib

NCT05119569 II RMS (n = 109) 12 weeks Fenebrutinib, placebo

NCT04586023 III RMS (n = 736) 96 weeks Fenebrutinib, teriflunomide

NCT04586010 III RMS (n = 736) 96 weeks Fenebrutinib, teriflunomide

NCT04544449 III PPMS (n = 946) 120 weeks Fenebrutinib, ocrelizumab

Remibrutinib

NCT05147220 III RMS (n = 800) ≤30 months Remibrutinib (n = 400), teriflunomide (n = 400)

NCT05156281 III RMS (n = 800) ≤30 months Remibrutinib (n = 400), teriflunomide (n = 400)

Orelabrutinib

NCT04711148 II RRMS (n = 160) 120 weeks Orelabrutinib (n = 120)b, placebo (n = 40)

MS, multiple sclerosis; PPMS, primary progressive multiple sclerosis; RMS, relapsing multiple sclerosis; RRMS, relapsing-remitting multiple sclerosis; SPMS, secondary progressive multiple 
sclerosis. aFinal patient numbers are not yet available for some ongoing studies. bThree orelabrutinib dose groups (n = 40 each).
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BTK activation is negatively regulated by SH2-domain-containing 
inositol polyphosphate 5ʹphosphatase-1 (SHIP1), which is recruited 
to immune tyrosine inhibitory motifs on low-affinity IgG Fc region 
receptor IIb FcγRIIB, an inhibitory receptor on B cells. In a process that 
involves LYN-mediated phosphorylation of immune tyrosine inhibitory 
motifs, SHIP1 hydrolyses PtdIns(3,4,5)P3, causing the release of BTK 
from the plasma membrane115,116.

Beyond BCR signal transduction, BTK is essential in Toll-like 
receptor (TLR) signalling in B cells. BTK interacts with the Toll and IL-1 
receptor (TIR) domain of TLRs117–119, as well as with adapter proteins 
that couple TLRs to downstream protein kinases120,121. For instance, 
BTK interacts with the adapter protein myeloid differentiation fac-
tor 88 (MyD88)117 to trigger TRAF6-dependent activation of NF-κB 
and cytokine production via recruitment of IL-1 receptor-associated 
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Fig. 1 | Bruton tyrosine kinase signalling pathways in B cells, macrophages 
and microglia. Bruton tyrosine kinase (BTK) mediates signalling from the B cell 
receptor (BCR) in B cells and IgG Fc receptor III (FcγRIII, also known as CD16) in 
macrophages and microglia to downstream elements crucial to immune cell 
function. a, BCR activation leads to the formation and activation of a signalling 
complex in which BTK is linked with 1-phosphatidylinositol 4,5-bisphosphate 
phosphodiesterase-γ2 (PLCγ2) through the scaffold protein SLP65 (Src 
homology 2 domain-containing leukocyte protein of 65 kDa). Phosphorylation 
of PLCγ2 by BTK triggers several downstream signalling pathways, including 
inositol 1,4,5-triphosphate (IP3) receptor (IP3R)-dependent calcium mobilization 
(green), cytoskeletal remodelling (light blue) and activation of nuclear factor 
of activated T cells (NFAT; green), nuclear factor (NF)-κB (olive green) and RAS 
GTPase pathways (red). b, FcγRIII activation recruits and activates Lck/Yes-related 
novel protein tyrosine kinase (LYN) and spleen tyrosine kinase (SYK), which 

phosphorylate linker for the activation of T cells family member 1 (LAT) and 
establish a signalling complex comprising BTK and PLCγ2. In turn, PLCγ2 is 
responsible for generating diacylglycerol and IP3, two secondary messengers that 
control cellular effector responses via protein kinase Cβ (PKC-β) and intracellular 
Ca2+ release, respectively. Diacylglycerol interacts with a scaffold complex 
comprising B cell leukaemia and/or lymphoma 10 (BCL10), B cell adaptor for 
phosphoinositide-3-kinase (BCAP) and caspase recruitment domain-containing 
protein 11 (CARD11). ER, endoplasmic reticulum; ERK, extracellular signal-
regulated protein kinase; ITAM, immunoreceptor tyrosine-based activation 
motif; MALT1, mucosa-associated lymphoid tissue lymphoma translocation 
protein 1; PI3K, phosphoinositide 3-kinase; PtdIns(4,5)P2, phosphatidylinositol 
4,5-bisphosphate; PtdIns(3,4,5)P3, phosphatidylinositol (3,4,5)-trisphosphate; 
TRAF6, tumour necrosis factor receptor-associated factor 6; WASP, Wiskott–
Aldrich syndrome protein. Adapted from refs. 57,210, Springer Nature.
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kinases43,122. As TRAF6 is also recruited by the BCR to activate NF-κB101, 
these two signalling pathways are proposed to represent a key mecha-
nism through which BTK contributes to synergistic B cell responses to 
dual TLR and BCR stimulation43,123,124.

BTK in innate immune cell signalling
BTK is also involved in signalling networks that contribute to innate 
immunity, including FcεR-mediated signal transduction in mast cells 
and basophils48,49, 125. Antigen binding to IgE molecules associated with 
FcεR induces phosphorylation of ITAMs in FcεR β and γ chains48. As in 
BCR signal transduction, phosphorylation of FcεR ITAMs recruits and 
activates first LYN and then SYK126,127. These two kinases phosphorylate 
multiple tyrosine residues in linker for the activation of T cells family 
member 1 (LAT) and establish a signalling complex that consists of 
BTK, PLCγ1 and PLCγ2 (ref. 128). BTK and SYK, via phosphorylation 
of PLCγ, initiate the generation of secondary messengers IP3 and dia-
cylglycerol128,129. The IP3-induced release of intracellular calcium and 
diacylglycerol-mediated activation of PKC isoforms both result in 
degranulation and activation of several transcription factors, includ-
ing members of the NFAT family and activator protein-1 complex, that 
control cytokine production48,129.

In contrast to the considerable understanding of BTK in BCR sig-
nalling in B cells, little is known about the function of BTK in individual 
myeloid cell populations43. The evidence accrued to date suggests that 
BTK, via Fc receptor signalling, participates in myeloid cell activation, 
maturation, migration, survival, phagocytosis and pro-inflammatory 
cytokine production (Fig. 1b). Among the cell surface Fc receptors 
expressed by innate immune cells and specific for different immuno-
globulin isotypes, only FcγRs are known to signal via BTK: in cultured 
macrophages130–132, BTK inhibition blocked FcγR-induced phagocyto-
sis130 as well as production of IL-1β, IL-6 and TNF133. The role of BTK in 
FcγR-induced cytokine production was attributed to FcγRIII, an acti-
vating FcγR133. FcγRIII contains two ITAMs on the intracellular portion 
of its Fcγ chain that are phosphorylated upon IgG binding. As in the 
BCR signalling pathway described earlier, phosphorylation of these 
ITAMs results in cellular activation via SYK, BTK and PI3K-mediated 
PtdIns(3,4,5)P3 generation43,134 (Fig. 1b).

The involvement of BTK in innate immune cell responses is also 
mediated by TLR signalling, including TLR regulation by major histo-
compatibility complex class II molecules. BTK interacts with MyD88 
and TIR-domain-containing adapter molecule 1 (TICAM1, also known 
as TRIF) in innate immune cells to facilitate TLR signalling pathways 
that lead to NF-κB activation and interferon-β production117,119,135,136. The 
interaction of BTK with MyD88 and TICAM1 is essential for the upreg-
ulation of TLR signalling by intracellular major histocompatibility 
complex class II molecules in macrophages and dendritic cells137.

Evidence for a role of BTK in MS
A series of observations in human tissue has provided evidence for an 
important role of BTK in MS, which might be particularly relevant in 
progressive forms of the disease. In memory B cells isolated from the 
blood of patients with relapsing-remitting MS (RRMS) or secondary 
progressive MS (SPMS), the ratio of phosphorylated BTK to unmodified 
BTK protein (which indicates the level of BTK activation) was increased 
compared with that in healthy control individuals138. In brain autopsy 
samples from patients with SPMS, the levels of BTK+ cells were increased 
around the rim of lesions (results available only in abstract form)139. 
Immunostaining of SPMS brain tissue revealed that the BTK protein 
was present in microglia, with a marked increase in the concentration 

of BTK+CD68+ cells in lesions compared with that in normal-appearing 
white matter (results available only in abstract form)139,140. When expres-
sion of the BTK gene was assessed in brain samples from patients 
with MS, BTK mRNA levels were notably increased in primary progres-
sive MS lesions and SPMS lesions compared with surrounding healthy 
tissue (P = 0.02). Finally, single-nucleus RNA sequencing of microglia in 
brain samples from patients with PMS and healthy control individuals 
showed a high level of enrichment for both BTK mRNA and a BTK activa-
tion signature in patient-derived microglia. This BTK activation signa-
ture included upregulation of SPP1 and RGS1 genes and downregulation 
of CX3CR1 and P2RY12 genes (results available only in abstract form)139.

CX3CR1 is a receptor for chemokine ligand CX3CL1, which has 
both pro-inflammatory and anti-inflammatory properties141. Thus, 
the altered expression of CX3CR1 in disease-associated microglia from 
patients with PMS indicates an altered chemokine profile. CXCL13 is 
another chemokine that is highly expressed in microglia and has been 
implicated in the pathogenesis of MS, specifically in recruiting B cells 
into the CNS142. Microglia have a key role in the recruitment of adaptive 
immune cells into the CNS143–145. This trafficking of lymphocytes into 
the CNS represents a disease-associated mechanism that could be 
plausibly targeted with BTK inhibitors. Of note, in an in vitro study, the 
BTK inhibitor evobrutinib attenuated the migration of brain-homing 
(CXCR3+ switched) B cells derived from healthy blood samples through 
monolayers of human brain endothelial cells138. CXCL13 and several 
cytokines produced by microglia, such as TNF and IL-1β146, are thought 
to attract and maintain B cells within the CNS147. Indeed, CNS-compart-
mentalized B cells are now considered to be one of the main drivers 
in the immunopathogenesis of PMS148,149. These cells might directly 
damage the CNS through the secretion of exosomes and pathogenic 
microvesicles (which have been shown to induce neuron and oligo-
dendrocyte death in vitro) or through the release of antibodies that 
promote T cell reactivation in CNS barriers and facilitate their entry 
into the parenchyma150, as well as increasing complement deposition 
on myelin, which in turn could lead to enhanced myelin phagocytosis, 
membrane attack complex formation and B cell activation148.

In patients with MS, B cells might indirectly promote CNS injury by 
driving the polarization of autoreactive T helper type 1 (TH1) and TH17 
cells both in the periphery and within the CNS, and by their release of 
various pro-inflammatory cytokines that activate macrophages and 
microglia and might also promote the formation of follicle-like struc-
tures. In MS brain tissue, the formation of such structures is associated 
with pronounced cortical demyelination and thinning, microglial acti-
vation and CNS infiltration of T cells, macrophages and some plasma 
cells148. Importantly, the CNS-resident B cells in patients with MS are 
presumed to be unaffected by anti-CD20 B cell-depleting therapies. 
Hence, the potential of BTK inhibitors to modulate these compartmen-
talized B cells and thereby attenuate their presumed contributions to 
CNS-compartmentalized inflammation and injury could provide a clear 
benefit in patients with MS.

Preclinical work in models of MS
In vitro and in vivo preclinical studies have demonstrated the therapeu-
tic potential of BTK inhibitors in models of MS and have also provided 
insights into their putative mechanisms of action (Fig. 2). Most of the 
findings have emerged from studies of evobrutinib and tolebrutinib, 
both of which are covalent BTK inhibitors151,152. However, it is important 
to note that many of the preliminary data discussed here have not been 
peer-reviewed for full publication and should therefore be interpreted 
with caution.
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Effects on B cells
B cells are implicated in both relapse and progression of MS39,148,153,154. 
BTK inhibitors alter B cell function but, in contrast to B cell depletion 
therapies, preserve B cell viability and survival11,44,155. In a phase I clini-
cal trial, administration of a BTK inhibitor to healthy individuals was 
followed by a transient increase in circulating B cell counts156. Such 
changes are a class effect of drugs that target BCR signalling and are 
offset over time by diminished maturation of B lymphocytes; CD19+ 
cell counts are reduced during chronic exposure to such agents85,157,158. 
The mechanism by which treatment with ibrutinib produces transient 
lymphocytosis and a sustained reduction in lymphadenopathy158 was 
investigated in primary cultures of malignant cells from patients with 
CLL157. BTK inhibitor treatment resolved the pathologically heightened 
(BCR-driven and chemokine-driven) signalling processes that control 
integrin-mediated retention and homing of malignant B cells in lymph 
node and bone marrow microenvironments157.

Further insight into the functional consequences of BTK inhibition 
was gained from preclinical (in vitro) and phase I (in vivo) pharmaco-
dynamic studies of the BTK inhibitor BIIB091 (ref. 156). BTK inhibition 
suppressed several early signalling events and downstream cellular 
effector functions in B cells and myeloid cells: BCR-induced phospho-
rylation of PLCγ2 and antigen presentation to T cells; activation, pro-
liferation and differentiation of B cells; and Fc receptor-triggered ROS 
generation by neutrophils, TNF secretion by monocytes and basophil 
degranulation156. Broad suppression of BTK-dependent inflammatory 

actions in multiple immune cell types, including B cells, basophils, 
neutrophils, monocytes and microglia, was also reported in an early 
in vitro study of tolebrutinib (results available only in abstract form)159.

Studies in mice with experimental autoimmune encephalo-
myelitis (EAE), a model of MS, suggest that B cells could be an essen-
tial therapeutic target of BTK inhibitors in MS. Both evobrutinib and 
tolebrutinib ameliorate disease severity in a dose-dependent manner 
in B cell-dependent and T cell-dependent EAE models (results available 
only as an abstract)44,159–161. In mice with B cell-dependent EAE, BTK 
inhibitor-induced reductions in disease severity occurred alongside 
marked changes in B cell function, including suppression of antigen-
driven B cell activation and maturation, suppression of BCR-triggered 
pro-inflammatory cytokine secretion, reduced infiltration of B cells 
into the CNS and attenuation of B cell-dependent antigen presentation, 
which is required for the development of encephalitogenic T cells44.

The mechanism underlying BTK inhibitor-induced improvements 
in T cell-dependent EAE is less fully understood, although some evi-
dence suggests that B cells are involved. Evobrutinib treatment of 
mice with T cell-dependent EAE resulted in reduced leptomeningeal 
inflammation, which was visualized with post-contrast, ultrahigh 
field MRI; however, histological and immunohistochemical examina-
tion of the inflamed leptomeninges revealed that the proportions of 
B cells were more consistently reduced by evobrutinib treatment than 
were the proportions of T cells, whereas those of myeloid cells were 
unchanged162. This finding is consistent with cell culture experiments,  
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Fig. 2 | Putative mechanism of action of Bruton tyrosine kinase inhibitors in 
multiple sclerosis. Bruton tyrosine kinase (BTK) inhibitors directly modulate 
the functions of B cells and myeloid cells (including macrophages and microglia) 
and therefore target both adaptive and innate mechanisms that contribute to 

the immunopathology of multiple sclerosis on both sides of the blood–brain 
barrier (BBB)41. Although BTK inhibitors do not modulate T cell function directly, 
they can interfere with deleterious B cell–T cell interactions (not shown)163. CNS, 
central nervous system.
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in which BTK inhibitors suppressed antigen-specific T cell prolifera-
tive and pro-inflammatory responses only in the presence of B cells. 
Thus, BTK inhibitors probably target interactions between B cells and 
T cells163.

Macrophages
Microglia and macrophages are thought to have key roles in the 
pathogenesis of MS, especially in promoting immune infiltration, 
demyelination and neurodegeneration and thereby driving disease 
progression7,164 (Box 2). Early data from an in vitro study of macrophages 
from mice with XID demonstrated that these cells had reduced pro-
inflammatory function coupled with an increased tendency to undergo 
apoptosis. The potential effect of BTK depletion on macrophages was 
further supported in XID mice with TH1-dependent EAE. Slower disease 
induction and reduced disease severity were observed in these mice 
compared with wild-type mice165. To further investigate possible B cell-
independent mechanisms of action for evobrutinib, the effects of this 

agent were assessed in an in vitro study of monocytes and macrophages. 
Evobrutinib promoted apoptosis of pro-inflammatory macrophages 
that had been caused to differentiate by treatment with granulocyte-
macrophage colony-stimulating factor. Furthermore, when treated 
simultaneously with granulocyte-macrophage colony-stimulating 
factor and evobrutinib, these macrophages became skewed towards 
an anti-inflammatory phenotype characterized by increased uptake of 
apoptotic cells (results available only in abstract form)166.

Microglia
Evidence from mouse studies also provides support for important in 
vivo effects of BTK inhibition on microglia. In a study of BtkE41K knock-
in mice, which produce a constitutively active variant of BTK, the 
amplification of microglial proliferation in these mice was inhibited 
by treatment with a small-molecule BTK inhibitor167. Another study 
reported reduced EAE severity in mice with conditional (tamoxifen-
inducible) inactivation of BTK pointing to a role of BTK in long-lived, 
tissue-resident myeloid cells, including microglia (results available 
only in non-peer-reviewed form so far)160.

In mice, fenebrutinib administration starting 2 days before EAE 
induction by immunization with myelin oligodendrocyte glycopro-
tein (MOG35–55) led to reduced disease severity scores compared with 
those in EAE mice that did not receive fenebrutinib. This benefit was 
associated with reduced microglial activation, as assessed by immuno-
histochemical staining for the myeloid marker IBA1 in the spinal cord 
(results available only in abstract form)168. In mice with cuprizone-
induced demyelination, immunohistochemistry studies revealed that 
BTK colocalized with IBA1 in brain tissue. Treatment of these mice with 
the tolebrutinib tool compound PRN2675 (a derivative of tolebrutinib 
with a single fluorine substituted for a proton on the reactive moiety) 
revealed a BTK-dependent transcriptional signature in which interferon 
signalling was among the most profoundly altered pathways (results 
available only in abstract form)169. In mice with MOG35–55-induced EAE, 
several genes linked to disease-associated microglia were upregulated 
after EAE induction. Treatment with PRN2675 led to reduced expression 
of these genes as well as reduced disease scores (results available only in 
abstract form)170. Furthermore, in mice with EAE induced by passive 
transfer of encephalitogenic T cells, pre-treatment with evobrutinib 
reversed the upregulation of several disease-associated molecules 
involved in activation and antigen presentation by microglia (results 
available only in abstract form)171.

Decreased microglial activation was also observed in evobrutinib-
treated primary mouse microglia exposed in vitro to cytokine and 
TLR stimulation171. In another in vitro study, a BTK-dependent tran-
scriptional signature was revealed in IgG-stimulated primary mouse 
microglia139. Treatment of these cells with tolebrutinib altered micro-
glial gene expression and was associated with the downregulation of 
pro-inflammatory genes (results available only in abstract form)139,140.

A transcriptomic study identified a BTK-dependent mRNA 
expression signature in cultured human-induced pluripotent stem 
cell-derived microglia and in a tri-culture system consisting of human 
neurons, astrocytes and microglia140. After pro-inflammatory signal-
ling was activated in the induced pluripotent stem cell-derived micro-
glia by FcγR stimulation, treatment with tolebrutinib modulated the 
expression of several genes encoding pro-inflammatory cytokines and 
chemokines and led to a dose-dependent inhibition of Fc receptor-
driven TNF production140. Inflammatory signalling was also reduced 
by BTK inhibition in the tri-culture system140. Taken together, the RNA 
sequencing data indicate that modulation of BTK activity in these 

Box 2

Microglia in MS
Microglia are central nervous system (CNS)-resident macro-
phages with important functions in normal CNS development, 
function, homeostasis and immune surveillance214. Microglia 
and macrophage reactivity occurs early in multiple sclerosis 
(MS) and is more widespread in progressive MS. Activated 
microglia and macrophages are found in all MS lesions as 
well as in normal-appearing white and grey matter146. Many 
pathophysiological hallmarks of MS can regulate the reactivity 
of microglia and macrophages: iron deposition, meningeal 
inflammation and fibrinogen deposition in the CNS resulting 
from increased blood–brain barrier permeability146. In the 
neuroinflammatory MS environment, activated microglia 
exhibit an altered transcriptional profile characterized by 
upregulation of pro-inflammatory genes and downregulation 
of homeostatic genes215.

Microglia and macrophages secrete pro-inflammatory cytokines 
and chemokines, which can contribute to neurodegeneration 
by inducing apoptosis and dysfunction of RNA-binding proteins. 
Microglia and macrophages can also release glutamate and inhibit 
reuptake of glutamate by astrocytes, potentially contributing to 
glutamate excitotoxicity and neurodegeneration. Finally, microglia 
and macrophages secrete reactive oxygen species and reactive 
nitrogen species, among other neurotoxic molecules, which induce 
mitochondrial dysfunction and oxidative stress146,201.

Microglia and macrophages also have neuroprotective functions. 
They can resolve inflammation, remodel synapses and regenerate 
damaged nerve fibres146,201,216,217. They phagocytose debris from myelin 
and cell damage, secrete neurotrophic factors that are required for 
oligodendrocyte progenitor cell recruitment, survival and maturation 
and support remyelination146,201. Microglia dynamically regulate their 
gene expression and phenotype on demand, enabling them to enter 
divergent functional states and perform specific environmentally 
triggered tasks30,201.
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cells affects several neuroinflammatory pathways relevant to MS140. 
However, it is important to consider that these results have not yet 
been peer-reviewed. Similarities and differences in findings between 
the microglial monoculture and tri-culture systems are currently being 
investigated.

Protecting and restoring myelin
In addition to the effects of BTK inhibition on the immune system, evi-
dence is beginning to emerge that this approach has potential beneficial 
effects on tissue protection and repair. In a mouse model of cortical 
demyelination induced by administration of recombinant antibodies 
derived from patients with MS and human complement components, 
pretreatment with the tolebrutinib-like compound PRN2675 inhibited 
myelin degradation and the migration of microglia to sites of demy-
elination and also prevented the loss of myelin and oligodendrocytes 
(results available only in abstract form)172. Treatment with another 
experimental BTK inhibitor, BTKi-1 (which has properties similar to 
evobrutinib), promoted myelin repair in ex vivo mouse cerebellar 
organotypic slice cultures as well as in vivo in transgenic MBP-GFP-
NTR Xenopus tadpoles, two complementary experimental models of 
demyelination and remyelination that lack adaptive immune cells52. 
Importantly, evobrutinib achieved these effects in systems in which the 
BBB is not entirely intact. Therefore, whether the BTK inhibitor concen-
trations used in these models (ranging between 50 nM and 1 μM)52 can 
be achieved in the brains of patients with MS remains unclear.

Clinical trials of BTK inhibitors in MS
Currently, the safety and efficacy of five BTK inhibitors are being 
evaluated in patients with RMS or PMS: evobrutinib, fenebrutinib, 
remibrutinib and tolebrutinib in phase III trials and orelabrutinib in a 
phase II trial (Table 1).

Pharmacokinetics and pharmacodynamics
BTK inhibitors are small-molecule agents that have two key therapeutic 
advantages compared with large molecules: they can be taken orally 
and have good intracellular access47. Molecules being actively pursued 
in current phase II and phase III trials for MS include agents with irre-
versible (evobrutinib, orelabrutinib, remibrutinib and tolebrutinib) 
and reversible (fenebrutinib) modes of binding173,174. Irreversible BTK 
inhibitors establish a covalent bond with cysteine 481, a residue in 
the ATP-binding site of BTK. Reversible inhibitors non-covalently and 
weakly bind to a specific pocket in the SH3 domain of BTK through 
hydrogen bonds, ionic bonds or hydrophobic interactions, thereby 
causing BTK to take up an inactive conformation173. In general, irrevers-
ible covalent BTK inhibitors achieve higher binding affinities and have 
longer durations of action than do reversible inhibitors, which might 
increase their potency and potentially lower the required dose level 
and/or frequency175. However, irreversible inhibitors can pose safety 
challenges related to the potential immunogenicity of covalently bound 
drug–receptor complexes and their degradation products175. Second-
generation BTK inhibitors offer the advantages of high selectivity for a 
small number of kinases, which improves their toxicity profiles.

Table 2 summarizes the pharmacokinetic and pharmacodynamic 
data for BTK inhibitors under investigation in clinical trials, as well 
as important differences in their selectivity, mode of binding, target 
occupancy and CNS penetrance. Although the covalent BTK inhibitors 
evobrutinib and tolebrutinib irreversibly inactivate BTK, signalling is 
restored in 5–7 days as the inactivated enzyme is gradually replaced 
through normal protein turnover151,152. Fenebrutinib inhibits BTK for 

a relatively short period of time (time to dissociation 18 h in vitro) 
compared with other reversible BTK inhibitors176.

The efficacy of different BTK inhibitors in patients with MS is likely 
to be influenced by pharmacodynamic and pharmacokinetic variation 
(Table 2). Current data indicate that the potency of BTK inhibitors 
varies considerably: for example, evobrutinib requires higher doses 
to reach half-maximal inhibitory concentration (IC50), a quantitative 
index of inhibitory strength, than do tolebrutinib and fenebrutinib67. 
However, it is important to keep in mind that IC50 values are affected 
by the biochemical and cellular assays used to derive them and do not 
always predict the potency of a compound in a cellular context66,174. 
Use of an alternative measure, the half-maximal effective concentra-
tion (EC50) required to suppress B cell and basophil activation in fresh 
whole-blood samples from healthy individuals, shows that the potency 
of fenebrutinib was slightly higher than that of tolebrutinib (EC50 15 nM 
versus 80 nM, respectively) and far greater than that of evobrutinib 
(EC50 1,271 nM)177. One caveat to consider when comparing IC50 and 
EC50 values for reversible (fenebrutinib) and irreversible (evobrutinib 
and tolebrutinib) BTK inhibitors is that the irreversible inhibitors have 
non-equilibrium binding kinetics, which makes comparisons of the 
two types of inhibitors problematic174.

In the context of MS, brain penetrance is another key property 
of BTK inhibitors. Early evidence indicates that BTK inhibitors have 
dissimilar CNS penetrance. Tolebrutinib shows increased CNS pen-
etrance, higher potency and faster reaction rates of BTK inhibition 
compared with both evobrutinib and fenebrutinib178. For evobrutinib, 
cerebrospinal fluid (CSF) concentrations measured at 2–3 h post-dose 
were lower than the IC50 of the compound, suggesting that therapeutic 
concentrations were not reached (although efficacy studies would 
be necessary to confirm this)179. By contrast, CSF concentrations of 
tolebrutinib exceeded the IC90 2 h after administration of a single 
120-mg dose in healthy human volunteers in a phase I double-blind, 
placebo-controlled study151,180. Moreover, the CSF concentration of 
tolebrutinib might not yet have peaked at the 2-h post-dose time point 
because this agent reaches its maximum plasma concentration in ~1 h 
and has a half-life of 90–120 min. Thus, full characterization of the CSF 
pharmacokinetics of tolebrutinib requires additional measurements 
taken over a longer duration151. The reader should nonetheless keep in 
mind that these results were reported only at conferences, and a full 
peer-reviewed publication is not yet available as of the time of writing.

Safety and tolerability
The toxicity profile of BTK inhibitors is influenced by whether and to 
which other kinases they bind in addition to BTK (‘off-target’ effects), 
as well as ‘on-target’ unwanted effects resulting from modulation of 
the immune system (such as the increased risk of fungal infections 
previously reported in patients with CLL receiving ibrutinib and acala-
brutinib)181,182. Compared with first-generation BTK inhibitors such 
as ibrutinib (which also bind to other TEC family kinases and other 
tyrosine kinases), the second-generation BTK inhibitors currently 
being investigated as treatments for MS bind to only a small number 
of other kinases (Table 2). This improved selectivity is anticipated 
to result in fewer off-target effects and a lower risk of cardiotoxicity 
and commonly observed adverse events, such as cardiac arrhyth-
mias, hypertension, haemorrhage, diarrhoea, arthralgias and rash, 
that might necessitate treatment discontinuation66,67,173,183,184. The 
improved safety profile of second-generation BTK inhibitors is thought 
to reflect decreased off-target inhibition of molecules such as Janus 
kinase 3, epidermal growth factor receptor and potentially other TEC 
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family members67,184. Of note, tolebrutinib has lower selectivity for BTK 
than either fenebrutinib or orelabrutinib66.

Phase II safety and efficacy data have been published only for 
evobrutinib and tolebrutinib185,186. In a phase II, double-blind trial of 
evobrutinib, 267 adults with active RRMS or SPMS with superimposed 
relapses were randomly allocated to one of the five treatment groups: 

evobrutinib 25 mg once daily, evobrutinib 75 mg once daily, evobrutinib 
75 mg twice daily, placebo or open-label dimethyl fumarate 240 mg 
twice daily for 24 weeks185. At week 25, the patients who had received 
placebo were switched to evobrutinib 25 mg once daily for an additional 
24 weeks, whereas those already receiving evobrutinib or dimethyl 
fumarate continued to receive the originally assigned treatment.

Table 2 | Characteristics of oral Bruton tyrosine kinase inhibitors in development for multiple sclerosis

Characteristics Evobrutinib Tolebrutinib Fenebrutinib Remibrutinib Orelabrutinib

Molecular weighta 429.5 455.5 664.8 507.5 427.5

Formula C25H27N5O2 C26H25N5O3 C37H44N8O4 C27H27F2N5O3 C26H25N3O3

Mechanism of action Irreversible covalent 
binding

Irreversible covalent 
binding

Reversible non-covalent 
binding

Irreversible covalent binding Irreversible 
covalent binding

Kinase selectivity BMX (89–93%), BTK 
(90%), TEC (80–82%), 
BLK (36–42%), TXK 
(30–36%), ITK (−2 to 
13%), ERBB2 (1%), EGFR 
(0–1%), JAK3 (0%)

>90% Inhibition for 
7 of 250 kinases tested 
at 1 μM

BTK (99%), BMX (56%), TEC 
(23%), BLK (6%), JAK3 (5%), 
TXK (4%), ERBB4 (1%), ERBB2 
(−1%), ITK (−1%), EGFR (−7%)

BTK (99%), TEC (76%), JAK3 
(51%), BMX (47%), ERBB2 (20%), 
EGFR (18%), ITK (12%), TXK (10%), 
BLK (0%), ERBB4 (0%)

>90% Inhibition of 
BTK at 1 μM

BTK occupancy Dose-dependent; 
≥86% median 
occupancy for all dose 
groups at day 14

>75% Mean occupancy 
for all dose groups at 
day 10

ND >95% Median occupancy for all 
dose groups at day 12

>99% For doses 
≤50 mg (sustained 
24 h after dosing)

BTK IC50 8.9 nM (8.8 ng/ml)
37.9 nM (16.3 ng/ml)
58 nM (24.9 ng/ml)

0.7 nM (0.3 ng/ml) 2.3 nM (1.5 ng/ml) 1.3 nM (0.7 ng/ml) 1.6 nM (0.7 ng/ml)

Pharmacokinetics

AUC (ng*h/ml) Single dose: AUC0–inf, 
geometric mean (CV%)
25 mg: 126 (46.4)
75 mg: 345 (44.6)
200 mg: 1,210 (34.0)

Day 10: AUC0–24, 
mean (CV%)
7.5 mg: 3.07 (51)
15 mg: 5.85 (33)
30 mg: 14.9 (75)
60 mg: 18.2 (55)
90 mg: 56.6 (54)

Day 14: AUC0–tau, geometric 
mean (CV%)
20 mg twice daily: 158 (32)
60 mg twice daily: 831 (28)
150 mg twice daily: 1,695 (50)
250 mg twice daily: 2,347 (42)
500 mg: 4,241 (79)

Day 12: AUClast, mean (SD)
100 mg: 488 (172)
400 mg: 1,300 (602)
600 mg: 1,240 (3,341)
100 mg twice daily: 518 (334)
200 mg twice daily: 963 (439)

ND

Peak serum 
concentration 
(ng/ml)

Single dose: geometric 
mean (CV%)
25 mg: 80.4 (64.9)
75 mg: 252 (60.3)
200 mg: 782 (60.1)

Day 10: mean (CV%)
7.5 mg: 1.32 (31)
15 mg: 2.51 (60)
30 mg: 7.46 (74)
60 mg: 6.69 (66)
90 mg: 21.7 (60)

Day 14: mean (CV%)
20 mg twice daily: 28 (44)
60 mg twice daily: 217 (14)
150 mg twice daily: 379 (97)
250 mg twice daily: 463 (62)
500 mg: 653 (100)

Day 12: mean (SD)
100 mg: 233 (84.1)
400 mg: 551 (263)
600 mg: 563 (229)
100 mg twice daily: 306 (202)
200 mg twice daily: 347 (112)

ND

Time to reach 
maximum 
concentration (h)

Single dose: median 
(range)
25 mg: 0.5 (0.3–1.0)
75 mg: 0.5 (0.3–1.0)
200 mg: 0.5 (0.5–1.0)

Day 10: median (range)
7.5 mg: 1.0 (0.5–2.0)
15 mg: 1.0 (1.0–1.5)
30 mg: 1.0 (0.5–2.0)
60 mg: 1.5 (1.0–2.0)
90 mg: 1.5 (1.0–2.5)

Day 14: median (range)
20 mg twice daily: 1.0 
(1.0–2.0)
60 mg twice daily: 1.0 (1.0)
150 mg twice daily: 1.0 
(1.0–2.0)
250 mg twice daily: 1.0 
(1.0–4.0)
500 mg: 1.0 (1.0–3.0)

Day 12: median (range)
100 mg: 0.867 (0.73–1.50)
400 mg: 0.758 (0.70–1.50)
600 mg: 0.883 (0.50–3.00)
100 mg twice daily: 0.775 
(0.50–2.00)
200 mg twice daily: 0.992 
(0.52–2.50)

ND

Half-life (h) Single dose: geometric 
mean (CV%)
25 mg: 1.59 (18.2)
75 mg: 2.29 (18.9)
200 mg: 3.62 (70.5)

Day 10: mean (CV%)
7.5 mg: 1.57 (50)
15 mg: 1.68 (21)
30 mg: 2.02 (34)
60 mg: 2.37 (44)
90 mg: 2.83 (30)

Day 14: geometric mean 
(CV%)
20 mg twice daily: 6.1 (30.7)
60 mg twice daily: 4.9 (9.8)
150 mg twice daily: 6.0 (17.7)
250 mg twice daily: 4.9 (31.8)
500 mg: 10.3 (35.1)

Day 12: median (range)
100 mg: 1.41 (1.41–11.9)
400 mg: 8.51 (1.22–22.3)
600 mg: 8.29 (4.69–17.3)
100 mg twice daily: 2.84 
(2.15–18.9)
200 mg twice daily: 12.4 
(2.26–26.3)

~4

Refs. 66,152,176,179,203,204 151,180 66,176,205 66,206–208 209
aRelative molecular mass. All doses once daily and all studies in healthy volunteers, except where indicated. AUC, area under the receiver operating characteristic curve; BLK, B lymphocyte 
kinase; BMX, epithelial and endothelial tyrosine kinase; BTK, Bruton tyrosine kinase; CV, coefficient of variation; IC50, half maximal inhibitory concentration; ITK, IL-2-inducible T cell kinase; 
JAK, Janus kinase; ND, not done; TEC, tyrosine kinase expressed in hepatocellular carcinoma; TXK, resting lymphocyte kinase.
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The most common adverse events related to evobrutinib treat-
ment included nasopharyngitis and increased blood levels of liver 
enzymes and lipase185. By week 52, the groups receiving evobrutinib 
75 mg once daily (66%) and 75 mg twice daily (63%) had experienced 
higher rates of adverse events than did the groups receiving evobrutinib 
25 mg (54%) or placebo (56%). Rates of grade 3–4 adverse events were 
lowest in the evobrutinib 25 mg group (2%) and were similar among 
all other groups (11–15%). The highest rate of serious adverse events 
occurred in patients treated with evobrutinib 75 mg twice daily (7% 
versus 4% in all other groups)185. Five (9%) patients in the placebo group 
and two (4%) in the dimethyl fumarate group discontinued the study 
owing to an adverse event. Most of the 16 treatment discontinuations 
in the evobrutinib groups were due to asymptomatic and reversible 
increases in blood liver enzyme levels or to hepatobiliary disorders185.

Patients who completed the double-blind phase IIb study were 
eligible to enrol in an open-label extension from week 48 onwards, 
in which they initially received evobrutinib 75 mg once daily 
before switching to evobrutinib 75 mg twice daily after a mean of 
49.8 ± 6.17 weeks (results available only in abstract form)187. Overall, 
80% of phase IIb participants entered the open-label extension, of 
whom 77% completed ≥132 weeks of open-label evobrutinib treatment. 
Mean CD19+ B cell concentrations decreased (from 0.218 × 106 cells/ml 
at initiation of open-label evobrutinib to 0.122 × 106 cells/ml at week 96 
of this treatment) in all participants in the open-label extension who 
had been randomly allocated to evobrutinib treatment during the 
phase IIb study (results available only in abstract form)188. The data for 
the first 2.5 years of the open-label extension indicated no additional 
concerns regarding elevations in blood levels of either liver enzymes 
or lipase. Elevated levels of alanine aminotransferase and aspartate 
aminotransferase over this period were reported only in patients who 
had received dimethyl fumarate or evobrutinib 25 mg once daily in the 
double-blind study, and they were all recorded within the first 12 weeks 
of the open-label extension (that is, while receiving evobrutinib 75 mg 
once daily). The incidence of elevated blood levels of lipase over the 
first 2.5 years of the open-label extension (11%) was similar to that dur-
ing the double-blind period for patients receiving evobrutinib 75 mg 
(9% in both the once-daily and twice-daily treatment groups)185, and 
no clinical signs or symptoms were reported among individuals in 
the open-label extension (results available only in abstract form)188.

The safety of tolebrutinib was evaluated in a phase IIb, double-blind, 
crossover, dose-finding study in 130 adults with RRMS or relapsing 
SPMS186. These patients were randomly allocated to receive tolebrutinib 
once daily at doses of 5, 15, 30 or 60 mg for 12 weeks. This treatment phase 
was either preceded or followed by a 4-week placebo phase. Across all 
groups, 54% of the patients experienced adverse events, but their occur-
rence was not dose-dependent. The most frequent adverse events during 
tolebrutinib treatment were headache (7%), upper respiratory tract 
infection (5%) and nasopharyngitis (4%). Three patients had elevated liver 
enzyme levels, including two (one in the 30-mg tolebrutinib group and 
the other in the 60-mg tolebrutinib group) with alanine aminotransferase 
concentrations more than threefold the upper limit of normal. One seri-
ous adverse event (severe MS relapse) was reported in a patient receiving 
60 mg tolebrutinib. This treatment was not interrupted, and the patient 
recovered and completed the study. No patients discontinued treatment 
or withdrew from the study owing to an adverse event186.

Patients who completed the double-blind phase of the phase IIb 
study were eligible to enrol in an ongoing long-term safety extension 
study. These patients initially continued the same tolebrutinib dose 
that they had been receiving in the dose-finding study in a double-blind 

manner (part A). Subsequently, all patients received open-label tolebru-
tinib 60 mg daily (part B). After 18 months, 94% of the patients enrolled 
in the long-term safety study remained included, and the safety data 
continued to show favourable tolerability without the emergence of 
any new safety signals (results available only in abstract form)189.

Efficacy
In the 24-week randomized, double-blind phase II study of evobruti-
nib, only the patients who received 75 mg of evobrutinib daily showed 
substantially fewer gadolinium-enhancing lesions during weeks 12–24 
compared with those who received placebo. The rate ratios (adjusted 
for the number of lesions of patients at baseline) versus placebo for 
the total numbers of lesions assessed through week 24 were 1.45 (95% 
CI 0.72–2.91, P = 0.32) with evobrutinib 25 mg daily, 0.30 (0.14–0.63, 
P = 0.005) with evobrutinib 75 mg daily and 0.44 (0.21–0.93, P = 0.06) 
with evobrutinib 75 mg twice daily185.

The annualized relapse rate did not differ between patients in the 
evobrutinib and placebo groups: at week 24, 77% of the placebo-treated 
patients remained relapse-free, compared with 74% of those in the 
evobrutinib 25 mg group; 88% of those receiving evobrutinib 75 mg 
once daily; 87% of those receiving evobrutinib 75 mg twice daily; and 
89% of those receiving dimethyl fumarate. Median Expanded Disability 
Status Scale (EDSS) scores also remained unchanged at weeks 24 and 
48 in all groups. In the open-label extension study, however, switching 
from evobrutinib 75 mg once daily to 75 mg twice daily was associated 
with a reduction in the annualized relapse rate regardless of the treat-
ment received during the double-blinded phase of the study. For the 
pooled patient population, overall EDSS scores and the mean number 
of gadolinium-enhancing lesions remained low from week 0 to week 
192 (results available only in abstract form)187. Moreover, evobrutinib 
reduced neurofilament light chain levels in a dose-dependent manner 
during the double-blinded phase of the study, and these reduced levels 
were maintained up to week 144 (results available only as conference 
presentation or abstract)190.

Results of the phase IIb study of tolebrutinib showed a dose-
dependent decrease in the number of gadolinium-enhancing lesions. 
The 60-mg tolebrutinib dose provided an 85% (95% CI 28–97, P = 0.03) 
reduction in new lesion formation versus placebo; 90% of the patients in 
the 60-mg tolebrutinib group had no new lesions after 12 weeks of treat-
ment, whereas 75% of the patients had no new lesions after 4 weeks of 
placebo. A dose–response relationship was also found for the number 
of new or enlarging T2 lesions: the 60-mg dose provided an 89% (95% CI 
68–96, P < 0.01) reduction in the number of new or enlarging T2 lesions 
versus placebo186. Both efficacy and safety findings in the 12 weeks of 
the core study were consistent between the overall population and the 
subgroup of patients who had highly active disease191. In the overall 
population, new gadolinium-enhancing lesion counts remained low in 
the 60-mg tolebrutinib group and decreased in the groups receiving 
other doses of tolebrutinib by week 48 of the 72-week long-term safety 
study (by which time all patients had transitioned to 60 mg tolebruti-
nib). At week 72, 84.7% of the patients remained relapse-free, and the 
annualized relapse rate was low (0.17; 95% CI 0.11–0.27). EDSS scores 
also remained stable over the first 18 months of the long-term safety 
study (results available only as conference presentation or abstract)189.

Conclusions
A growing body of mechanistic data indicates that, in contrast to cur-
rently approved disease-modifying therapies for MS, BTK inhibitors 
have the potential to target progression in patients with RMS and PMS. 
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BTK inhibitors also satisfy several criteria that are considered to be 
important in the treatment of PMS11: BTK inhibitors are small molecules 
that can cross the BBB, thereby enabling these agents to access cells of 
the adaptive and innate immune system concurrently in the periphery 
and CNS. BTK inhibitors might dampen the pro-inflammatory patho-
genic potential of innate immune cells by shifting them towards a more 
immunoregulatory phenotype and/or might promote the protection 
and repair of myelin. Additionally, BTK inhibitors could have potential 
advantages over B cell-depleting monoclonal antibodies because they 
modulate myeloid cell function44,45,192,193. However, whether the efficacy 
of BTK inhibitors exceeds that of B cell-depleting monoclonal antibod-
ies is yet to be determined193. Unfortunately, many of the preclinical 
data describing the effects of BTK inhibitors on microglia have been 
presented only in abstract form and not yet formally peer-reviewed. 
These results should, therefore, be considered with caution. Moreover, 
it remains unclear whether the high concentrations of BTK inhibitors 
used in vitro are achievable in vivo in the brains of patients with MS.

Another possible drawback of B cell-depleting therapy is that 
patients receiving these agents are chronically deprived of regulatory 
B cells, which have potential benefits in MS194. Whether BTK inhibitor 
therapy can address this issue is uncertain, as ibrutinib treatment 
reduces the production of (immunosuppressive) adenosine in regu-
latory B cells from patients with cancer195. Although the reversibility 
of the effects of BTK inhibitor treatment holds much promise, these 
agents are not expected to be able to eradicate antigen-experienced 
(including autoreactive) adaptive immune cells. However, this appar-
ent limitation potentially provides an elegant opportunity to maintain 
the effects of immune cell-depleting therapies when BTK inhibitors 
are administered during the repopulation phase after cessation of 
cell-depleting therapy196,197.

To date, two phase II trials have shown that BTK inhibitors limit 
disease activity in patients with RMS and have favourable tolerability 
and safety profiles185,186. Although the severe adverse effects of BTK 
inhibitors seen in patients with haematological malignancies have 
not yet been reported in individuals with MS, the small sample sizes 
and short observation periods of the available trials do not enable a 
comprehensive evaluation of these aspects. The safety profiles of BTK 
inhibitors might also vary between MS and other diseases targeted 
with these agents owing to the presence of differing comorbidities 
and pathophysiological processes198. Several clinical trials are under-
way that are expected to provide more robust data on the long-term 
efficacy and safety of BTK inhibitors in patients with MS. We anticipate 
that differences in their pharmacological properties (such as phar-
macodynamics, selectivity and CNS penetration) could lead to differ-
ences in their efficacy and safety profiles in phase III trials as well as in 
clinical practice66,184.

Future mechanistic studies are needed to further investigate 
whether BTK inhibitors offer any additional benefits relevant to 
patients with MS, in particular the alleviation of oxidative stress, scav-
enging of iron and promotion of remyelination11. Studies to deter-
mine the effect of the different attributes of the various types of BTK 
inhibitors will also be of interest; for example, studies to investigate 
whether the less-frequent dosing required for covalent BTK inhibitors 
translates to improved medication adherence199.

A further possibility that could be explored in future clinical tri-
als is a sequential approach, in which initial treatment with one of the 
currently approved antibody therapies is followed by treatment with 
a BTK inhibitor47. To determine which order of administration is the 
most effective, clinical trials will be necessary. Of note, in patients 

with malignancies, BTK inhibitor treatment triggers large-scale egress 
of lymphocytes from the spleen and lymph nodes to the peripheral 
blood and impairs their tissue homing. The resultant extensive 
pro-B cell lymphocytosis enables anti-CD20 therapies to kill neo-
plastic cells that would otherwise remain inaccessible (also termed 
‘occult’) within secondary lymphoid organs200. Thus, the oncological 
approach of induction with a combination of an anti-CD20 agent plus 
a BTK inhibitor could provide additional benefit derived from the 
BTK inhibitor-induced egress of pathogenic B cells, which exposes 
them to anti-CD20-mediated cytolysis and thereby culls these clones 
from the bone marrow and/or secondary lymphoid niche. Another 
important consideration is that although B cells and microglia are 
important therapeutic targets of BTK inhibitors, the contributions 
of these cells to the pathophysiology of MS have not been fully eluci-
dated. For instance, the processes that drive microglia to adopt either 
detrimental or beneficial phenotypes in MS require further investiga-
tion163,201. Current data show that microglia are involved in regulating 
tissue homeostasis under physiological conditions and can have pro-
inflammatory, anti-inflammatory and potentially regenerative roles 
in the injured CNS30 (Box 2).

The interaction between B cells and T cells is another process impli-
cated in the pathophysiology of MS that can be therapeutically targeted 
by BTK inhibitors6,163. Besides their pathogenic properties, B cells (or 
specific B cell subpopulations) are probably able to execute immuno-
logically counterbalancing functions that restrict tissue inflammation 
and the pro-inflammatory activation of other immune cells194. A promi-
nent challenge of future research will be to further unravel the response 
patterns of B cells and other immune cells, particularly microglia, in 
different contexts; for instance, microglial activation under BTK inhibi-
tion could be imaged in vivo with positron emission tomography and 
radioligands202. Such insights could enable the beneficial properties of 
the immune system to be harnessed while at the same time inhibiting 
harmful reactions201.
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