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Abstract

Recent clinical trials show promising results for the next-generation Bruton’s tyrosine kinase
(BTK) inhibitor evobrutinib in the treatment of multiple sclerosis (MS). BTK has a central role
in signaling pathways that govern the development of B cells. Whether and how BTK activity
shapes B cells as key drivers of MS is currently unclear. In contrast to BTK protein, we found
higher levels of phospho-BTK in ex vivo blood memory B cells of relapsing and secondary
progressive MS patients versus controls. In these MS groups, BTK activity was induced to a
lesser extent after anti-IgM stimulation. BTK positively correlated with CXCR3 expression,
both of which were increased in blood B cells of clinical responders to natalizumab (anti-VLA-
4 antibody) treatment. Under in vitro Trr-like conditions, BTK phosphorylation was enhanced
by T-bet-inducing stimuli IFN-y and CpG-ODN, whilst the expression of T-bet and T-bet-
associated molecules CXCR3, CD21 and CD11c were affected by evobrutinib. Furthermore,
evobrutinib interfered with in vitro class switching as well as memory recall responses, and
disturbed CXCL10-mediated migration of CXCR3" switched B cells through human brain
endothelial monolayers. These findings demonstrate a functional link between BTK activity
and disease-relevant B cells and offer valuable insights into how next-generation BTK

inhibitors could modulate the clinical course in MS patients.



Introduction

B cells play a detrimental role in the pathophysiology of autoimmune and chronic inflammatory
diseases including multiple sclerosis (MS) (1). In MS, this is exemplified by the presence of
unique oligoclonal 1gG fractions in the cerebrospinal fluid and the high efficacy of anti-CD20
monoclonal antibody B cell-depleting therapies (2). Since B cells are required for protective
immune responses, their long-term depletion by such therapies puts patients at risk of infectious
complications. More functionally restricted therapeutic strategies are warranted to target B cell
subsets that contribute to diseases such as MS. To accomplish this, it is critical to understand
how extrinsic and intrinsic signals instigate such B cells in humans.

Probably after their escape from peripheral tolerance checkpoints (3), naive B cells of
MS patients differentiate into memory populations capable of stimulating pro-inflammatory
CD4* T cells to enter the central nervous system (CNS) (4). These CNS-homing CD4" T cells
respond to B cell-tropic Epstein-Barr virus (EBV) (5) and produce high levels of interferon
(IFN)-y, but not interleukin (IL)-17 (4, 6, 7). Concomitantly, peripheral interaction between B
and T cells likely contributes to the enhanced CNS recruitment of B cells expressing CXCR3
in MS (8).

CXCR3 expression on B cells is triggered by T-box transcription factor T-bet (9). In mice,
IFN-y production by CD4"* T cells is essential for the induction of T-bet in autoreactive B cells
within germinal centers (10). IFN-y synergizes with pathogen-associated Toll-like receptor 9
(TLRO9) ligands to induce T-bet expression and autoimmune-like responses (11). B cells of MS
patients are highly sensitive to both triggers (12), resulting in enhanced class switching (8).
Moreover, CXCR3* memory B cells are triggered by EBV (13) and show pronounced CNS-
infiltrating ability and recall responses in vitro (8, 13, 14). This points to a tendency of such B
cells to further mature into antibody-secreting cells after entering the CNS, a process associated

with less favorable outcomes in MS (15).



Bruton’s tyrosine kinase (BTK) inhibitors, which are currently first-line treatments for
chronic lymphocytic leukemia (16), represent an emerging class of compounds for the
treatment of autoimmune diseases (17, 18). BTK is known for its role as a key signaling
molecule downstream of the B cell receptor (BCR) to regulate cell proliferation and survival.
Additionally, it is involved in other pathways including TLR9 signaling to stimulate B cell-
driven autoimmunity (11, 19). Evobrutinib is a novel, highly selective and covalent BTK
inhibitor (20), with promising results in a positive phase 2 clinical trial for relapsing MS (21)
and suppressive effects on B-cell maturation and antigen-presenting function in experimental
autoimmune encephalomyelitis (EAE) (22). How BTK activity corresponds to CXCR3(T-bet)*
B cell differentiation in MS and whether evobrutinib targets their brain-homing and antibody-
producing potential is unknown.

In this study, we compared BTK expression and phosphorylation in blood B cell subsets
from control and different clinical MS groups, including clinically isolated syndrome (CIS),
relapsing-remitting MS (RRMS) before and after natalizumab (NTZ; anti-VLA-4 antibody)
treatment, secondary progressive MS (SPMS) and primary progressive MS (PPMS). In human
B cells, BTK phosphorylation was triggered by anti-immunoglobulin (Ig)M, CD40L, IL-21,
IFN-y and TLR9 ligand CpG-ODN and correlated with T-bet and CXCR3 expression levels.
Class switching, brain endothelial transmigration and memory recall responses were addressed
in the context of CXCR3(T-bet)-expressing B cells with and without the use of evobrutinib in

vitro.



Results

BTK activity is increased and less inducible in blood B cells from distinct MS subgroups

To address whether BTK is differentially regulated in B cells during the pathogenesis of MS,
we compared BTK protein expression and phosphorylation in ex vivo peripheral blood B cells
between HC, CIS, RRMS, SPMS and PPMS subgroups (Fig. 1A-C and Supplementary Table
1). Transitional (IgM*CD27-CD38"9"), naive mature (IgM*CD27-CD387™) and both non-
class switched (IgM*CD27%) and class-switched (IgM"IgD") subsets were analyzed separately
(Fig. 1A). In contrast to comparable levels of BTK protein (Fig. 1B), levels of phospho-BTK
were elevated in the RRMS and SPMS group, which was highest and significant compared
with both the CIS and HC group for class-switched B cells (Fig. 1C). For RRMS, this was
primarily observed for class-switched subsets, while this was the case for all subsets except
transitional B cells in SPMS. BTK protein and phospho-BTK levels did not correlate with age
(Supplementary Fig. 1) or clinical parameters such as disease duration, time to and between
first and second attack, MRI activity and time to conversion to secondary progression (data not
shown) in these MS subgroups. Ratios of phospho-BTK and BTK protein expression showed
similar, but less significant differences (Supplementary Fig. 2). We next compared the
inducibility of phospho-BTK in B cells by stimulating with anti-lgM F(ab”)2 fragments for 5
min. Although phospho-BTK was induced in all groups, this was significantly reduced in
RRMS and SPMS (Fig. 1D). This attenuated inducibility was similar for all IgM* subsets
(transitional, naive mature and non-class switched memory B cells; Fig. 1E). These differences
in anti-lgM-induced phospho-BTK were not explained by changes in IgM expression prior to
stimulation (Supplementary Fig. 3). These data reveal that phospho-BTK levels and

inducibility are altered in B cells of patients with the relapsing to progressive form of MS.



BTK protein and phosphorylation levels correspond to CXCR3 expression in B cells from
MS patients

To explore if BTK plays a role in the differentiation of B cells that are poised to infiltrate the
MS brain (8), we first determined its association with CXCR3 expression in ex vivo B cells of
the patient groups. Both BTK protein and phospho-BTK positively correlated with CXCR3
levels, which was seen across all patient groups and HCs (Fig. 2A and B) and thus likely
represents a generic feature of B cells. Overall, weaker but similar trends were found for VLA-
4, but not for CXCR4 and CXCR5 (Supplementary Fig. 4A). Given that NTZ (anti-VLA-4
antibody) is an effective MS drug causing peripheral accumulation of possibly brain-homing
CXCR3* B cells (Fig. 2C) (8), we next studied how BTK protein levels and phosphorylation
coincided with CXCR3 expression in B cells from NTZ-treated MS patients. In 1 year post-
treatment blood samples, we found a positive correlation of BTK protein and phospho-BTK
with CXCR3 levels (Fig. 2D). This was not seen for CXCR4 and CXCR5 (Supplementary Fig.
4B). CXCR3 expression levels were higher in post-treatment B cells of clinical responders
compared with non-responders (Fig. 2E). In addition, CXCR3 was upregulated in post- versus
pre-treatment B cells of clinical responders only (Fig. 2E), which further underlined our
previous findings (8). This was also the case for BTK protein and, to a lesser extent, phospho-
BTK (Fig. 2F). Finally, phospho-BTK was less inducible by anti-IgM stimulation in B cells of
non-responders (Fig. 2G), which supported earlier observations (Fig. 1D). These results imply

that BTK acts as a regulator of CXCR3" B cell differentiation.

BTK activity contributes to T-bet expression and in vitro use of evobrutinib attenuates
class switching in human B cells
We have previously found that IFN-y and TLR9 signaling pathways synergize to trigger human

CXCR3(T-bet)* class-switched B cells under in vitro Trn-like conditions, i.e. in the presence



of CD40L and IL-21 signals (8). To determine whether BTK is actively involved in this
process, we analyzed phospho-BTK in blood B cells from 6 healthy donors after stimulation
with 1L-21, soluble CD40L, IFN-y and/or CpG-ODN for 5, 10, 20 and 40 min. Although anti-
IgM was a more robust trigger of BTK activity (Supplementary Fig. 5A and B), IFN-y alone
and/or IFN-y together with CpG-ODN induced phospho-BTK under 1L-21/CD40L-containing
conditions at most time points tested, albeit with differences between individual donors (Fig.
3A and B). Additionally, we found a positive correlation between phospho-BTK and T-bet
levels in B cells after 48 h stimulations with IFN-y and IFN-y with CpG-ODN (Fig. 3C), which
was also influenced by the additional presence of anti-IgM F(ab’). fragments (Supplementary
Fig. 5C). Both IFN-y- and CpG-ODN-mediated upregulation of T-bet in B cells was attenuated
by BTK inhibitor evobrutinib (20) (Fig. 3D), pointing to direct or indirect involvement of BTK
activity in T-bet induction.

To study further the impact of BTK on in vitro T-bet" B cell differentiation, we cultured
naive mature B cells with IL-21, irradiated CD40L-3T3, IFN-y and CpG-ODN for 11 days to
induce Ig class switching (8) (Fig. 4A). The addition of evobrutinib to these cultures diminished
T-bet induction as well as class switching, leaving the formation of antibody-secreting cells
(ASCs; CD38"9I"CD27M9") intact (Fig. 4B). This was accompanied by an increase in CD21 and
a decline in CD11c surface levels (Fig. 4C; T-bet-associated markers) (23), thereby verifying
the impact of evobrutinib on T-bet™ B cells. These findings indicate that differentiation of naive
into T-bet" class-switched memory B cells involves BTK activity and is suppressed in vitro by

the use of evobrutinib.



The invitro brain endothelial transmigration capacity of CXCR3"* class-switched memory
B cells is disrupted by evobrutinib

Under Trn-like conditions, IFN-y- and IFN-y/CpG-induced CXCR3 expression on B cells was
significantly reduced by evobrutinib (48 h; Fig. 5A). CXCR4 and CXCRS5 remained unaffected,
while VLA-4 showed a trend towards decreased expression (Fig. 5A and Supplementary Fig.
6A). The evobrutinib-mediated reduction in CXCR3 seemed to be less in the presence of anti-
IgM (Supplementary Fig. 6B). This implies a selective impact of evobrutinib on CXCR3 and
supports the additive effect of IFN-y/CpG on T-bet and phospho-BTK levels without anti-lIgM
(Fig. 3C and D, Fig. 4B). To study the potential of evobrutinib to inhibit brain-homing CXCR3*
memory B cells, we purified CD27* memory B cells from healthy blood and analyzed subsets
for their ability to cross brain endothelial monolayers in vitro (Fig. 5B). Overall, class-switched
B cells were better able to migrate through these monolayers than non-class switched B cells,
irrespective of CXCL10 and CXCL12 supplementation (Fig. 5B). As expected, CXCR3-
expressing class-switched memory (Fig. 5C) and especially IgG1* (Fig. 5D and Supplementary
Fig. 6C) cells were most attracted to CXCL10 (8). Although this effect was small, CXCL10-
mediated transmigration of class-switched subsets was reduced by evobrutinib for all donors
tested, an effect that was hardly encountered in the presence of CXCL12 (Fig. 5C and D). This
impact of evobrutinib on the brain-homing capacity of CXCR3* B cells supported the ex vivo
results obtained with blood samples of NTZ-treated MS patients (Fig. 2C-G). Although
outnumbered by BTK'/"3 T cells, B cells expressed high levels of BTK and CXCR3 in MS
CSF (Supplementary Fig. 7) (8). Together, this indicates that therapeutic targeting of BTK

likely halts CXCR3" B cells from infiltrating the CNS in MS.



Evobrutinib interferes with in vitro development of CXCR3* memory B cell populations
into antibody-secreting cells

Evobrutinib attenuated T-bet-associated class switching, but not plasmablast induction in vitro
using human naive B cells (Fig. 4B). Nonetheless, upon reaching the MS brain, CXCR3* class-
switched memory B cells are likely reactivated to further develop into ASCs (13-15). To
explore if such a recall response is affected by BTK activity, we cultured CD27" memory B
cells under IL-21/CD40L-stimulating conditions for 6 days with and without evobrutinib (Fig.
6A). Both T-bet expression and class switching were induced by IFN-y and CpG-ODN (Fig.
6B), which was also seen during naive B cell cultures. In the presence of evobrutinib, memory
B cells had slightly lower T-bet levels and were less able to develop into ASCs
(CD38MI"CD27"9M  while class switching remained unaltered (Fig. 6B and C). This
suppressive effect on ASC formation was supported by a marked reduction in 1gG secretion

(Fig. 6D). IgM secretion was not affected by evobrutinib under these circumstances (Fig. 6D).



Discussion

For optimal use of newly identified immunotherapies in diseases such as MS, it is important to
uncover how biological targets contribute to its immunopathogenesis. In the current study, we
investigated the association of BTK and its suppression by the highly selective and clinically
effective drug evobrutinib with the development of pathogenic human B cells. We demonstrate
that BTK activity is enhanced and less inducible in circulating B cells of MS patients. In
addition, the association of BTK with CXCR3 and T-bet upregulation as well as the reducing
effects of evobrutinib in vitro indicate that BTK promotes the development of class-switched
memory B cells in a T-bet-related manner. The accumulation of ex vivo BTK*CXCR3" B cells
in the blood of clinical NTZ responders as well as the impairment of in vitro CXCR3* memory
B cell migration across the blood-brain barrier and their maturation into ASCs by evobrutinib
further empowers BTK as a therapeutic target in MS.

The reduced risk of side effects and their high potential to penetrate the CNS make next-
generation BTK inhibitors promising candidates for treatment of MS (24). Such inhibitors
could affect local interaction between B and T cells (22, 25), which accumulate within the
perivascular space and meninges (26). Since intrathecal production of oligoclonal 1gG is one
of the hallmarks of MS, regardless of the pathogenicity of these antibodies, interference of
BTK inhibitors with local differentiation of memory B cells into ASCs could be pathologically
meaningful. The latter is especially true for patients in the advanced, progressive stages of MS
where the disease has been postulated to be compartmentalized within the CNS, while targeting
of circulating lymphocytes could be more relevant in the early phases of relapsing MS. This
assumption is supported by the current selective upregulation of phospho-BTK in circulating
B cells of patients with the RRMS to SPMS and not the PPMS form. This could be relevant
and should be further investigated for determining which types of patients would benefit from

treatment with BTK inhibitors. Results from ongoing clinical trials with various BTK inhibitors
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in SPMS and PPMS have to be awaited, but the successful phase 11 evobrutinib trial in MS at
least included SPMS cases with superimposed relapses (NCT02975349) (21). Although we did
not find a direct association with disease parameters, our findings support the notion that altered
BTK activity influences the function of pathogenic B cells interacting with T cells as driver of
MS (21, 22, 25).

Irrespective of their mode of action, the efficacy of BTK inhibitors such as evobrutinib
at least partly relies on how BTK in B and myeloid cells is regulated and triggers pathogenic
subsets, which may differ between autoimmune diseases. Despite enhanced BTK expression
in B cells of systemic lupus erythematosus (SLE) and anti-citrullinated protein antibodies
(ACPA)-positive but not -negative rheumatoid arthritis (RA) patients (27, 28), evobrutinib only
showed mild effects in SLE and RA clinical trials (NCT02975336 and NCT03233230,
respectively). This is in sharp contrast to MS patients, who had markedly less gadolinium-
enhancing lesions after receiving evobrutinib (NCT02975349) (21). There could be several
reasons for these contradicting observations. We found that phospho-BTK, but not BTK
protein expression was increased and correlated with CXCR3 expression in ex vivo B cells
from MS patients. In B cells of ACPA-positive RA patients, both phospho-BTK (Y551) and
BTK protein levels were found to be higher (27). This implies that in MS, alternative
mechanisms underlie BTK dysregulation in B cells as compared with primarily antibody-
driven autoimmune diseases. This is supported by observations that central B cell tolerance
mechanisms are defective in RA, SLE and neuromyelitis optica spectrum disorder (NMOSD),
but not MS (29). Moreover, BCR signaling molecules upstream of BTK may be differentially
controlled in B cells between diseases, e.g. PTEN and LYN in SLE (30, 31) and SYK and
CBL-B in MS (32-34). The increased BTK activity across all B cell subsets from MS patients
could indicate either a cause or consequence of their escape from peripheral tolerance (3),

which seems to depend more on BTK than central tolerance (35) and needs more investigation
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in the future. It has already been shown that evobrutinib is effective in attenuating BTK activity
in BCR-induced human B cells (22). We found reduced IgM-specific stimulation of phospho-
BTK in B cells from MS patients, suggesting that maximum phosphorylation levels are reached
earlier. In another report, a similar trend was observed after triggering B cells of MS patients
with both anti-IgM and -1gG (22). This implies that from the naive stage onwards, B cells need
less external signals to differentiate into CXCR3(T-bet)"” memory and ASC populations in MS
(8, 12).

Phospho-BTK levels were further upregulated in ex vivo class-switched memory B cells,
which is in line with previous studies (22, 27). Before memory differentiation occurs, naive B
cells take up, process and present antigen via the BCR to interact with Trn cells at follicular
borders within secondary lymphoid organs. Not only costimulatory molecules such as CD40L,
but also third signals such as Trn cell-derived I1L-21 further guide B cell differentiation. In this
phase, B cell-intrinsic T-bet induction seems to be mediated by concomitant IL-21, IFN-y and
TLR9 signaling pathways (36-38). Our results indicate that IFN-y and TLR9 signals, at least
partly, depend on BTK activity for upregulating T-bet, thereby triggering CXCR3 expression
and Ig class switching in vitro. Such a role of BTK was also found for autoreactive B cells in
SLE mice (39). Although the underlying molecular mechanism remains to be defined, proto-
oncogene ETS-1 may be one of the determining factors. ETS-1 is downregulated after TLR9
ligation, a process that is controlled by BTK (40). Since ETS-1 plays a role in T-bet induction
(41, 42), IFN-y stimulation possibly overcomes TLR9-mediated reduction in ETS-1 so that it
can act together with T-bet to promote Ig class switching. The synergy between IFN-y and
TLR9 responses in B cells has been proposed to regulate peripheral tolerance (43), which is
disturbed in MS (3). The observed inhibitory effects of evobrutinib on IFN-y- and CpG-ODN-
mediated class switching in B cells is relevant given their enhanced responsiveness to such

signals and capacity to serve as potent antigen-presenting cells in MS (4, 8, 12). This is
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supported by the fact that the antigen-presenting cell function of B cells is reinforced by T-bet
(8, 44) as well as BTK (45, 46), and is impaired in EAE mice following evobrutinib treatment
(22).

One limitation of our in vitro experiments is that we did not take into account a possible
survival advantage of CXCR3(T-bet)* class-switched B cells and ASCs. The observed in vitro
effects of evobrutinib also need to be confirmed in vivo. The suppressive effect of evobrutinib
on class-switched B cells crossing blood-CNS barriers in vitro is at least in line with the role
of BTK in B cell tissue homing (47). BTK is known to mediate CXCR4 and CXCRS5 signaling
(48), but our current finding that it can control the CXCR3-CXCL10 axis is new. With
CXCL10, CXCL12 and CXCL13 being locally enriched, CXCR4 and CXCR5 can be expected
to be more involved in the organization, while CXCR3 may be more related to the recruitment
of B cells in the MS brain (8). The increased BTK activity in CXCR3* class-switched memory
B cells of MS patients puts this pathogenic subset forward as a candidate target of evobrutinib
to prevent B cell recruitment in the CNS. This increase was found in B cells of both RRMS
and SPMS but not PPMS patients, pointing to a direct relation with local inflammation rather
than neurodegeneration. CNS-infiltrating CXCR3" memory B cells are also poised to mature
into ASCs in vitro (13, 14), which seems to be a process that can be affected by evobrutinib
(current study). Hence, the potential of next-generation BTK inhibitors to penetrate the CNS
may not only give an opportunity to prevent, but also target (clinically relevant) local antibody
production in MS patients (15), which should be investigated in the near future. Such inhibitors
may also be feasible in patients who have to discontinue natalizumab treatment. By exposing
the disease-relevant mechanisms involved, this work reveals that BTK inhibition is a
therapeutic approach that meets the need for selectively targeting pathogenic B cells in MS and

other types inflammatory and autoimmune disorders (17, 21, 49).
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Methods

Patients and sampling

In a first screen, we analyzed peripheral blood mononuclear cells (PBMCs) from 29 clinically
isolated syndrome (CIS), 30 relapsing-remitting MS (RRMS), 15 secondary progressive MS
(SPMS) and 15 primary progressive MS (PPMS) patients as well as 30 healthy controls (HC).
None of these patients received any disease-modifying treatment or methyl prednisolone for at
least 3 months before sampling. In a second screen, we included 15 RRMS patients who were
all treated with natalizumab (NTZ) for 12 months (responders, n=10; non-responders, n=>5).
Responders to natalizumab were defined as treated patients who remained free of clinical
attacks, i.e. subacute worsening of existing symptoms, or new symptoms after at least 30 days
of improvement or stable disease (50). For one MS patient, we were able to analyze B cells in
both CSF and blood. Patients and controls were included at the MS Center ErasMS, Erasmus
MC (Rotterdam, The Netherlands). Clinical characteristics are shown in Supplementary Table
1. CIS was defined as a first clinical attack of demyelination in the CNS. All CIS patients were
sampled within 4 months after their first attack. MS patients were diagnosed according to the
McDonald 2017 criteria (51). For our functional studies, buffy coats (Sanquin, Amsterdam,
The Netherlands) were obtained from healthy volunteers.

Peripheral blood was collected using Cell Preparation Tubes (CPT™; BD Biosciences,
Erembodegem, Belgium) containing sodium heparin. PBMCs were isolated according to the
manufacturer's instructions. PBMCs were taken up in RPMI 1640 (Lonza, Verviers, Belgium)
containing 20% fetal calf serum (FCS; Thermo Fisher Scientific, Landsmeer, The Netherlands)
and 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich, St Louis, MO, USA) and stored in liquid

nitrogen until further use.
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Antibodies and flow cytometry

The details of anti-human monoclonal antibodies used for flow cytometric analysis of B cells
are included in Supplementary Table 2. For our first ex vivo screen, we measured B cells from
HC and CIS, RRMS, SPMS and PPMS patients within the same experiment, divided equally
over three experiments. B cells from NTZ-treated RRMS patients were measured in a separate
experiment. For the induction of phosphorylated BTK (phospho-BTK; Y223) in B cells,
PBMCs were treated for 5 min with F(ab’)2 anti-human IgM (20pg/ml; Southern Biotech, AL,
Birmingham, USA). For in vitro differentiation, total (CD19*CD3"), naive (CD19"CD3CD27"
) and memory (CD19"CD3CD27*) B cells were purified using a FACSAria Il sorting machine
(BD Biosciences). For extracellular staining, cells were incubated with antibody mix for 30
min at 4°C. For intracellular staining of pBTK and T-bet, cells were fixed and permeabilized
using the eBioscience FoxP3/Transcription Factor Staining Buffer Kit (Thermo Fisher
Scientific) and incubated with an antibody mix for 30 minutes (min) at 4°C. For intracellular
BTK staining, cells were first incubated for extracellular marker staining as described above.
After extracellular staining, cells were fixed with 2% PFA for 10 min at 4°C, permeabilized in
0,5% saponine buffer for 10 min at 4°C, followed by intracellular staining in 0,5% saponine
buffer for 60 min at 4°C. After staining, cells were suspended and measured on an LSRFortessa
flow cytometer. Data were analyzed using FACSDiva 8.1 and FlowJo v10 software (both BD
Biosciences). Dependent on the distribution per marker, we used mean (non-skewed) or median

(skewed) to indicate fluorescence intensity (MFI).

Short-term B cell stimulations

For the 5-40 min in vitro stimulation experiments, the following B cell stimuli were used:
F(ab’)2 goat-anti-human IgM (20ug/ml; Southern Biotech), rhlL-21 (50ng/ml; Thermo Fisher

Scientific), soluble CD40L (0.1ug/ml; Enzo Life Sciences, Farmingdale, NY, USA), rhIFN-y
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(50ng/ml; Peprotech, Rocky Hill, NJ, USA) and CpG-ODN (10ug/ml; Invivogen, San Diego,
California, USA). For these stimulations, we used and adapted a protocol described in a recent
study (52). In short, PBMCs (5x10°) were thawed and put on ice in RPMI containing 2% FCS
using 96-wells round-bottom plates. For 5 and 10 min, live/dead (L/D) viability stain was added
together with the stimuli. For 20 and 40 min, cells were first incubated with a live/dead viability
stain for 15 min at 4°C, washed and then suspended with stimuli. After stimulation at 37°C,
cells were placed on ice, suspended in cold eBioscience Fix/Perm buffer (Thermo Fisher
Scientific) and fixed for 15 min (4°C) prior to the staining according to above described
protocols. For the 48 hour (h) stimulations, the following B cell stimuli were used: F(ab”)2 goat-
anti-human IgM (10ug/ml; Jackson ImmunoResearch, Uden, The Netherlands), rhiL-21
(50ng/ml; Thermo Fisher Scientific), soluble CD40L (0.1ug/ml; Enzo Life Sciences), rhIFN-y
(50ng/ml; Peprotech) and CpG-ODN (10ug/ml; Invivogen). 5x10° B cells were suspended in
RPMI containing 5% FCS, B-mercaptoethanol (Sigma-Aldrich), L-glutamin (Lonza) and apo-
transferrin (Sigma-Aldrich) and treated with and without evobrutinib (1uM; EMD Serono,

Billerica, MA, USA) in 48-well plates.

Long-term B cell cultures

In vitro naive and memory B cell differentiation assays were performed as reported earlier (8,
13). In short, irradiated 3T3 fibroblasts expressing human CD40L were co-cultured with
purified naive (CD19*CD3879MCD27-; primary response) or memory (CD19*CD3874MCD27*;
recall response) B cells in the presence of rhiL-21 (50ng/ml; Thermo Fisher Scientific). For
naive B cell cultures, rhIFN-y (50ng/ml; Peprotech) was added with and without CpG-ODN
(10ug/ml; Invivogen) to induce class switching and antibody-secreting cell (ASC)

development, respectively (8). After 6 (recall response) or 11 (primary response) days of
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culturing, viable (L/D’) CD19" cells were examined using flow cytometry. The supernatants

were collected and stored at -80°C until further use.

IgM and 1gG ELISA

Flat-bottom 96-well plates (Corning, Tewksbury, MA, USA) were coated overnight with goat
anti-human Ig (Img/ml; Southern Biotech) at 4°C, washed with PBS/0.05%Tween-20 and
blocked with PBS/5% FCS for 2 h at room temperature. Samples were added for 1.5 h. After
washing, peroxidase-conjugated goat anti-human 1gG (Thermo Fisher Scientific) or rabbit anti-
human IgM (Jackson ImmunoResearch) were used to detect bound antibody. TMB Substrate
(Thermo Fisher Scientific) was used to reveal peroxidase activity. Reactions were stopped with
sulfuric acid and optical densities were measured at 450 nm using a BioTek Synergy 2 reader
(Winooski, VT, USA). Concentrations were calculated using standard curves that were

generated for each assay.

B cell transmigration assay

For transmigration experiments, 2.5-5x10° CD27* memory B cells isolated from buffy coats
were placed on confluent monolayers of human brain endothelial cells ("\CMEC/D3) (53) on 5
um pore size transwell plates (Corning Life Sciences, Amsterdam, The Netherlands) coated
with collagen. B cell migration towards medium, CXCL10 (900 ng/ml; R&D Systems,
Abingdon, UK) (8), or CXCL12 (100ng/ml; R&D Systems) was analyzed after 5 h at 37°C.
Percentages of memory B cell subsets were compared before and after transmigration using

flow cytometry.
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Statistics

Statistical analyses were performed using Graphpad Prism 9 (GraphPad Software Inc., San
Diego, CA, USA) and are described in each figure legend. Both percentages and MFI are
depicted as individual data points together with the corresponding mean. P values < 0.05 were

considered statistically significant.

Study approval

All patients and controls gave written informed consent and study protocols were approved by

the medical ethics committee of Erasmus MC.
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Figure 1. Phospho-BTK is upregulated and less induced in B cells of RRMS and SPMS patients. (A) FACS gating
strategy used to analyze total BTK protein and phospho-BTK (pBTK) expression levels (MFI) in transitional (CD38""CD27-
), naive mature (CD38%m-1gM*CD27), non-class switched (CD38%™-IgM*CD27*) and class-switched (CD38%™-1gM-IgD")
B-cell subsets. Total BTK protein (B) and phospho-BTK (C) levels were studied in blood B cells (left: total; right: subsets)

from healthy controls (HC; n=30) and different MS patient groups, including clinically isolated syndrome (CIS; n=29),

relapsing-remitting MS (RRMS; n=30), secondary progressive MS (SPMS; n=15) and primary progressive MS (PPMS; n=15).

The inducibility of phospho-BTK in total B cells (D) and IgM* subsets (E) were compared between patient and control groups

using anti-IgM for 5 min. These FACS data were collected in three independent experiments, with 5-10 samples from controls

and each patient group per experiment. Data are presented as the mean + SEM. Two-way ANOVA with Fisher’s LSD post-

hoc test was performed. **p <0.01 and *p <0.05.
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Figure 2. Correlation of BTK and phospho-BTK with CXCR3 expression levels in B cells from MS patients. The
association of total BTK protein (A) and phospho-BTK (B) with CXCR3 expression was analyzed for blood B cells from
healthy control (HC; n=30), clinically isolated syndrome (CIS; n=29), relapsing-remitting MS (RRMS; n=30), secondary
progressive MS (SPMS; n=15) and primary progressive MS (PPMS; n=15) groups. FACS data were collected in the same
number of experiments as depicted in Figure 1. (C) Graphical illustrations of natalizumab (NTZ; anti-VLA-4 monoclonal
antibody) treatment blocking the migration of CXCR3* B cells into the central nervous system. (D-F) Total BTK protein,
phospho-BTK and CXCR3 expression levels were assessed in ex vivo blood B cells from NTZ-treated MS patients. These
were compared between pre- and 1 year (yr) post-treatment samples as well as clinical responders (n=10) and non-responders
(n=5). (G) The inducibility of phospho-BTK in B cells from responders and non-responders before and after NTZ treatment.
For the NTZ-treated MS cohort, FACS data were collected in one experiment with all patients included. Spearman correlations

(A, B and D) and both paired t-test and Mann-Whitney U tests (E-G) were performed. ***p <0.001, **p <0.01 and *p <0.05.
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Figure 3. BTK activity is associated with IFN-y- and CpG-mediated T-bet induction in human B cells. (A) Representative
histograms of phospho-BTK expression in healthy blood-derived B cells stimulated with IL-21+CD40L, I1L-21+CD40L+IFN-
y and IL-21+CD40L+IFN-y+CpG for 10 min. (B) Donor-specific phospho-BTK induction in blood B cells under the same
conditions for 5, 10, 20 and 40 min (n=6). The blue arrows indicate time points at which phospho-BTK is upregulated by IFN-

v with and without CpG. These FACS data were collected in four independent experiments, with 1-2 donors per experiment.
(C) Correlation between phospho-BTK and T-bet levels in B cells under 1L-21/CD40L/IFN-y-inducing conditions with and
without CpG for 48 h. (D) The impact of evobrutinib (Evo) on IFN-y- and CpG-induced T-bet expression in B cells (48 h).

These data were collected in three independent experiments, with 2-3 donors per experiment. Spearman correlation (C) and
RM one-way ANOVA with Fisher’s LSD post-hoc test (D) were performed. ****p <0.0001, **p <0.01 and *p <0.05.
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Figure 4
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Figure 4. Evobrutinib interferes with the differentiation of T-bet* class-switched memory subsets in naive B-cell

cultures. (A) CD27 naive B cells were purified from healthy donor blood and cultured under Ten-like conditions using IL-21
and CD40L-3T3 cells for 11 days (n=7-8). IFN-y and CpG were added with and without evobrutinib (Evo). (B) Proportions
of in vitro-induced T-bet* B cells, class-switched (IgM-IgD-) memory B cells and antibody-secreting cells (CD38"ahCD27"igh;

ASC). (C) Histogram overlays and quantification of CD21 and CD11c expression (MFI) by these cultured B cells. Cultures

were performed in eight independent experiments, with 1 donor per experiment. RM one-way ANOVA with Fisher’s LSD
post-hoc test were used. ****p <0.0001, **p <0.01 and *p <0.05.
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Figure 5
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Figure 5. CXCL10-mediated migration of CXCR3* class-switched B cells through human brain endothelial monolayers
is attenuated by evobrutinib. (A) Histogram overlays and quantification of CXCR3 and CXCR4 expression (MFI) by B cells
from 5 healthy blood donors after stimulation with 1L-21, CD40L, IFN-y and CpG for 48 h. Evobrutinib (Evo) was added to
IFN-y and CpG-inducing conditions. Data were collected as described for Fig. 3C-D. (B-D) Purified CD27* memory B cells
from 6 healthy blood donors were assessed for their selective migration across human brain endothelial monolayers in vitro.
The proportions of viable non-class switched (IgM*CD27*; NCS), class-switched (IgMCD27+; CS) and IgG1* B cells were
studied before and after migration to medium, CXCL12 and CXCL10 in the context of CXCR3 expression. These FACS data
were obtained from five independent experiments, with 1-2 healthy donors per experiment. Data are presented as the mean +
SEM. RM one-way ANOVA with Fisher’s LSD post-hoc test were performed. ****p <0.0001, ***p <0.001, **p <0.01 and
*p <0.05.
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Figure 6
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Figure 6. In vitro memory B-cell differentiation into antibody-secreting cells is reduced by evobrutinib. (A) Purified
CD27* memory B cells from healthy blood donors were cultured under Trn-like conditions using IL-21 and CD40L-3T3 with
and without IFN-y, CpG and/or evobrutinib (Evo) for 6 days. The percentages of T-bet* and class-switched (IgM-1gD") memory
B cells (B) as well as antibody-secreting cells (CD38"Me"CD27"ah; ASC) (C) were analyzed for 8 donors. FACS data were
collected as described for Fig. 4. (D) IgG and IgM secretion within the supernatants of these cultures as determined by ELISA
(n=7). ELISA measurements were performed in two independent experiments, with 3-4 samples per experiment. RM one-way
ANOVA with Fisher’s LSD post-hoc tests (B—C) and Wilcoxon signed-rank tests (D) were used. ****p <0.0001, ***p <0.001,
**p <0.01 and *p <0.05.
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