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Abstract

Multiple sclerosis (MS) is a neurodegenerative, autoimmune disease that is still incurable. Nowadays, a variety of new drugs are being
developed to prevent excessive inflammation and halt neurodegeneration. Among these are the inhibitors of Bruton’s tyrosine kinase
(BTK). Being indispensable for B cells, this enzyme became an appealing therapeutic target for autoimmune diseases. Recognizing the
emerging importance of BTK in myeloid cells, we investigated the impact of upcoming BTK inhibitors on neutrophil functions.
Although adaptive immunity in MS has been thoroughly studied, unanswered questions about the pathogenesis can be addressed by
studying the effects of candidate MS drugs on innate immune cells such as neutrophils, previously overlooked in MS. In this study, we
used 3 BTK inhibitors (evobrutinib, fenebrutinib, and tolebrutinib), and found that they reduce neutrophil activation by the bacterial
peptide fMLF and the chemokine interleukin-8/CXCL8. Furthermore, they diminished the production of reactive oxygen species and
release of neutrophil extracellular traps. Additionally, the production of CXCL8 and interleukin-1B in response to inflammatory
stimuli was decreased. Inhibitory effects of the drugs on neutrophil activation were not related to toxicity. Instead, BTK inhibitors
prolonged neutrophil survival in an inflammatory environment. Finally, treatment with BTK inhibitors decreased neutrophil
migration toward CXCL8 in a Boyden chamber assay but not in a transendothelial setup. Also, in vivo CXCL1-induced migration was
unaffected by BTK inhibitors. Collectively, this study provides novel insights into the impact of BTK inhibitors on neutrophil
functions, thereby holding important implications for autoimmune or hematological diseases in which BTK is crucial.
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1. Introduction exact pathogenesis of MS remains elusive, it is widely acknowl-
edged that the adaptive immune system plays a central role,
with myelin-specific autoreactive T cells as key players. Upon ac-
tivation, these cells cross the blood-brain barrier (BBB), whereby
they encounter CNS-related autoantigens presented by major
histocompatibility complex class II molecules on the surface of
professional antigen-presenting cells.” This triggers the reactiva-
tion of T cells, initiating an inflammatory cascade that results in
increased production of proinflammatory mediators and the re-
cruitment of other immune cells, causing chronic inflammation
and cumulative damage to the CNS. Recent investigations have
underscored the significance of the innate immune system, par-
ticularly neutrophils, in the onset and development of MS.2?
Traditionally perceived as short-lived immune cells, neutrophils
are currently also studied in the context of autoimmunity and
chronic inflammation.’® Using both patient samples and animal
models for MS, a role for neutrophils in the initiation and progres-
sion of the disease has already been highlighted (further reviewed

Multiple sclerosis (MS) is the most common, immune-mediated,
inflammatory disease of the central nervous system (CNS) and is
treatable but not curable. Patients are usually diagnosed between
the ages of 20 and 40 yr old, with a higher incidence among women
than men."? Despite extensive research, a specific etiologic trigger
for MS remains unidentified, but it is evident that it results from a
complex interplay between genetic (polymorphisms in HLA class
I/1I genes) and environmental (smoking, Epstein-Barr virus infec-
tion, diet, etc.) risk factors.” Together, these different factors in-
duce an autoimmune response against different components of
the CNS, which manifests through the classical hallmarks of
MS: demyelination accompanied by inflammation and neurode-
generation. These damaging processes give rise to the formation
of CNS lesions, referred to as sclerotic plaques, which are distrib-
uted in both the gray and white matter of the brain.® While the
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in De Bondt et al)).'* Under normal physiological conditions, neu-
trophils remain in a quiescent state, surveilling the body without
releasing their toxic contents, encapsulated within characteristic
granules. During infection or inflammation, these innate immune
cells serve as first responders, executing their effector functions
upon reaching the site of inflammation. These functions include
phagocytosis of micro-organisms, generation of reactive oxygen
species (ROS), release of chemokines/cytokines/enzymes, and
the formation of neutrophil extracellular traps (NETs), altogether
encompassing an excellent mechanism of defense against patho-
gens.'? However, these functions may also contribute to chronic
inflammation as observed in MS, in which they could be impli-
cated in myelin phagocytosis, disruption of the BBB, activation
of antigen-presenting cells, and tissue damage. Currently, various
MS drugs with different targets and effector mechanisms are
available, all of which slow disease progression without the ability
toreverse established damage in the CNS. Among these upcoming
treatments for autoimmune diseases, including MS, are the inhib-
itors of Bruton’s tyrosine kinase (BTK)."®

BTK is a cytoplasmic nonreceptor tyrosine kinase belonging
to the TEC kinase family that is expressed in most cells from
the hematopoietic lineage, among which neutrophils, as evi-
denced in the literature and confirmed in our experiments
(Supplementary Fig. 1).** The activation of BTK occurs through
different signaling pathways, dependent on the specific cell type
in which it is expressed. It is most widely known for its role in B
cell biology, in which BTK acts downstream of the B cell receptor
and is crucial for maturation, development, and functioning.*®
Due to its pivotal role in B cell function, BTX is an interesting
molecule to target in autoimmune diseases or certain hemato-
logical cancers. Ibrutinib, a first-generation BTX inhibitor, is al-
ready on the market for treating hematological malignancies.'®
Second-generation compounds (evobrutinib, tolebrutinib, and fe-
nebrutinib) are currently under development for treating MS.
These compounds exert their beneficial effect by reducing inflam-
matory lesions through the inhibition of B cell development, mat-
uration, and functioning, thereby preventing the production of
autoantibodies.’ All inhibitors exhibited promising results in
mouse studies using the experimental autoimmune encephalo-
myelitis model and are currently undergoing phase 3 clinical trials
for MS. A dose-dependent reduction in T1 and T2 CNS lesions of
patients was observed with all 3 inhibitors in phase 2 clinical
trials.*®

In addition to its established role in B cell biology, BTK was
also found to be indispensable for neutrophils. Specifically,
Btk-deficient mice display decreased circulating neutrophil num-
bers, and their neutrophils do not fully mature.*® However, con-
flicting data have been reported regarding the impact of BTK on
human neutrophil biology.?>** Neutrophils isolated from chronic
lymphocytic leukemia patients treated with ibrutinib exhibit re-
duced oxidative burst, degranulation and production of CXCL8
when challenged with Escherichia coli.?> Nevertheless, no pub-
lished data are available on the influence of second-generation
BTK inhibitors on neutrophils. Therefore, this study aimed to un-
ravel the effect of 3 novel inhibitors (fenebrutinib, evobrutinib,
and tolebrutinib) on neutrophil effector functions in vitro and in
vivo. We demonstrated that treating human neutrophils in vitro
with BTK inhibitors (evobrutinib, fenebrutinib, and tolebrutinib)
reduces (1) neutrophil activation by CXCL8 or fMLF, (2) migration
toward CXCL8 and fMLF in a Boyden chamber assay, (3) ROS pro-
duction, (4) NET release induced by lipopolysaccharide (LPS), (5)
the intralysosomal pH, and (6) the production of CXCL8 and inter-
leukin (IL)-1B by neutrophils. In contrast, migration over a human

endothelial cell monolayer (hCMEC/D3) seemed to be unaffected.
Additionally, in vivo migration of mouse neutrophils toward intra-
peritoneally injected CXCL1 was not disturbed by tolebrutinib.
However, the attracted peritoneal neutrophils were less effective
in generating ROS. These findings might have important implica-
tions for patients’ innate immune responses, but can also impact
excessive neutrophil activation in chronic inflammatory condi-
tions, such as MS.

2. Methods
2.1 Reagents

Recombinant human CXCL8(6-77), tumor necrosis factor-a
(TNF-0), interferon-y (IFN-y), IL-1B, and granulocyte-macrophage
colony-stimulating factor were purchased from PeproTech.
The bacterial tripeptide fMLF, peptidoglycan (PGN) from
Staphylococcus aureus, PMA and LPS from Klebsiella pneumoniae
were purchased from Sigma-Aldrich. Bacterial pHrodo-labeled
bioparticles were obtained from Invitrogen. Evobrutinib was pur-
chased from Selleckchem and both fenebrutinib and tolebrutinib
from MedChemExpress.

2.2 Isolation and treatment of neutrophils

Blood samples from healthy human volunteers were collected in
EDTA-coated vacutainer tubes (BD Biosciences) and processed
within 15 min after withdrawal. For almost all assays, neutrophils
were purified with immunomagnetic isolation using the EasySep
direct human neutrophil isolation kit (StemCell Technologies) ac-
cording to the manufacturer’s instructions. For the Boyden cham-
ber migration assay and cytokine induction experiments,
neutrophils were purified using density gradient centrifugation,
as previously described.?® Purified neutrophils were subsequently
treated for 1 h at 37 °C with the selected inhibitors (evobrutinib,
fenebrutinib, and tolebrutinib) all dissolved in treatment medium
(1% fetal calf serum [FCS] [Sigma-Aldrich] in phosphate-buffered
saline [PBS]).

These concentrations were selected based on a literature sur-
vey in which in vitro and in vivo experiments were conducted us-
ing comparable concentrations.*?** Dimethyl sulfoxide (DMSQ)
(0.01%; Merck) was used as solvent control. After treatment, cell
suspensions were centrifuged for 5 min at 300g. Supernatants
were discarded and cell pellets were resuspended in the appropri-
ate buffer for the subsequent functional assay. For some assays,
another treatment scheme was followed. In that case, the treat-
ment is specifically mentioned in the corresponding paragraph.
Independent experiments were performed with cells from differ-
ent donors, and different donors were used in the different experi-
mental setups. In total, 15 healthy donors were recruited and
signed the informed consent (S58418).

2.3 Shape change assay

To assess the responsiveness of neutrophils to chemoattractants,
shape change assays were performed. CXCL8 (30 ng/mL) or fMLF
(1072 M) in shape change buffer (Hank's balanced salt solution
[HBSS] without Ca’** and Mg”*, supplemented with 10 mM
HEPES; Gibco) was added to a flat-bottom 96-well plate. A buffer-
only condition was included as negative control. Isolated neutro-
phils that were pretreated with BTK inhibitors (see section 2.2)
were added to the plate at a concentration of 5x 10*cells/well in
prewarmed (37 °C) shape change buffer. After stimulating the
cells for 3 min with chemoattractants, neutrophils were fixed
with ice-cold 4% (w/v) paraformaldehyde (Thermo Fisher
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Scientific) in shape change buffer. A total of 100 cells/well were
counted (5 times) microscopically and categorized as either rest-
ing/not activated (round) or activated (blebbed and elongated
cells). The assessment was performed by 2 independent research-
ers (MDB, NP), blinded to the experimental setup.

2.4 Cytotoxicity assay and cytokine-induced cell
death analysis

The toxic effect of the different compounds on freshly isolated
neutrophils from healthy donors was assessed through imaging.
A sterile 96-well black-walled, flat-bottom plate (Greiner
Bio-One) was coated with poly-L-lysine (0.1 mg/mL in sterile
water; Sigma-Aldrich) for 1 h at room temperature (RT) to facili-
tate cellular adhesion. Afterward, the plate was washed twice
with sterile distilled water and air-dried in a sterile environment.
Neutrophils were purified using immunomagnetic purification
(see section 2.2), after which they were washed with medium
and mixed with a live/dead staining mix, consisting of EthD-1
(0.5 pM, Invitrogen) to stain dead cells and calcein AM (1 pM,
Invitrogen) to stain live cells. Dead cells (incubated for 15 min at
60 °C) were used as positive control. Medium (Dulbecco’s modified
Eagle medium FluoroBrite [Gibco] + 0.4% FCS) was used as a nhega-
tive control. Next, 5 x 10*cells/well were seeded in the aforemen-
tioned plate, and buffer or different dilutions of the inhibitors
(10 uM, 1 uM or 0.1 uM) or diluted solvent (0.1% DMSO) were
added. For cytokine-induced cell death analysis, a cytokine mix con-
sisting of TNF-a (50 ng/mL), IL-1B (10 ng/mL), and IFN-y (10 ng/mL)
was added after the cells were pretreated for 30 min with inhibitors
in the plate. Finally, the plate was inserted into the Incucyte S3 live
cell imaging system (Sartorius) and the signal was followed for 5 h
(toxicity) or 24 h (survival). Images were processed using Incucyte
software where the percentage of dead cells (EthD-17) to total cells
(toxicity) or the area under the curve of the number of viable cells
(calcein™) over time (survival) was calculated.

2.5 Ogxidative burst assay

To quantify the production of ROS, a chemiluminescence-based
assay was performed. Purified neutrophils (human or mouse)
were pretreated with BTK inhibitors (10 pM—1 nM) or DMSO con-
trol (0.01%) for 1 h (see section 2.2). Afterward, cells were washed
and suspended in RPMI-1640 medium without phenol red (Gibco)
at a final concentration of 1.5x 10°cells/well and added to a
white, clear-bottom, 96-well microtiter plate (PerkinElmer).
Next, cells were stimulated with the following inducers in the
presence of 2 mM luminol (Sigma-Aldrich): PMA (150 ng/mL),
TNF-a (10 ng/mL), fMLF (10~ M for human assay, 107° M for
mouse assay), ultrapure LPS from K. pneumoniae (1 pg/mL), or
PGN from S. aureus (1 pg/mL). A buffer-only condition was in-
cluded as control for spontaneous ROS release. Luminol oxidation
was measured over time for 3 h at 37 °C using a CLARIOstar mono-
chromator microplate reader (BMG Labtech). Background lumi-
nescence (values obtained with PMA stimulation in the absence
of luminol) was subtracted and the maximal ROS production
was used to calculate the percentage inhibition.

2.6 Analysis of NET release

ANETosis assay was performed to quantify the ability of neutrophils
to release DNA in response to stimuli, as described previously.?’
Therefore, neutrophils were treated for 1 h with BTK inhibitors
or DMSO control (see section 2.2), washed and suspended in color-
less RPMI-1640 medium and stained with 50 nM SYTOX Green
(Invitrogen). The cells were transferred to a black, clear-bottom
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96-well plate (5x10%cells/well) that was precoated with
poly-L-lysine (see section 2.4), and incubated for 30 min at 37 °C
to allow cell adherence. Afterward, LPS from K. pneumoniae (1
pg/mL), PGN from S. aureus (1 pg/mL) or PMA (150 ng/mL) were
added to the cells and the plate was incubated for 5 h at 37 °C,
while NET release was continuously monitored by the Incucyte
imaging system. The relative area of SYTOX green fluorescence
(DNA released by neutrophils) was determined using the
Incucyte S3 software as described and normalized to the number
of viable cells.?’

2.7 Phagocytosis analysis

2.7.1 Phagocytosis of pHrodo-labeled bioparticles

Uptake of pHrodo-labeled S. aureus and E. coli bioparticles was
investigated (1) microscopically and (2) with flow cytometry.
First, a black, clear-bottom 96-well plate was precoated with
poly-L-lysine (see section 2.4). Purified neutrophils were pre-
treated with BTK inhibitors or 0.01% DMSO (see section 2.2),
washed and suspended in live cell imaging solution (Invitrogen)
supplemented with 20 mM HEPES. Next, cells were stained with
calcein AM (1 uM) to monitor viability, added to the plate (5x
10%cells/well), and incubated for 30 min at 37 °C. Afterward,
pHrodo bioparticles (62.5 pg/mL) were carefully supplemented
on top of the cells. Phagocytic uptake of the bioparticles was vi-
sualized for 4 h and quantified using the Incucyte imaging system.
Second, purified neutrophils were pretreated with BTK inhibitors
or 0.01% DMSO (see section 2.2), suspended in buffer (PBS+
2 mM EDTA [Sigma-Aldrich]), and transferred to U-bottom 5 mL
tubes (5 x 10°cells/tube). Subsequently, pHrodo S. aureus/E. coli
bioparticles (625 pg/mL) were added to the cells and incubated
for 1hat 37 °C. Afterward, the cells were washed with buffer, cen-
trifuged for 5 min at 300g and the supernatant was discarded. FcR
blocking reagent was added (2 pL/tube; Miltenyi Biotec) for 15 min,
after which the cells were again washed and centrifuged, and
the supernatant was discarded. Cells were then stained with
anti-CD66b-BV421 (BD Biosciences, #562940) for 25 min at 4 °C
in the dark. Cells were washed with staining buffer, centrifuged
and the supernatant was discarded. Cell pellets were resuspended
in staining buffer and data were acquired with the BD LSR Fortessa
X-20 (BD Biosciences) and analyzed with FlowJo software (BD
Biosciences; v10.8.1).

2.7.2 Phagocytosis of flash red beads

The cells and plates were prepared as described in section 2.7.1.
Flash red beads (Bangs Laboratories) were opsonized for 1 h with
20% human serum and added on top of the cells (3 x 10* beads/
well). Internalization of the beads was visualized for 4 h and quan-
tified using the Incucyte imaging system. For flow cytometry,
opsonized flash red beads (3 x 10° beads/tube) were added to the
cells, followed by incubation for 1 h at 37 °C. The subsequent la-
beling, acquisition and analysis procedure has been described in
section 2.7.1.

2.8 Cresyl violet staining

To assess the effect of BTK inhibitors on the lysosomal pH of neu-
trophils, cresyl violet staining was used. Purified neutrophils were
pretreated for 1 h with tolebrutinib (1 pM) or 0.01% DMSO (see sec-
tion 2.2). Afterward, the cells were washed with HBSS buffer with
Ca”* and Mg”* (Gibco) and stained for 15 min with cresyl violet
(1 pM; Sigma-Aldrich). Cells were then washed twice with HBSS
buffer and once with flow cytometry buffer (PBS+2% FCS+
2 mM EDTA) and subsequently divided over U-bottom 5 mL tubes
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(2 x 10°cells/tube). The subsequent labeling, acquisition, and ana-
lysis procedure is described in section 2.7.1.

2.9 Boyden chamber assay

A 48-well Boyden chamber chemotaxis assay was performed to
measure the chemotactic response of neutrophils toward chemo-
attractants. Therefore, CXCL8 (30 ng/mL) or fMLF (10~° M) diluted
in Boyden chamber buffer (HBSS buffer with 0.5% human serum
albumin [Belgian red cross]) was added to the lower compartment
of the Boyden chamber (30 uL/well) and subsequently covered
with a 5 pm pore size polyvinylpyrrolidone-free polycarbonate
membrane (GE Water & Process Technologies). A buffer-only con-
dition served as negative control. Neutrophils were pretreated
with compounds or control (see section 2.2) and added to the
upper part of the chamber (1 x 10°cells/well). Cell migration was
allowed for 45 min at 37 °C. Afterward, cells on the membrane
were fixed and stained (Hemacolor Solution I-III; Merck).
Migrated neutrophils at the lower side of the membrane were
microscopically counted in 30 separate fields for each test condi-
tion by 2 individual researchers (PPdP, MG) blinded to the experi-
mental setup. The directional migration of the neutrophils toward
a chemoattractant is expressed as the chemotactic index. This
was calculated by dividing the total number of neutrophils that
migrated toward chemoattractant by the total number of cells
that migrated toward buffer condition.

2.10 In vivo chemotaxis of neutrophils toward
CXCL1

2.10.1 Mice

Eight-week-old male NMRI mice were purchased from Charles
River and housed at the animal facility of the Rega Institute for
Medical Research (KU Leuven) in conventional conditions with
standards that complied with national and European guidelines.
The mice were housed in acrylic filtertop cages (5 mice per cage
maximum) and provided with housing enrichment. Water and
food were provided ad libitum. All animal studies were approved
by the Animal Ethics Committee of KU Leuven (project registry:
P114/2022).

2.10.2 Chemotaxis of neutrophils toward CXCL1

The mice were weighed and received 0.01% DMSO or tolebrutinib
treatment intravenously at a dose of 1 mg/kg (100 pL/mouse) di-
luted in sterile PBS. After an incubation period of 30 min, the
mice received an intraperitoneal injection with PBS or recombin-
ant murine CXCL1 (PeproTech; 100 ng/100 uL) diluted in PBS.
Mice were divided into 4 groups: (1) tolebrutinib treatment and
CXCL1 injection, (2) DMSO treatment and CXCL1 injection, (3) tol-
ebrutinib treatment and PBS injection, and (4) DMSO treatment
and PBS injection. Chemotaxis of neutrophils was allowed for
2 h after intraperitoneal injections, after which mice were eu-
thanized using dolethal (200 mg/kg, subcutaneous injection;
Vetoquinol). The peritoneum was washed for 1 min with 5 mL
of PBS supplemented with 2% FCS and 20 U/mL heparin (LEO
Pharma).

2.10.3 Cytospin analysis

Cytospins were prepared by suspending 5 x 10*cells from intra-
peritoneal lavages in PBS and subsequent centrifugation in a cyto-
centrifuge (Shandon) for 8 min at 82.17 g, during which the cells
were concentrated in a uniform monolayer on a glass slide.
After airdrying, the slides were fixed and stained (Hemacolor

solution I-1Il) and evaluated under a light microscope (50x magni-
fication). Each cytospin was counted 3 times (3 x 100 cells) by 2 in-
dividual researchers and the average number of neutrophils as
percentage of total cells was calculated.

2.10.4 Flow cytometry analysis

For flow cytometry, 5 x 10°cells from intraperitoneal lavages were
transferred to U-bottom 5 mL tubes and FcR blocking reagent
(2 pL/tube) and a live/dead stain (Zombie aqua; 1/1,000 dilution
in PBS) were added to the tubes. After incubation for 15 min in
the dark at RT, the cells were washed with staining buffer (PBS +
2% FCS+2 mM EDTA) and centrifuged for 5 min at 300 g. The
supernatant was discarded and the following antibodies were
added: anti-CD11b-BUV395 (BD Biosciences; #563553) and
anti-Ly6G-PE (BioLegend; #127607). After incubation for 25 min
in the dark at 4 °C, the samples were subsequently washed with
staining buffer, centrifuged, the supernatant was discarded and
the pellet was resuspended in staining buffer. The labeled cells
were analyzed with a BD LSR Fortessa. The resulting data were an-
alyzed using FlowJo software.

2.11 Immunocytochemistry staining of F-actin
and pWASP

Purified neutrophils from healthy donors (n=2) were pretreated
for 1 h with tolebrutinib (1 uM) or DMSO control (0.01%), after
which they were stimulated with fMLF (1 pM) for 30 min.
Afterward, cells were fixed for 15 min at RT with 4% paraformal-
dehyde and permeabilized for 10 min at RT with 0.5%
Triton-X. After washing with HBSS, cells were incubated with
blocking agent (HBSS + 1% bovine serum albumin +5% goat se-
rum) for 30 min at RT. Afterward, cells were stained overnight
with primary rabbit anti-pWASP antibody. Subsequently, a sec-
ondary staining mix was added for 1 h at RT, containing
Hoechst (10 pg/mL; Thermo Fisher Scientific), AF555-Phalloidin
(1/400; Thermo Fisher Scientific), WGA-AF647 (1/100; Thermo
Fisher Scientific), and goat-anti-rabbit AF488 secondary antibody
(1/150; The Jackson Laboratory). Imaging was performed using
an Andor Dragonfly High-Speed Confocal Microscope System
(Oxford Instruments) at 63x magnification. Images were analyzed
using ImageJ v1.53c (National Institutes of Health). A representa-
tive staining for this assay is shown in Supplementary Fig. 2.

2.12 Cell culture

The human cerebral microvascular endothelial cell line hCMEC/
D3, provided by Tebu Bio, is a stable and easily cultivatable cell
line and the cells display numerous markers of brain endothelial
cells, as well as tight and adherens junctions. Cells were cultured
in well plates or cell culture T25 and T75 flasks (Greiner Bio-One)
after precoating with 75 pg/mL collagen type I (0.5% solution from
bovine calf skin; MATRIX BioScience) diluted in PBS. After incuba-
tion for 1 h at RT, the collagen solution was removed and the
coated flasks were rinsed with sterile PBS. HCMEC/D3 cells were
cultured in complete endothelial cell growth medium (EGM-2
MV) composed of EBM-2 (Lonza), supplemented with 2.5% FCS,
5 ng/mL vascular endothelial growth factor, 5 ng/mL human epi-
dermal growth factor, 5 ng/mL human basic fibroblast growth fac-
tor, 15 ng/mL human insulin-like growth factor-I, 50 pg/mL
ascorbic acid, 1.4 uM hydrocortisone, 10 pg/mL gentamycin, and
1 pg/mL amphotericin (all from Lonza). For all applications,
hCMEC/D3 cells were used at £80% confluency between passage
29 and 35 and cultured at 37 °C in a humidified 5% CO, incubator.

G20z 1snBny 9z uo Jasn Ayisioniun 1osseH Aq 29€60.2/0919e1b/g/ . | L/a1o1uE/0IgNNa|fjwoo"dno-oiwapede//:sdny Wwoly papeojumoq



2.13 Transmigration of neutrophils over the
hCMEC/D3 layer

In this transmigration assay, the hCMEC/D3 cell line was used as a
model for the human BBB. On day zero, endothelial cells (8.25 x
10%cells/well) were seeded on ThinCerts (3.0 um pore size; translu-
cent; Greiner Bio-One) in a 24-well plate (Greiner Bio-One) sus-
pended in EGM-2 MV medium. On days 3 and 5, the inserts were
replenished with experimental medium (EBM2+), composed of
EBM-2 medium supplemented with 1 ng/mL human basic fibro-
blast growth factor, 1.4 pM hydrocortisone, 10 pg/mL gentamicin,
1 pg/mL amphotericin, and 2.5% FCS. On day 7, the hCMEC/
D3 cells were treated with inflammatory cytokines TNF-a
(100 ng/mL) and IFN-y (10 ng/mL) in serum reduced experimental
medium (EBM2+ SR-HC), consisting of EBM-2 medium supple-
mented with the same factors as experimental EBM2+ medium,
but with only 0.25% FCS and without hydrocortisone. After 4 h
of inflammation, medium was discarded and cells were washed
with EBM2+ SR-HC medium to remove the inflammatory cyto-
kines. Purified neutrophils were pretreated with BTK inhibitors
or DMSO as described in section 2.2 (diluted in EBM2+ SR-HC me-
dium) and were labeled with 1 uM calcein AM for 30 min at 37 °C.
In the bottom compartment of the wells, 10 ng/mL CXCL8 or regu-
lar EBM2+ SR-HC medium was added. Stained neutrophils were
added (5 x 10°cells/insert) and migration was allowed for 2 h at
37 °C, after which both the upper and lower compartment suspen-
sions were collected and calcein fluorescence was measured in a
CLARIOstar reader (BMG LABTECH).

2.14 Neutrophil inductions for cytokine and
chemokine quantification

Neutrophils were induced for 24 h with different stimuli in the
presence of BTK inhibitors to measure chemokine/cytokine pro-
duction. First, 5x10°cells/well were suspended in medium
(RPMI-1640 with phenol red +10% FCS+50 pg/mL gentamycin
[Gibco] +5 ng/mL granulocyte-macrophage colony-stimulating
factor) and added to a flat-bottom 48-well plate. Subsequently,
the cells were pretreated for 1 h at 37 °C with different dilutions
of BTK inhibitors and controls (0.01% DMSO and medium only).
After treatment, the cells were incubated for 24 h at 37 °C, 5%
CO,, in the presence of different inducers: LPS from K. pneumoniae
(1 pg/mL), fMLF (10~° M), TNF-a (priming 10 min, 50 ng/mL) + IL-14
(100 ng/mL), or TNF-a (priming 10 min, 50 ng/mL)+IFN-y (100
ng/mL). Afterward, the well content was collected and centrifuged
for 5 min at 300 g. Finally, the supernatants were stored at —20 °C
for further analysis. The concentration of CXCL8 was measured by
an in-house developed sandwich enzyme-linked immunosorbent
assay (ELISA).?® The concentration of IL-1p was determined using
the human IL-1p/IL-1F2 DuoSet ELISA kit (DY201-05; Bio-Techne;
R&D Systems), according to the manufacturer’'s protocol.
Absorbance was measured at 450 nm by using a PowerWave XS
(BioTek) microplate reader.

2.15 Statistics

Raw data from the different functional assays are shown as per-
centage inhibition, i.e. the outcome value of BTK inhibitor-treated
neutrophils compared with that of the DMSO control-treated neu-
trophils (0% inhibition = experimental outcomes are the same for
inhibitor and control neutrophils; 100% inhibition = outcome of
inhibitor-treated neutrophils is reduced to zero as compared
with control-treated neutrophils). The normality of the data was
first evaluated using a Shapiro-Wilk test and subsequently corre-
sponding downstream statistical testing was applied with a
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correction for multiple testing. The applied statistical tests are in-
dicated in the figure legends. Statistical analysis and visualization
of the data were performed using GraphPad Prism 9.3.1 (GraphPad
Software).

2.16 Ethics approval

All procedures performedin studies involving human participants
were in accordance with the ethical standards of the institutional
and/or national research committee and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical
standards. The study was approved by the Ethics Committee of
the University Hospital Leuven (study number: S58418). All ani-
mal studies were approved by the Animal Ethics Committee of
KU Leuven (project registry: P114/2022).

2.17 Consent to participate

All human participants donating peripheral blood for neutrophil
isolation signed an informed consent form according to the ethic-
al guidelines of the Declaration of Helsinki (study number:
S58418).

3. Results

3.1 Treatment with BTK inhibitors significantly
reduces the activation of neutrophils by CXCL8
and fMLF

The first step in a neutrophil’s response to a chemoattractant is
activation of the cytoskeleton and a concurrent shape change,
from round to blebbed or even elongated. To assess the effect of
BTK inhibitors on neutrophil activation by fMLF and CXCL8, puri-
fied neutrophils from healthy donors were treated for 1 h with 1 or
10 pM inhibitor, after which the cells were stimulated with CXCL8
or fMLF for 3 min. To evaluate the effect of the inhibitors on acti-
vation, neutrophils were microscopically scored as resting cells
(round, Fig. 1A) or activated cells (blebbed/elongated, Fig. 1B)
and the percentage activated cells of total cells was calculated.
Next, the percentage inhibition by the different compounds, com-
pared with solvent control (DMSO), was calculated. Almost all
tested concentrations of BTK inhibitors inhibited neutrophil acti-
vation significantly by both fMLF (Fig. 1C) and CXCL38 (Fig. 1D). To
further unravel the responsible pathway for this effect, we quan-
tified total F-actin content and phosphorylation of the down-
stream signaling molecule WASP. Using confocal microscopy,
we detected a significant reduction in the F-actin and pWASP sig-
nal after fMLF stimulation in tolebrutinib-treated neutrophils,
compared with DMSO control (Fig. 1E, F).

3.2 BTK inhibitors are not cytotoxic and protect
neutrophils from cytokine-induced cell death

To exclude the possibility that the compounds interfered with
neutrophil activation by inducing cell death, a toxicity assay
was performed. After treatment with different concentrations of
BTK inhibitors, cells were stained with calcein AM and EthD-1 to
stain viable and dead cells, respectively. For 5 h, the percentage
of dead cells among the total cells was calculated every 30 min.
No toxicity was detected for any of the tested concentrations of
compound or solvent control (Fig. 2A). When a cytokine mix
(TNF-a, IL-1B, and IFN-y) was added to the cells to mimic inflam-
mation, prolonged viability (followed for 24 h) was observed for
neutrophils that were pretreated with BTK inhibitors compared
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Fig. 1. AllBTK inhibitors reduce neutrophil activation by fMLF and CXCL8. (A, B) Representative image of DMSO-treated neutrophils stimulated with (A)
buffer or (B) 1 nM fMLF. Purified neutrophils from healthy donors (n =5 to 7) were pretreated for 1 h with (C, D) BTK inhibitors (evobrutinib, fenebrutinib,
and tolebrutinib) at concentrations of 1 uM or 10 pM or solvent control (0.01% DMSO). Afterward, neutrophils were activated with (C) fMLF (1 nM) or (D)
CXCL8 (30 ng/mL) for 3 min. Cells were then fixed and microscopically scored as resting (round) or activated (blebbed/elongated) and the percentage
activated cells of total cells was calculated. Next, the percentage inhibition of the treatments compared with DMSO control was calculated from the
percentage activation. Normally distributed data are represented as the mean + SEM and statistically analyzed using a 1-sided t test with Bonferroni
correction: *P < 0.05, **P < 0.01, **P < 0.001 (% inhibition by the BTK inhibitors is different from 0). (E, F) Purified neutrophils from healthy donors (n =2)
were pretreated for 1 h with tolebrutinib (1 pM) or DMSO control (0.01%), after which they were stimulated with fMLF (1 pM) for 30 min. Cells were
imaged with a confocal microscope at 63x magnification. Median fluorescence intensity (MFI) of pWASP and F-actin signal was quantified with Image]
for 10 cells per image, and each dot represents the result of 1 image. Normally distributed data are shown as mean + SEM and analyzed with an

unpaired t test. **P <0.001.

with DMSO or buffer control (Fig. 2B). Under control conditions,
neutrophils started dying after approximately 7 h of incubation
in RPMI-1640 medium (Fig. 2C). However, after stimulation with
cytokines, DMSO-treated cells started dying after 4 h. In contrast,
cytokine-induced cell death was delayed up to 10 h upon treat-
ment with BTK inhibitors (Fig. 2C).

3.3 BTK inhibitors interfere with the release
of spontaneous and stimulus-induced ROS

The release of ROS comprises one of the most powerful effector
mechanisms of neutrophils against pathogens, especially bacteria
and fungi.? Activating stimuli such as fMLF and TNF-a have been
shown to be highly potent inducers of ROS production by

G20z 1snBny 9z uo sasn Aysieniun JjesseH Ad 29£60../0919BIb/g// 1 |/o1o1e/0IqNS| (/w00 dno olwapee;/:sdiy woly papeojumod



De Bondtetal. | 7

A B
15
-
5
)
= 104 8
z 3
o o
8 2
= o
=]
<
0
R BRBRRREER
SN AN AT QR AR AT oV A\ R AN ¥
K2 g o°”¢\° & O @ @ L <o 0\'\
) AT et O 40 A
C Buffer Cytokines
— DMS0 0,01%
= Evo 10 pM *
1000+ - Fene 10 pM 1000
0 E — Tol 10 uyM )
8 80042 T 8004~
§ T g Gis
& 600 TR . g s00d
> = >
S 400+ I9 . o 400+
2 . &
E 200- E 2004
zZ =z
O-Wm—mml 3 T T | B T 1
0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)

Fig. 2. None of the compounds induces neutrophil toxicity, but BTK inhibitors increase cell viability after cytokine stimulation. (A) Purified neutrophils
from healthy donors (n=6) were treated with BTX inhibitors (evobrutinib, fenebrutinib, or tolebrutinib) at concentrations of 0.1 pM, 1 pM, or 10 pM.
Calcein AM (1 uM) and EthD-1 (0.5 uM) were added to visualize live and dead cells, respectively. DMSO (0.1%) and buffer were used as vehicle and
negative control. The cells were imaged for 5 hours in the Incucyte imaging system and the percentage of dead cells (EthD-1+) was calculated. Data are
represented as the median + IQR and statistically analyzed using a nonparametric 1-way analysis of variance with Dunn’s correction. (B, C) Purified
neutrophils from healthy blood samples (n = 6) were stained with calcein AM (1 uM) and pretreated for 30 min with BTK inhibitors (0.1 pM, 1 uM, or 10
pM). Afterward, cells were stimulated with a cytokine mixture, composed of IFN-y (10 ng/mL), TNF-a (50 ng/mL), and IL-1B (10 ng/mL). Viability was
quantified over time using the Incucyte imaging system, and (B) the area under the curve (AUC) was calculated when (C) monitoring the number of
viable cells. Data are represented as the mean + SEM and statistically analyzed using (B) a Friedman test with Dunn’s correction or (C) 2-way analysis of

variance with §idak correction. *P < 0.05, *P < 0.01.

neutrophils in vitro.?° To assess whether the selected BTK inhibi-
tors affect ROS release, purified neutrophils from healthy donors
were pretreated with the compounds for 1 h and stimulated
with either buffer, to study spontaneous ROS release, or one of
the inducers (fMLF, TNF-a, PGN, LPS, or PMA). Afterward,
ROS production was quantified by a chemiluminescence assay
(Fig. 3A-E and Supplementary Fig. 3A-E), and for each drug, the
percentage inhibition compared with solvent control was
calculated.

Surprisingly, spontaneous ROS release was already completely
inhibited after treatment with BTK inhibitors (Fig. 3A). Next, we
evaluated ROS production after stimulation with PMA, which
serves as a positive control, as PMA directly activates protein kin-
ase C (PKC) and subsequent ROS production without receptor in-
volvement. After stimulation with PMA, no difference in ROS
production was detected in BTK inhibitor—treated conditions com-
pared with controls, indicating that the ROS machinery is still
functional (Fig. 3B, E). In response to TNF-a or fMLF stimulation,
strong inhibition on ROS production was observed after treatment
with all 3 BTK inhibitors (Fig. 3C, D). A similar effect was obtained
following LPS and PGN activation, and a dose-dependent

inhibition could be observed (Fig. 3E). Finally, the effect of tolebru-
tinib (1 pM) on LPS-induced mitochondrial ROS production
was also investigated, which again resulted in a reduction of
the maximal ROS production, compared with DMSO control
(Supplementary Fig. 3F).

3.4 Treatment with BTK inhibitors decreases the
release of NETs after stimulation with LPS but not
with PGN

Another neutrophilic microbicidal effector function is the release
of NETs, which are fiber-like structures of DNA that trap and
eliminate pathogens. NETs are composed of decondensed chro-
matin, associated with different neutrophil antimicrobial pro-
teins, released during a process called NETosis.>’ As ROS
production is crucial for the formation of NETs, we sought to in-
vestigate the effect of BTK inhibitors on NET release. Some
known inducers that stimulate NET release are PMA, which acti-
vates the PKC pathway, and components of the bacterial cell
wall, such as LPS, present in gram-negative bacteria, and PGN,
present in both gram-positive and negative bacteria.*> To study
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Fig. 3. Spontaneous and stimulus-evoked ROS production is almost completely inhibited after treatment with BTK inhibitors, in a dose-dependent

matter. Purified neutrophils from healthy donors (n =4 to 5) were pretreated for 1 h with BTK inhibitors (evobrutinib, fenebrutinib, or tolebrutinib) at
concentrations of 10 uM—1 nM or with 0.01% DMSO control. Afterward, neutrophils were stimulated with inducers, and luminol (2 mM) was added to
quantify ROS release via luminescence. The following inducers were used (A) buffer, as a measure for spontaneous ROS release; (B, E) PMA (150 ng/mL),
as positive control; (C) TNF-a (10 ng/mL); (D) fMLF (0.1 uM); (E) LPS from K. pneumoniae (1 pg/mL); or (E) PGN from S. aureus (1 ug/mL). The percentage
inhibition by BTK inhibitors compared with solvent control (0.01% DMSO) is shown. Normally distributed data are represented as the mean + SEM and
were statistically analyzed using a 1-sided t test with Bonferroni correction: **P < 0.01, ™*P < 0.001 (% inhibition by the BTK inhibitors is different from 0).

the effect of BTK inhibitors on NET release over time, purified
neutrophils from healthy donors were pretreated with BTK in-
hibitors and stimulated with PMA, LPS, or PGN. The released
NETs were then visualized using SYTOX green and quantified us-
ing the Incucyte imaging system (Fig. 4A). The area of NETs after
5 h was normalized to the cell area at time point 0. Afterward,
the effect of each compound on NET secretion was calculated

as the percentage inhibition relative to the solvent control. Our
results show that upon stimulation with LPS, treatment with
evobrutinib and tolebrutinib significantly reduced the release
of NETs compared with DMSO control (Fig. 4B). On the other
hand, after stimulation with PGN or PMA, no effect on NET pro-
duction was detected after treatment with BTK inhibitors
(Supplementary Fig. 4).
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Fig. 4. LPS-induced release of neutrophil extracellular traps is reduced by BTK inhibitors. (A) Representative Incucyte image showing NETs released by
untreated (i.e. no BTK inhibitors present) neutrophils after 4 h of incubation with buffer, LPS from K. pneumoniae (1 pg/mL), PGN from S. aureus (1 pg/mL),
or PMA (150 ng/mL). (B) Purified neutrophils from healthy donors (n=5) were pretreated for 1 h with 0.01% DMSO as control or BTK inhibitors
(evobrutinib, fenebrutinib, or tolebrutinib) at concentrations of 1 pM or 10 uM. Afterward, neutrophils were stimulated with LPS in the presence of
SYTOX green (0.5 mM) to visualize extracellular DNA release in the Incucyte system. The area of NETs after 5 hours of stimulation was normalized to
the cell area at T=0. The percentage inhibition on NET release (after 5 h) of the inhibitors compared with solvent control (0.01% DMSO) was calculated.
Data are represented as the mean + SEM and were statistically analyzed using a 1-sided t test with Bonferroni correction: *P < 0.05, *P < 0.01

(% inhibition by the BTK inhibitors is different from 0).

3.5 Phagolysosomes are more acidic after
treatment with BTK inhibitors

Neutrophils also exert their microbicidal function by ingesting
pathogens and eliminating them through the release of ROS or
antimicrobial peptides and enzymes into the phagolysosome. To
evaluate the effect of the selected treatments on bacterial phago-
cytosis over time, purified neutrophils from healthy donors were
pretreated with BTK inhibitors for 1 h. Subsequently, their phago-
cytic capacity was stimulated using pH-sensitive S. aureus or E. coli
bioparticles. These particles will only emit a red fluorescent signal
upon uptakein an acidic environment, such as the phagolysosome
of aneutrophil, which can be detected in the Incucyte imaging sys-
tem or via flow cytometry. For Incucyte analysis, S. aureus or E. coli
bioparticles were added to neutrophils that were pretreated with
BTKinhibitors and stained with calcein. The obtained intracellular
red fluorescence intensity (red fluorescence colocalizing with
green fluorescence, Fig. 5A) 4 h after the addition of stimulus
was normalized to the area of live neutrophils at time point
0. Surprisingly, we observed an enhanced signal for S. aureus bio-
particles in neutrophils treated with BTK inhibitors, compared
with buffer or DMSO control, which was significant at a dose of
1 pM tolebrutinib (Fig. 5B). To ensure that this was not a bacterial-
specific effect, we repeated the experiment with E. coli bioparticles
and again found the same significant increase in tolebrutinib-
treated neutrophils, compared with DMSO control (Fig. 5C).
Next, we wanted to confirm these results using flow cytometry.
Treating neutrophils with tolebrutinib again resulted in an in-
creased red fluorescence intensity of the phagocytosing neutro-
phils, for both S. aureus and E. coli (Supplementary Fig. 5A).
However, the percentage of neutrophils thatinternalized a biopar-
ticle was not affected after treatment with tolebrutinib (Fig. 5D).
We next incubated neutrophils with flash red beads, which are
Toll-like receptor (TLR) ligand-free fluorescent microspheres
that are not pH sensitive. When repeating the experiments with

flash red beads instead of pH sensitive, bacterial bioparticles, we
found no effect of tolebrutinib treatment on the percentage of
neutrophils that internalized a bead using either flow cytometry
(Supplementary Fig. 5B) or the Incucyte (Supplementary Fig. 5C)
for analysis. This led us to hypothesize that the inhibition of BTK
does not affect the phagocytosis machinery, but rather influences
the acidity of the phagolysosomes, as the fluorescence intensity
of the bioparticles is proportional to the lysosomal pH. We
explored this hypothesis by staining neutrophils that were
pretreated with tolebrutinib or DMSO with cresyl violet, a fluores-
cent pH indicator.** Confirming our hypothesis, we found an in-
creased cresyl violet signal for neutrophils that were treated
with tolebrutinib compared with DMSO control (Fig. 5E), indicative
for alower lysosomal pH in the BTK inhibitor-treated neutrophils.

3.6 BTK inhibitors decrease in vitro neutrophil
migration

For neutrophils to fight pathogens or resolve inflammation, they
need to be able to reach the site of infection/inflammation.
Recognition of activating stimuli will thereby cause circulating
neutrophils to migrate toward the site of injury, guided by a chem-
ical gradient, a process better known as chemotaxis. To investi-
gate whether migration of neutrophils is also affected by BTK
inhibitors, we studied neutrophil chemotaxis toward CXCL8 and
fMLF. Cells were therefore treated for 1 h with compounds or
DMSO control, after which the migration was assessed using a
Boyden chamber migration assay (Fig. 6 and Supplementary Fig.
6). First, we ensured that none of the inhibitors affected the spon-
taneous migration of neutrophils toward buffer (data not shown).
Furthermore, we found that tolebrutinib and evobrutinib at 10 pM
were able to significantly inhibit neutrophil migration toward
CXCL8, whereas fenebrutinib significantly reduced migration to-
ward fMLF (Fig. 6A). To ensure that the effect of BTK inhibition
on neutrophil migration could not be attributed to a change in
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Fig. 5. Treatment of neutrophils with BTK inhibitors does not affect phagocytosis but makes lysosomes more acidic. (A) Representative Incucyte image
of internalized beads (red) in live, control neutrophils (green) after 4 h, x20 objective. Purified neutrophils from healthy donors were pretreated for 1 h
with BTK inhibitors (evobrutinib, fenebrutinib, and tolebrutinib) at concentrations of 1 uM or 10 pM or 0.01% DMSO and buffer as vehicle and untreated
control. (B, C) Neutrophils from different donors (n ="5) were stained with calcein AM (1 uM) for 30 min and pHrodo S. aureus or E. coli bioparticles
(62.5 pg/mL) were added. Phagocytosis was imaged for 4 h with the Incucyte system. The fluorescent intensity of the bioparticles (red) after 4 h was
normalized to the live cell area (green) at time point 0. Data are represented as the mean + SEM and were statistically analyzed using (B) 1-way analysis
of variance with Dunnett’s correction or (C) paired t test: *P < 0.05, *P < 0.01. (D) Neutrophils from different donors (n = 6) were incubated for 1 hour with
pHrodo S. aureus or E. coli bioparticles and then stained with anti-CD66b antibody. Cells were analyzed using the BD LSR Fortessa, and data are
represented as percentage neutrophils (CD66b+) positive for pHrodo signal. Data are represented as mean + SEM and analyzed with a paired t test. (E)
Neutrophils from different donors (n =6) were incubated with cresyl violet (1 uM) for 15 min. Cells were analyzed with the BD LSR Fortessa, and the
median fluorescence intensity (MFI) of the dye in gated CD66b+ cells was calculated with FlowJo. Data are represented as median + IQR and were
analyzed using a Wilcoxon paired t test: *P < 0.05.

the expression of the surface receptors for CXCL8 and fMLF, we 3.7 In vivo chemotaxis of neutrophils toward
quantified the expression level of the receptors by flow cytometry. CXCL1 is not influenced by treatment with BTK
After treating the neutrophils for 1 h with tolebrutinib, we eval-  inhibitors, but ROS production is reduced

uated the expression of CXCR1, CXCR2, and FPR1. We found no Next, the effect of BTX inhibitors on neutrophil chemotaxis was
changes in median fluorescence intensity of any of the receptors further explored in vivo. Healthy mice were intravenously in-
upon BTK inhibitor treatment (Supplementary Fig. 7). jected with DMSO (0.5%) or tolebrutinib (1 mg/kg). After this,
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Fig. 6. In vitro migration of neutrophils toward CXCL8 and fMLF is reduced by BTK inhibitors, whereas in vivo migration to CXCL1 is not affected. (A)
Purified neutrophils from healthy donors (n =4 to 8) were pretreated for 1 h with BTK inhibitors (evobrutinib, fenebrutinib, and tolebrutinib) at 10 pM or
0.01% DMSO control. Afterward, neutrophils were added to the upper compartment of a Boyden chamber, containing CXCL8 (10 ng/mL) or fMLF (1 nM)
in the lower wells. The reduction in chemotactic index (i.e. the number of migrated cells toward stimulus divided by the number of migrated cells

toward buffer) of the treatment groups compared with solvent control (0.01% DMSO) was calculated and expressed as percentage inhibition. Data are
represented as the mean + SEM and were statistically analyzed using a 1-sided t test with Bonferroni correction: *P < 0.05, *P < 0.01 (% inhibition by the
BTK inhibitors is different from 0). (B) NMRI mice received an intravenous injection of 0.5% DMSO (n = 13) or tolebrutinib (n = 13; 1 mg/kg). After 30 min,
the mice were injected intraperitoneally with PBS (n = 6) or recombinant murine CXCL1 (1 ng/uL; n = 20). Two hours after intraperitoneal injections, the
percentage neutrophils in the intraperitoneal lavages were determined via flow cytometry analysis or by microscopic analysis of cytospin preparations.
Data are presented as median + IQR and were statistically analyzed using a nonparametric 1-way analysis of variance with Dunn’s correction: *P < 0.05,

*P<0.01, ™P <0.001.

chemotaxis of neutrophils was induced by intraperitoneal injec-
tion of CXCL1, a potent mouse neutrophil chemoattractant often
used to mimic CXCL8-induced effects in humans, as CXCL8 does
not exist in mice. After 2 h, the percentage of neutrophils in the
peritoneal lavage was determined via 2 independent techniques
that delivered similar results. Peritoneal lavages were analyzed
with flow cytometry, in which cells double positive for CD11b
and Ly6G were identified as neutrophils. Additionally, neutrophils
were microscopically counted via classical cytospin analysis. Both
analyses indicated that significantly more neutrophils were re-
cruited toward the peritoneum when CXCL1 was injected in
DMSO-treated mice compared with the PBS control (Fig. 6B).
However, a similar increased percentage of neutrophils attracted
by CXCL1 was detected in the tolebrutinib-treated mice.
Moreover, the total number of neutrophils and total cells in the
peritoneal lavages were not affected by tolebrutinib (data not
shown). Therefore, in contrast to the results from the Boyden
chamber assay, in vivo neutrophil chemotaxis in response to
CXCL1 does not seem to be affected by tolebrutinib treatment.
As BTK inhibitors were previously used in mice, predominantly
to study B cell activity, we wanted to ensure that tolebrutinib was
able to affect mouse neutrophils at all. To this end, we purified
mouse neutrophils from the bone marrow of control mice and
performed an in vitro ROS chemiluminescence assay. Using dif-
ferent stimuli, we confirmed our results obtained with human
neutrophils. After pretreatment of mouse neutrophils with tole-
brutinib, evobrutinib, or DMSO control, we found that spontan-
eous ROS production (buffer) as well as LPS- or fMLF-induced
ROS release was reduced by BTK inhibitors compared with solv-
ent control (Supplementary Fig. 8A-D). As PMA-induced ROS
production was not affected by treatment with BTK inhibitors,
we confirmed that the ROS machinery was still intact after

pretreatment. These data exclude the possibility that BTK inhibi-
tors are not able to affect mouse neutrophils. To ensure that the
intravenously injected tolebrutinib in our in vivo setting reached
the circulating neutrophils, we performed a final experiment in
which we quantified ROS production of the neutrophils attracted
to the peritoneum after intraperitoneal injection of CXCL1 in mice
thatreceived intravenously DMSO or tolebrutinib. Again, no effect
of tolebrutinib on neutrophil migration toward CXCL1 was
detected, confirming our earlier findings. However, peritoneal
neutrophils from the tolebrutinib-treated mice produced signifi-
cantly less ROS (Supplementary Fig. 8E). Taken together, our in
vivo data show that treating mice intravenously with tolebrutinib
does not affect the chemotaxis of neutrophils toward CXCLI1.
However, the cells that are attracted to the peritoneum were
found to have a reduced capacity to produce ROS.

3.8 Neutrophil migration over an endothelial
barrier is increased toward CXCL8 and after
inflammation but is unaffected by tolebrutinib

or evobrutinib

Following up on the conflicting findings from the Boyden chamber
assay and the in vivo chemotaxis experiment, we wanted to assess
in vitro neutrophil migration in a more physiological context.
When neutrophils are attracted toward the site of inflammation,
they need to transmigrate from the circulation into the affected
tissue, thereby crossing an endothelial barrier. To simulate this,
a transmigration assay was performed in which neutrophils mi-
grate over inserts covered with a uniform monolayer of endothe-
lial cells. Neutrophils were pretreated with BTK inhibitors or
DMSO control and stained with calcein. Afterward, they were
added on top of the hCMEC/D3-covered inserts, and the
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Fig. 7. Neutrophil migration over an in vitro BBB model is increased toward CXCL8 and after inflammation of the endothelium. Purified neutrophils
from healthy donors (n =3 to 12) were stained with calcein AM (1 uM) and afterward treated for 1 h with DMSO (0.01%) as vehicle control, or with the
BTK inhibitors tolebrutinib and evobrutinib (10 pM). The neutrophils were added to the upper compartment of the endothelium-covered inserts and
migrated over the hCMEC/D3 cells for 2 h. Results are shown as percentage transmigration, i.e. the fluorescence in the lower compartment relative to
the total fluorescence (sum of the measured fluorescence in the upper and lower compartment after incubation). (A) Neutrophils migrated toward
serum reduced experimental medium or CXCL8 (10 ng/mL) after treatment with DMSO (n =12), tolebrutinib (n = 12) or evobrutinib (n=3). (B)
Neutrophils migrated over a normal or inflamed endothelium toward medium. Inflammation of the endothelium was induced by treatment with TNF-a
(100 ng/mL) and IFN-y (10 ng/mL) for 4 hours prior to addition of neutrophils. Data are presented as the mean + SEM and were statistically analyzed
using a 2-way analysis of variance with Sidak correction: *P < 0.05, **P <0.01, **P < 0.001.

percentage of transmigration (i.e. the fluorescence signal at the
bottom divided by the fluorescence signal at the top +bottom)
after 2 h was calculated for each condition. The results indicated
that migration toward CXCL8 was significantly increased com-
pared with migration toward medium, in all the treatment groups
(Fig. 7A). The same trend was observed with endothelium treated
with TNF-a and IFN-v, i.e. a significant increase in transmigration
by both the DMSO- and tolebrutinib-treated cells (Fig. 7B). In
contradiction with the results of the Boyden chamber assay, but
in line with our in vivo data, no significant effect of BTK inhibitor
treatment on CXCL8-induced migration of neutrophils was de-
tected, and BTK inhibitors did not influence migration over an in-
flamed endothelial layer. A kinetics experiment was conducted to
compare 1, 2, and 4 h of transendothelial migration, but all time
points resulted in the same migration percentages irrespective
of the BTX inhibitor treatment (data not shown).

3.9 The production of CXCL8 and IL-1p by
neutrophils is reduced after treatment with BTK
inhibitors

In response to activating stimuli, neutrophils are able to produce
and release different molecules (e.g. the chemokine CXCL8 and
the cytokine IL-1p) that function as mediators of the immune re-
sponse by enhancing the activation and recruitment of immune
cells, including neutrophils, to the site of inflammation.** To
study the effect of BTK inhibitors on release of CXCL8 and IL-1,
purified neutrophils from healthy donors were incubated for
24 h in the presence of different inducers. Afterward, the level of
CXCL8 and IL-1p in the supernatants was determined using a
sandwich ELISA (Fig. 8 and Supplementary Fig. 9), and the per-
centage inhibition compared with solvent control (0.01% DMSO)
was calculated. Regarding CXCL8, our results already suggest a re-
duced baseline CXCL8 production in the BTK inhibitor-treated
groups relative to control (Fig. 8A). Furthermore, CXCL8 produc-
tion stimulated by the bacterial peptide fMLF was significantly re-
duced by all tested BTK inhibitors (Fig. 8B). CXCL8 production in

response to treatment with LPS from K. pneumoniae was strongly
inhibited after treatment with all BTK inhibitors (Fig. 8C).
Finally, when CXCLS8 release was induced by a combination of
the cytokines TNF-a and IL-1B, a significant decrease was detected
in the treatment groups (Fig. 8D). IL-1p production, induced by LPS
from K. pneumoniae, was significantly lower after treatment with
some BTK inhibitors (Fig. 8E). Last, IL-1p release in response to
TNF-a and IFN-y was significantly decreased in most of the treat-
ment groups (Fig. 8F).

4, Discussion

In this study, we explored the impact of a novel class of disease-
modifying therapies for the treatment of MS on neutrophil func-
tions. Specifically, we focused on the emerging BTK inhibitors,
currently undergoing phase 3 clinical trials for MS. The role of
the BTK enzyme in neutrophil biology has recently gained atten-
tion, yet conclusive data on its impact on neutrophil effector func-
tions remain lacking.**2°2°72° Neutrophils are the first responding
cells of the innate immune system that combat pathogens and re-
act to inflammatory cues. In chronic inflammatory conditions,
these functions can become pathogenic and contribute to inflam-
mation and tissue damage. Consequently, studying the effects of
therapeutic compounds on neutrophils is essential, as these com-
pounds may influence patients’ immune responses. Moreover,
such studies contribute to our understanding of the mechanism
of action of these compounds.

To confirm the inhibitory capacity in neutrophils, we first
quantified the activation of BTK through the phosphorylation of
tyrosine 223 following fMLF activation. We detected a significant
reduction in pBTK levels after tolebrutinib treatment, compared
with control, which confirms the functionality of the inhibitors
(Supplementary Fig. 1).

Our findings indicate that all BTK inhibitors, namely evobruti-
nib, fenebrutinib, and tolebrutinib, strongly influenced neutrophil
functionality. In a shape change assay, we observed a notable
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Fig. 8. The production of CXCL8 and IL-1B by neutrophilsis reduced after treatment with BTK inhibitors. Purified neutrophils from healthy donors (n=5
to 6) were pretreated for 1 h with BTK inhibitors (evobrutinib, fenebrutinib, and tolebrutinib) at concentrations of 1 or 10 pM or 0.01% DMSO control.
Afterward, neutrophils were stimulated for 24 h with different inducers, and CXCL8 (A-D) or IL-1B (E, F) production was quantified by ELISA. The

percentage inhibition by BTK inhibitors on CXCL8 or IL-1f release compared with solvent control (0.01% DMSO) was calculated. Cells were treated with

(A) medium only (background production), (B) fMLF (1 uM), (C, E) LPS from K. pneumoniae (1 ug/mL), (D

) TNF-a (priming for 10 min; 50 ng/mL) in

combination with IL-1p (100 ng/mL), and (F) TNF-a (priming for 10 min; 50 ng/mL) in combination with IFN-y (100 ng/mL). Data are represented as the
mean + SEM and were statistically analyzed using a 1-sided t test with Bonferroni correction: *P < 0.05, **P <0.01, **P < 0.001 (% inhibition by the BTK

inhibitors is different from 0).

reduction in neutrophil activation by both CXCL8 and fMLF with
all 3 compounds. Cellular activation involves cytoskeleton remod-
eling, particularly actin polymerization, which was described to
be BTK dependent through the activation of the signaling protein
WASP.*® Following on this, our results confirmed a significant re-
duction in the total F-actin levels and the phosphorylation

(Tyr290) of WASP upon tolebrutinib pretreatment. This is consist-
ent with the results reported by Herter et al.*! indicating a de-
crease in fMLF-induced phosphorylation of BTK and reduced
MAC-1 activation following pretreatment with PRN473, a specific
BTK inhibitor, both in vitro and in vivo. Remarkably, we noted an

extended lifespan of neutrophils stimulated with cytokines
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(TNF-a, IFN-y, and IL-1p) after pretreatment with BTK inhibitors.
Given that BTK directly interacts with NLRP3, ASC, and pro-
caspase 1 for inflammasome activation and IL-1p signaling, BTK
inhibition can reduce inflammasome-induced pyroptosis in mur-
ine neutrophils and macrophages.*? Furthermore, pretreatment
of neutrophils with BTK inhibitors strongly inhibited both spon-
taneous and stimulus-evoked ROS production by human and
murine neutrophils, in a dose-dependent manner. This aligns
with literature suggesting that BTK is involved in pathways lead-
ing to NADPH oxidase assembly and myeloperoxidase release,
critical for the formation of oxygen reactants. FPR1 occupation
by fMLF induces G protein-mediated activation of phosphoinosi-
tide 3-kinase and phospholipase C and D, leading to intracellular
calcium rise and eventual ROS production. The first-generation
BTK inhibitor LFM-A13 reduced fMLF-induced calcium fluxes in
neutrophils.*® Using the same inhibitor, Gilbert et al.?* observed
reduced activation of PLD and the MAPK and Akt pathways in neu-
trophils, along with a decrease in Rac-2 recruitment to the mem-
brane, which is an important cofactor for NADPH oxidase in ROS
production. This was supported by data showing mild inhibition
of fMLF-induced ROS production after in vitro pretreatment of hu-
man neutrophils with ibrutinib.?” Additionally, neutrophils from
chronic lymphocytic leukemia patients treated with ibrutinib ex-
hibited a reduced oxidative burst and CXCL8 production upon
E. coli stimulation.?? Also, neutrophils from Btk-deficient mice dis-
played poor ROS production in response to LPS compared with
wild-type mice.’ Surprisingly, Honda et al.** reported BTK as a
negative regulator of NADPH oxidase signaling, as excessive
PMA-induced ROS production was found in neutrophils from
X-linked agammaglobulinemia (XLA) patients characterized by
BTK deficiency. Given that ROS production is essential for the re-
lease of NETs, specifically for DNA oxidation and subsequent
chromatin decondensation,** we assessed NET production after
treating neutrophils with BTK inhibitors. BTK inhibitor treatment
reduced the release of NETs upon LPS stimulation. It has already
been described that BTK is involved in TLR2/4 signaling by inter-
acting with MyD88, MAL, and IRAK4 upstream of nuclear factor
kB activation.***® Additionally, Risnik et al.*’ also reported im-
paired NET release after LPS stimulation in human neutrophils
pretreated with ibrutinib. On the other hand, according to
Marron et al.,*” TLR signaling in neutrophils from XLA patients
is unaffected compared with healthy donors. Intriguingly, when
we exposed neutrophils to PGN, no clear effect of the compounds
on NET release was observed. While inhibition of TLR4, the LPS re-
ceptor, was inadequate in preventing NET release, blocking ROS
production in LPS-stimulated neutrophils completely abolished
NET release.*® This is in line with our results, as BTK was found
to be indispensable for LPS-induced ROS production. In contrast,
PGN activates TLR2 and the NOD-like receptor pathway in neutro-
phils. Activation of NOD1 and NOD2 (NLRC1/2) induces the au-
tophagy pathway in immune cells by binding to RIP2. As BTK is
not involved in this pathway, PGN responses can remain intact
in the presence of BTK inhibitors.*® PMA was used as positive con-
trol in our experiments as it penetrates neutrophils and directly
activates PKC without receptor involvement. Activated PKC phos-
phorylates the cytosolic components of NADPH oxidase, leading
to the assembly of the complex and enabling ROS production,
without BTK involvement.*®

We proceeded to investigate phagocytosis, using pH-sensitive
bacterial bioparticles. Initially, we observed an increased fluores-
cent signal from engulfed particles after BTK inhibitor treatment.
In contrast, the percentage of neutrophils that internalized a par-
ticle was not affected. Using sterile nanoparticles that were not pH

sensitive or TLR ligand coated, we confirmed that the phagocyt-
osis machinery itself was not influenced by pretreating neutro-
phils with BTK inhibitors. After staining the cells with cresyl
violet, a dye that exhibits increased fluorescence as the lysosomal
pH decreases,*® we demonstrated that BTK inhibitors influenced
the lysosomal pH rather than the phagocytosis rate. Inhibition
of BTK results in decreased ROS production by blocking the
NADPH oxidase pathway. This enzyme typically consumes free
protons to generate hydrogen peroxidase in the lysosome. BTK in-
hibitors inhibit this reaction, leading to an accumulation of intra-
lysosomal protons and a subsequent drop in pH, compared with
control neutrophils.>!

To reach the site of infection or inflammation, neutrophils
must extravasate from the blood circulation into surrounding tis-
sues toward a chemoattractant. Although BTK inhibitors signifi-
cantly reduced neutrophil migration toward both CXCL8 and
fMLF in the Boyden chamber assay, tolebrutinib did not impact
in vivo neutrophil chemotaxis toward CXCL1. Possible explana-
tions include the need for adjustments in administration route
or kinetics to ensure the drug reaches neutrophils at the right
time. Moreover, conflicting literature on the murine BTK pathway
and its compensatory mechanisms adds complexity, as other kin-
ases of the TEC family might partially compensate for loss or in-
hibition of BTK activity in mice, which is not seen in
humans.*>*® Inconsistencies may also stem from the type of
stimulus used. While Purvis et al.> reported a decrease in neutro-
phil attraction toward zymosan injection in ibrutinib-treated
mice, no such effect was observed with CXCL1 as a chemoattract-
ant.>* Additionally, Volmering et al.*° demonstrated that, in ster-
ile inflammation, BTK is necessary for fMLF-induced MAC-1
activation and neutrophil recruitment. Bacterial products such
as fMLF and LPS upregulate selectins on endothelial cells and li-
gands on neutrophils, leading to neutrophil rolling and activation
of B2-integrins (LFA-1 and MAC-1), in which BTK was recently pro-
ven to fulfill a crucial role.** These integrins can bind to intercel-
lular adhesion molecules on the endothelium leading to cell arrest
and diapedesis. Chemokines normally induce conformational ac-
tivation of integrins in a G protein-coupled receptor-dependent
manner, through signaling via RAP-1, where BTK is also believed
to be involved.”® However, some chemokines, including murine
CXCL1, might activate alternative signaling pathways that rely
on calcium influx through TRPC6, which is not described to be
BTK dependent.*® It is therefore possible that this pathway com-
pensates for the reduced G protein—-coupled receptor signaling in
BTK inhibitor-treated mice. Despite the lack of an in vivo effect
on CXCL1l-induced chemotaxis, tolebrutinib still exhibited a
strong inhibitory effect on ROS production in mouse bone mar-
row-derived neutrophils. Hence, it is still possible that intraven-
ously injected tolebrutinib is captured by other factors or cells
in the blood stream and is unable to affect circulating neutrophils.
Therefore, we repeated the CXCL1 experiment but this time ana-
lyzed peritoneal leukocytes for their ability to produce ROS.
Intriguingly, the peritoneally attracted neutrophils of the BTK in-
hibitor-treated animals showed reduced ROS production, com-
pared with DMSO-treated mice. Thus, in mice, BTK inhibitors do
not affect extravasation of neutrophils toward CXCL1, but rather
reduce the ROS production by the attracted cells.

Finally, upon reaching the site of inflammation, neutrophils re-
lease cytokines and chemokines to attract other immune cells. To
investigate the effect of BTK inhibitors on neutrophils’ capacity to
boost the inflammatory cascade by secreting CXCL8 or IL-18, we
quantified their release with ELISA after BTK inhibitor treatment.
Here, we found that spontaneous CXCL8 production and
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production of CXCL8 induced by fMLF, LPS, or IL-1p combined with
TNF-a was significantly decreased after neutrophil pretreatment
with all BTK inhibitors. Additionally, IL-1B production stimulated
by LPS or I[FN-y combined with TNF-a was reduced after neutrophil
pretreatment with BTK inhibitors. This aligns with previous stud-
ies showing that LPS-induced production of TNF-a and IL-1f was
blocked in neutrophils from Btk-deficient mice.”” Moreover, it
was demonstrated that BTK is involved in the inflammasome
pathway resulting in active IL-1p release. Via physical interaction
with NLRP3 and its adaptor protein ASC, BTK induces ASC oligo-
merization and caspase-1 activation.*?

One limitation of our study is that the concentrations of BTK in-
hibitors used in most assays (micromolar range) may exceed the
levels tested in patients during clinical trials. Indeed, ICs, values
of the 3 different BTK inhibitors used here are situated in the
nanomolar range.”®° still, peak serum concentrations reported
in clinical trials approach the micromolar range (Supplementary
Table 1). Overall, it remains a challenge to convert concentrations
used in in vitro studies to in vivo, due to huge differences in envir-
onment and system. To exclude whether the drug effects on neu-
trophils reported here are related to a reduced selectivity at high
concentrations, we performed dose-response experiments and
found that BTK inhibitors still reduced cellular activation, ROS
production, and NETs release at levels in the nanomolar range
(Supplementary Fig. 10). However, we decided to go with the con-
centration from literature to ensure that the concentration was
high enough to interfere with neutrophil effector mechanisms,
as concentrations used in neutrophil studies are usually higher
than those investigating B cell-mediated effects.®

Another limitation of this study relates to the fact that the 3
BTK inhibitors do not exclusively target BTK kinase. Due to con-
servation of the different characteristic enzyme domains within
the TEC kinase family and high protein sequence similarity be-
tween BTK, BMX, and TEC kinase, it was up to now not possible
to construct an inhibitor that selectively binds to BTK
(Supplementary Table 1). More specifically, the crucial amino
acid (C481) in the adenosine triphosphate binding pocket, which
is targeted by irreversible BTK inhibitors, is also present in BMX
and TEC, explaining the off-target binding to evobrutinib and tol-
ebrutinib.®* The noncovalent inhibitor fenebrutinib only targets
BMX to a lesser extent, which most closely resembles BTK. It
forms hydrogen bonds with K430, M477, and D539 residues, which
are also found in BMX.®” Our findings (Supplementary Fig. 11),
along with data from the human genome atlas, demonstrate
that expression of BTK in human mature neutrophils is the high-
est, followed by BMX and TEC kinase to a lesser extent. This sug-
gests that the reported effects of BTK inhibitors may also partly
reflect inhibition of BMX or TEC kinases. Despite the potential
drawbacks of off-target binding, the simultaneous inhibition of
BTK, BMX, and TEC kinases by BTK inhibitors could offer thera-
peutic opportunities. Indeed, BMX and TEC kinases have overlap-
ping functions with BTK in several immune cell types and
signaling pathways, and their inhibition could enhance the thera-
peutic effects of BTK inhibition in autoimmune disorders.

5. Conclusion

Taken together, our results show that pretreating human neutro-
phils in vitro with BTK inhibitors (evobrutinib, fenebrutinib, and
tolebrutinib) reduces (1) neutrophil activation and actin polymer-
ization by CXCL8 and fMLF, (2) migration toward CXCL8 and fMLF
in a Boyden chamber, (3) ROS production, (4) NET release induced
by LPS, (5) the intralysosomal pH, and (6) the production of CXCL8
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and IL-1B. In contrast, tolebrutinib did not alter migration over a
hCMEC/D3 monolayer, and in vivo, it did not reduce the migration
of mouse neutrophils toward intraperitoneally injected CXCL1.
However, the attracted peritoneal neutrophils are less capable
of producing ROS. Considering these data, we recommend that
neutrophil functionality should be monitored during follow-up
of patients on BTK inhibitors, as it might affect patients’ immune
response toward concomitant infections. On the other hand, in
light of the reported evidence of neutrophil involvement in patho-
genic disease processes during MS, our work indicates that besides
pathogenic B cells, specific neutrophil responses can also be
dampened, revealing an additional mode of action of BTK
inhibitors.
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