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Bruton Tyrosine Kinase Inhibition Decreases Inflammation and
Differentially Impacts Phagocytosis and Cellular Metabolism in
Mouse- and Human-derived Myeloid Cells
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ABSTRACT

Bruton tyrosine kinase (BTK) is a kinase expressed by various immune cells and is often activated under proinflammatory states. Although
the majority of BTK-related research has historically focused on B cells, understanding the role of BTK in non-B cell populations is critical
given myeloid cells also express BTK at comparable levels. In this study, we investigated and compared how BTK inhibition in human and
murine myeloid cells alters cell phenotype and function. All experiments were performed using two BTK inhibitors (evobrutinib and
tolebrutinib) that are currently in late-stage clinical trials for the treatment of multiple sclerosis. Assays were performed to assess the
impact of BTK inhibition on cytokine and microRNA expression, phagocytic capacity, and cellular metabolism. In all cells, both
evobrutinib and tolebrutinib significantly decreased phosphorylated BTK and LPS-induced cytokine release. BTK inhibition also
significantly decreased the oxygen consumption rate and extracellular acidification rate in myeloid cells, and significantly decreased
phagocytosis in murine-derived cells, but not human macrophages. To further elucidate the mechanism, we also investigated the
expression of microRNAs known to impact the function of myeloid cells. BTK inhibition resulted in an altered microRNA expression
profile (i.e., decreased miR-155-5p and increased miR-223-3p), which is consistent with a decreased proinflammatory myeloid cell
phenotype. In summary, these results provide further insights into the mechanism of action of BTK inhibitors in the context of immune-
related diseases, while also highlighting important species-specific and cell-specific differences that should be considered when
interpreting and comparing results between preclinical and human studies. ImmunoHorizons, 2024, 8: 652-667.

INTRODUCTION

Bruton tyrosine kinase (BTK) is a nonreceptor tec kinase within
the cytoplasm of hematopoietic cells and contains a kinase do-
main that possesses various tyrosine residues that can be phos-
phorylated and result in enzyme activation (1, 2). After cell
activation via pattern recognition receptors, BCRs, TLRs, Fc re-
ceptors, and/or chemokine receptors, BTK is phosphorylated at
its Y-551 residue, which leads to subsequent autophosphorylation
of its Y-223 residue (3-8). Once activated, phosphorylated BTK
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(p-BTK) can activate the NF-kB, NFAT, and/or ERK1/2 signaling
pathways, and increase proinflammatory cytokine expression,
including IL-1B, IL-6, IL-18, and TNF (9-12).

Within lymphocytes, BTK is predominantly expressed in
B cells with minimal expression in T cells and plasma cells (13).
In 1952, BTK was first discovered by Ogden Bruton while
treating a patient who lacked serum IgG and had recurrent
pneumonia; this condition was subsequently named X-linked
agammaglobulinemia (XLA), or Bruton’s syndrome (14). More
recently, BTK has been extensively studied in the context of
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several B cell malignancies, including chronic lymphoid leuke-
mia (CLL) and mantle cell leukemia (MCL) (15-17). Using
both covalent and noncovalent small-molecule BTK inhibitors
(BTKis) that target the C-terminal kinase domain, phosphoryla-
tion of the kinase can be inhibited, which prevents B cell devel-
opment and IgG production, and results in favorable clinical
outcomes for patients (18). In 2014, ibrutinib became one of the
first Food and Drug Administration (FDA)-approved BTKis for
the treatment of CLL, MCL, and other B cell malignancies.
Within tumor microenvironments, BTKis have also been inves-
tigated for their ability to influence myeloid cell activity by tar-
geting myeloid-derived suppressor cells and tumor-associated
macrophages, while also enhancing their ability to respond to
microbial and viral infections (19-21). In autoimmune condi-
tions, both the innate and the adaptive immune systems con-
tribute to chronic inflammation and loss of function. Because
B cells play a significant role in contributing to the pathophysiol-
ogy of most autoimmune conditions, BTKis have been investi-
gated for treating several diseases (e.g, rheumatoid arthritis,
systemic lupus erythematosus, Sjogren’s disease, psoriasis, multi-
ple sclerosis [MS]) and have yielded promising results (22).

Beyond the B cell, myeloid-lineage cells (i.e., macrophages,
monocytes, neutrophils, and organ-resident macrophages) ex-
press BTK at comparable levels; thus, targeting BTK activity
within myeloid cells has been suggested to also contribute to
the overall mechanism of action for several BTKis (23-25). To
demonstrate a clear importance of studying BTK inhibition out-
side the context of B cells, previous experiments were performed
that selectively transfected btk~/~ mice infected with Streptococ-
cus pneumoniae with btk in either B cells alone or in both B cells
and myeloid cells. Interestingly, B cell-specific expression of btk
did not protect mice against infection. In contrast, mice had a
significant defense response against bacterial infection when
btk was expressed in B cells, dendritic cells, and macro-
phages (25). In models of neuroinflammation and immune-
mediated demyelination, BTK inhibition can also modulate
both B cell and microglia and result in favorable outcomes (11,
26-29). Specifically, a recent study assessing the effects of
BTKis in an animal model of MS demonstrated that after 4 wk
of evobrutinib treatment, mice had a 30% reduction in immune
cells within the area of meningeal inflammation compared
with controls (24). Evobrutinib also reduced the proinflamma-
tory activation of microglia in both a chronic and an adoptive
transfer model of experimental autoimmune encephalomyeli-
tis, while also promoting clearance of myelin debris within mi-
croglia that increased the rate of remyelination (30).

The objective of this study was to investigate and expand the
known mechanism(s) of action of BTKis in myeloid cells. In our
experiments, two different BTKis (evobrutinib and tolebrutinib)
were compared. To investigate any species-specific effects of
BTK inhibition in myeloid cells, we also made comparisons be-
tween both primary human- and murine-derived myeloid cells.
To assess how BTK inhibition can influence overall myeloid cell
function, we used a variety of assays to measure cytokine and mi-
croRNA expression, phagocytic capacity, and cellular metabolism.
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MATERIALS AND METHODS

Whole blood assays

All studies involving human samples received institutional review
board approval at Memorial University of Newfoundland (Health
Research Ethics Authority) and strictly followed Canadian Insti-
tute of Health Research guidelines. Human whole blood was
drawn by a trained phlebotomist and placed in EDTA purple
cap 10-ml tubes (366643; BD Canada). Whole blood was diluted
1:5 in RPMI-1640 (31800-022; ThermoFisher) in 5-ml round-bot-
tom polystyrene tubes (352235; Falcon) and was used at a
working volume of 500 wl. Whole blood was incubated at 37°C
in 5% CO,.

Human monocyte-derived macrophages

Whole blood (20 ml) was collected in two 10-ml EDTA purple
cap tubes (366643; BD Canada). Whole blood serum and PBMC
separation were performed by adding 20 ml of whole blood to a
50-ml SepMate tube (85450; STEMCELL Technologies) on top
of 15 ml of Ficoll (17144003; Cytiva). The remainder volume of
the SepMate tube was filled with PBS. SepMate tubes were spun
at 1200 x g with the brake on for 10 min to separate out RBCs
and granulocytes. The top layer (~35 ml) of the SepMate tube
containing PBMCs was poured into a 50-ml Falcon tube
(352070; Falcon). This volume was topped to 50 ml with PBS
and centrifuged at 300 x g for 15 min with the brake on to pellet
the PBMCs. The pellet was then resuspended in 20 ml of MACS
buffer (PBS + EDTA [0.002M]; BP118; ThermoFisher) plus FBS
(0.5%; FB12999102; Fisher), washed with an additional 30 ml of
PBS, and centrifuged at 300 x g for 10 min to pellet PBMCs. The
PBMC pellet was resuspended in 80 pl of MACS buffer and
20 pl of anti-CD14" MicroBeads (130-050-201; Miltenyi Bio-
tec) per 1x107 cells. The suspension was incubated at 4°C for 15
min. After incubation, 20 ml of MACS buffer was added, cells
were centrifuged at 300 x g for 10 min, and the cell pellet was
then resuspended in 1 ml of MACS buffer. Large magnetic col-
umns (130-042-401; Miltenyi Biotec) were prepared by first
adding 3 ml of MACS buffer to prime the column. The columns
were then attached to a magnet separator (130-091-051; Milte-
nyi Biotec), and the cell suspension was applied and al-
lowed to flow through the columns. After 3 x 3 ml washes
using MACS buffer, the column containing the CD14™ cells was
removed from the magnet separator and placed on a 15-ml tube
(352196; Fisher). A total of 5 ml of MACS buffer was applied to
the column and pushed through using a syringe plunger to col-
lect all CD14" cells. MACS buffer (10 ml) was added to the tube
and centrifuged at 300 x g for 10 min. CD14" cells were resus-
pended, counted, and plated at a concentration of 5x10° cells/ml
in tissue culture-treated dishes. Cells were differentiated
into macrophages in RPMI-1640 supplemented with FBS
(10%) (FB12999102; Fisher), antibiotic/antimycotics (A/A; 15240-
062; Life Technologies), GlutaMAX (35050-061; Life Technolo-
gies), and M-CSF (25 ng/ml; 300-25; PeproTech). At 48 h, a
50% media change + 100% M-CSF replenish was performed.
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Cells were incubated at 37°C in 5% CO, and used for all as-
says on day 5.

Mouse bone marrow-derived macrophages

All animal experiments were approved by the Memorial
University Animal Care Committee in accordance with the
Canadian Council on Animal Care guidelines. Adult mice were
euthanized with CO, asphyxiation followed by cervical disloca-
tion. Mice were cleaned with 70% ethanol to disinfect, a cut was
made over the peritoneum, and skin was pulled downward to
expose the hind limbs. Hind limbs were removed by cutting at
the hip, and muscle tissue was removed to expose the femurs,
tibias, and fibulas. Bones were submerged in ice-cold PBS (one
mouse/tube). Bones were transferred to a petri dish containing
ice-cold PBS, and the ends of the bones were removed to expose
the bone marrow. In a separate petri dish, bones were flushed
with 1 ml of ice-cold PBS and was repeated with the same 1 ml
of PBS until all bones were flushed. The 1 ml was transferred
to a 15-ml Falcon tube (352196; Fisher) and triturated to re-
move any clumps. Ice-cold ammonium chloride solution (3 ml;
07850; STEMCELL Technologies) was added to the tubes and
incubated on ice for 10 min to lyse all RBCs. PBS (10 ml) was
then added, and cells were centrifuged at 300 x g for 10 min.
The cell pellet was resuspended in complete DMEM (12100-046;
ThermoFisher) and plated in nonadherent 10-cm dishes (three
dishes/mouse). Cells were differentiated to BMDMs in DMEM
(12100-046; ThermoFisher) supplemented with FBS (10%)
(FB12999102; Fisher), A/A (15240-062; Life Technologies),
GlutaMAX (35050-061; Life Technologies), and M-CSF (10
ng/ml, 300-25; PeproTech). On day 3, 5 ml of additional
macrophage media was added to all dishes. On day 7, cells were
removed from the dishes using a cell scraper (08-100-240;
Fisher) and counted. Cells were then plated at 2.5 x10° cells/ml,
incubated at 37°C in 5% CO,, and used for assays within 1-2 d.

Mixed glia and microglia

Mixed glia cultures were used to obtain a pure microglia culture.
Initial preparations of a papain digestion enzyme mix (1.95 ml/
2 mice) and DNase solution (30 wl/2 mice) were prepared from
the neural dissection kit (130-092-628; Miltenyi Biotec); the
digestion enzyme was placed in gentleMACS C Tubes (130-096-
334; Miltenyi Biotec) at 37°C. DNase solution was stored on ice.
Cell culture media were prepared (DMEM supplemented with
FBS [10%] [FB12999102; Fisher], A/A [15240-062; Life Technolo-
gies], and GlutaMAX [35050-061; Life Technologies]) and pre-
incubated at 37°C. Six-centimeter dishes were placed on ice
blocks, 1 ml of HBSS ™/~ (Thermo Fisher, Mississauga, ON,
Canada) was added (one dish per two brains), and 1 ml of
HBSS/~ (14175095; Thermo Fisher) was added to a 1.5-ml
Eppendorf and kept on ice (one tube/two mice). One additional
10-cm dish was filled with 10 ml of HBSS ™/~ (14175095; Thermo
Fisher) and placed on ice. Mouse pups (postnatal 0-4 d) were
decapitated, brains removed, and placed into the 6-cm dish. The
cortices and hippocampi were dissected, and all meninges
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were removed using tweezers. The two sets of cortices and hip-
pocampi were transferred into the 1.5-ml tube (repeated for total
number of brains). The previously prepared DNase solution was
added to the papain digestion enzyme (130-092-628; Miltenyi Bi-
otec) in the gentleMACS C tubes (130-096-334; Miltenyi Biotec).
The brain tissue from two pups was added to a gentleMACS
C tube (130-096-334; Miltenyi Biotec) and gently triturated. Tis-
sue dissociation was performed using the gentleMACS dissocia-
tor (130-093-235; Miltenyi Biotec) as per the manufacturer’s
guidelines. HBSS™/* (2 ml; ThermoFisher, 14025092) was then
added to the cell suspension, placed through a 70-pm strainer,
and two washes of 5 ml of HBSS"/" (14025092; ThermoFisher)
were applied to the filter. Cells were then centrifuged at 300 x g
for 10 min with the brake on. The cell pellet was resuspended
with DMEM (12100-046; ThermoFisher) supplemented with
FBS (10%) (FB12999102; Fisher), A/A (15240-062; Life Tech-
nologies), and GlutaMAX (35050-061; Life Technologies), and
cells were cultured in a T-75 flask. A 50% media change was
performed once a week to feed the cells. Once confluent and
after 2-3 wk, the flasks were shaken (250 rpm for 3 h) to ob-
tain floating microglia. Microglia were plated at 2.5 x 10° cells/
ml in astrocyte conditioned media and incubated at 37°C in
5% CO,. Astrocyte conditioned media consisted of serum-free
DMEM (12100-046; Fisher), supplemented with A/A (15240-062;
Life Technologies) and GlutaMAX (35050-061; Life Technolo-
gies) that was used to culture mixed glia for 3 d.

BTKi treatments

Human whole blood, monocyte-derived macrophages (MDMs),
bone marrow-derived macrophages (BMDMs), and microglia
were pretreated with either tolebrutinib (HY-109192; Med-
ChemExpress) or evobrutinib (S8777; Selleckchem) at a dose
range of 0.1-10 wM for 24 or 48 h in complete media contain-
ing 1% FBS. DMSO was used as a vehicle control. Cells were
then ready for use in downstream assays.

Immunocytochemistry and quantification

MDMs, BMDMs, and microglia were plated on four- or eight-
well uncoated glass chamber slides (154534PK; Thermo Scien-
tific). After 2-3 d, cells were treated with tolebrutinib or evobru-
tinib as mentioned earlier. LPS (100 ng/ml; 297-472-0; Sigma)
was added to the cells for 30 min. Media were then suctioned
off and replaced with a 4% paraformaldehyde solution
(MKCS9056; Sigma) for 5 min and then replaced with PBS.
Chambers were removed and cells were blocked with normal
goat serum (5%) (31872; ThermoFisher) in PBS-Triton X (0.3%)
(T8787; Sigma) for 1 h. A primary Ab (p-BTK [Rb] at 1:200;
NBP-78295ss; NovusBio) was added to PBS-T and incubated
overnight at 4°C. Slides were then washed with PBS (5 ml x 3),
and a secondary goat anti-rabbit Ab (AF647, 1:500; A11012; Life
Technologies) was added for 2 h at room temperature. Slides
were again washed with PBS (5 ml x 3), and DAPI (D1306; Life
Technologies) was added at a 1:10,000 dilution in PBS and in-
cubated for 10 min at room temperature before coverslipping

https://doi.org/10.4049/immunohorizons.2400045
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using Fluoromount-G mounting media (0100-01; Southern Bio-
tech). Slides were nail polished and stored at 4°C. All images
were acquired on a Zeiss Observer.Z1 microscope. Image quan-
tification for relative fluorescence was performed using ImageJ.
Tiff images were converted to 8-bit. The watershed process
was applied to separate nuclei in proximity. Outlines were laid
around the nuclei and analyzed to obtain a total cell count. Cell
bodies were analyzed for fluorescence intensity by selecting inte-
grated density, which provided raw integrated density value/cell
count to quantify brightness intensity between treatment condi-
tions. N denotes number of biological replicates; n denotes num-
ber of images taken per treatment for each biological replicate.

ELISA

Cell culture supernatants were collected and stored at —80°C.
Supernatants were assayed for TNF, IL-6, and IL-10 using an
ELISA (555212, 558534, 555220, 555240, 555157, 555252; BD
Biosciences) and performed according to the manufacturer’s in-
structions. Cell protein was also collected and assayed for p-BTK
using an ELISA (23843; Cell Signaling) as per manufacturer’s
instructions.

Seahorse assay

MDMs, BMDMs, and microglia were seeded at 100,000 cells/
well in 24-well Seahorse plates following the same plating
protocol as earlier. Cells were pretreated with tolebrutinib
or evobrutinib as mentioned earlier, and LPS (100 ng/ml)
was added overnight and incubated at 37°C with 5% CO,. Cells
were then subjected to the Mito Stress Test Kit (103015-100;
Agilent Technologies, Mississauga, ON, Canada) using the met-
abolic inhibitors oligomycin, FCCP, and rotenone/antimycinA
as per manufacturer’s instructions. Oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) representing
oxidating phosphorylation and glycolysis, respectively, were mea-
sured using the Seahorse XFe24 analyzer (Agilent Technologies).
Data were exported to Microsoft Excel for analysis. OCR
(pmol/min) and ECAR (mpH/min) were analyzed separately
and graphed to demonstrate any respiratory changes.

Live-cell phagocytosis assay

MDMs, BMDMs, and microglia were seeded in 96-well plates in
phenol red-free DMEM or RPMI-1640 (31053028, 11835030;
ThermoFisher) supplemented with A/A (15240-062; Life Technol-
ogies) and GlutaMAX (35050-061; Life Technologies) following
the same protocol as earlier. pHrodo Red Zymosan BioParticles
(A10025; 0.125 mg/ml; ThermoFisher) were added to all wells
except for control wells. Cells were incubated at 37°C with 5%
CO, in a live-imaging plate reader (Cytation5), and fluorescence
intensity was measured at 5-min intervals over a period of 6 h.
Raw data were displayed as fluorescence intensity measurements
at 555 nm excitation and 585 nm emission from O to 6 h. Data
were exported and graphed in an xy table format, where fluores-
cence was shown on the y-axis as it changed over time shown
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on the x-axis. All data were normalized to the control group
(LPS + pHrodo Red; Zymosan BioParticles).

RNA extraction and quantitative PCR

Cells were lysed in QIAzol reagent (79306; Qiagen) and stored
at —80°C until use. RNA was subsequently purified with the
RNeasy Micro Kit with DNase treatment (74104; Qiagen). The
NanoDrop (ThermoFisher) was used to quantify RNA values.
RNA was diluted to 10 ng/pl for reverse transcription using
M-MLV reverse transcriptase kit (28025-021; ThermoFisher).
In brief, RNA samples were added to a combination of ANTP,
RT enzyme, RT buffer, RNase inhibitors, and RNase-free water
(28025-021; ThermoFisher) in conjunction with TagMan probes
for miRNA miR-223-3p (002295; ThermoFisher), miR-155-5p
(002623; ThermoFisher), miR-21-5p (000397; ThermoFisher),
RNU48 (human; 001006; ThermoFisher), and Sno202 (mouse;
001232; ThermoFisher). Mixed samples were subsequently
heated in a preprogrammed thermocycler and prepared cDNA
was stored at —20°C until use. Reverse-transcriptase quantita-
tive PCR (RT-qPCR) was carried out using TagMan Fast Uni-
versal PCR Master mix (4444557; Applied Biosystems) and
microRNA-specific TagMan primers as follows: miR-223-3p
(002295; ThermoFisher), miR-155-5p (002623; ThermoFisher),
miR-21-5p (000397; ThermoFisher), RNU48 (human; 001006;
ThermoFisher), and Sno202 (mouse; 001232; ThermoFisher).
miRNA expression was normalized to a combination of RNU48
(human) and Sno202 (mouse) reference miRNA. Fold changes
were calculated using the AACT method.

Statistical analysis

All data analysis was done using GraphPad Prism (Version 10).
For immunocytochemistry (ICC) and ELISA quantification,
a one-way ANOVA was used, and data were presented as
the mean = SEM. Multiple comparison tests were done,
and all group comparisons were finalized to compare with
the control group (LPS + DMSO). Cytokine ELISAs were nor-
malized to percent maximum (DMSO + LPS) to account for
variation between individual human/animal cells.

RESULTS

Evobrutinib and tolebrutinib significantly decrease

phosphorylation of BTK in human and mouse myeloid cells
ICC was used to measure the ability of evobrutinib and tole-
brutinib to decrease the phosphorylation of BTK under LPS-
stimulated conditions. Images of human MDMs, mouse BMDMs,
and mouse microglia were acquired to determine whether the
inhibitors decreased p-BTK (Fig. 1A-C). Image quantification
of the p-BTK signal was performed using ImageJ to identify
differences in fluorescence intensity across conditions. In the
presence of LPS, MDMs had a significant decrease in fluores-
cence intensity in the presence of a BTKi (1 wM evobrutinib
and tolebrutinib; Fig. 1D). A wide dose range was initially per-
formed (0.1 nM to 10 pM) to determine a dose-response curve
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FIGURE 1. BTKis tolebrutinib and evobrutinib significantly decrease
phosphorylation of BTK in human and mouse myeloid cells.

(A-C) ICC images of p-BTK (red) and DAPI (blue) in human MDMs, mouse
BMDMs, and microglia (scale bars, 100 wm). (D—F) A significant decrease in
p-BTK is shown in (D) MDMs, (E) BMDMs, and (F) microglia through quanti-
fication of ICC images in (A)-(C) (N = 3, n = 6 per treatment per cell type).
DMSO: 0.1%, 10 M. Statistical analysis was performed using a one-way
ANOVA with the main comparator group being DMSO + LPS. **p < 0.01,
***p < 0.001, ****p < 0.0001. Error bars represent mean = SEM. AU, ar-
bitrary units; NT, no treatment.

and optimal concentration that resulted in a significant decrease
in p-BTK. To prevent any potential off-target effects, we used
the lowest dose of the BTKi where a trough effect was observed
(1 .M in human-derived cells and 10 pM in mouse-derived cells).
In all subsequent experiments, the dose of the specific BTKi was
selected based on their pharmacodynamics and ability to inhibit
p-BTK. Furthermore, using a propidium iodide uptake assay,
doses of the BTKis within this range did not result in cell death
(data not shown). Mouse cells responded similarly, whereby both
evobrutinib and tolebrutinib (10 wM) significantly decreased
p-BTK in BMDMs (Fig. 1E); in mouse microglia, tolebrutinib
(10 pM) also significantly decreased p-BTK (Fig. 1F). To con-
firm the ICC results, we also used an ELISA to quantify p-BTK
within protein lysates. Similar to the ICC results, using a p-BTK
ELISA, both evobrutinib and tolebrutinib significantly decreased
p-BTK levels in human MDMs, mouse BMDMs, and primary
mouse microglia (Fig. 2); levels of BTK remained unchanged
(via ELISA and Western blot) upon BTKi treatment, whereas
normalization of p-BTK to total BTK levels gave similar results
(data not shown) (Figs. 1, 2).
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FIGURE 2. BTKis tolebrutinib and evobrutinib significantly decrease
p-BTK protein expression in human and mouse myeloid cells.

(A—C) Evobrutinib significantly decreased p-BTK levels in (A) human
MDMs, (B) mouse BMDMs, and (C) microglia. (D—F) Tolebrutinib signifi-
cantly decreased p-BTK levels in (D) MDMs, (E) BMDMs, and (F) micro-
glia (n = 6 per treatment per cell type). DMSO: 0.1% at 10 wM. Statistical
analysis was performed using a one-way ANOVA with the main com-
parator group being DMSO + LPS. *p < 0.05, **p < 0.01, ***p < 0.001,
***kn < 0.0001. Error bars represent mean = SEM. NT, no treatment;
RFU, relative fluorescence units.

Evobrutinib and tolebrutinib decrease cytokine production
in human and mouse myeloid cells

Under similar activation conditions as earlier, an ELISA was
used to measure cytokine levels (TNF, IL-6, and IL-10) within
the cell supernatants to assess the downstream effects of inhib-
iting BTK in myeloid cells under inflammatory conditions. In
human whole blood, both evobrutinib and tolebrutinib dose-
dependently decreased TNF levels; decreased IL-6 production
was also observed (Fig. 3A). In human MDMs, both evobrutinib
and tolebrutinib significantly decreased TNF and IL-10; no effect
was observed on IL-6 (Fig. 3B). To investigate possible species
differences (human versus mouse) upon BTKi treatment, we also
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FIGURE 3. BTKis tolebrutinib and evobrutinib decrease cytokines in human and mouse myeloid cells.
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measured cytokines in the supernatants of activated mouse
macrophages and microglia. In BMDMS, a significant decrease
in TNF and IL-6 levels was measured in the presence of tole-
brutinib; a significant decrease in TNF was also measured in
the presence of evobrutinib (Fig. 3C). In contrast with BMDMs,
cytokine levels in activated microglia were not statistically
decreased in the presence of evobrutinib, yet a trend was
observed at higher doses. Tolebrutinib also significantly decreased
TNF and IL-6 levels (Fig. 3D); no statistical differences were
observed for IL-10.

Evobrutinib and tolebrutinib alter mitochondrial
respiration in human and mouse myeloid cells

Using a Seahorse assay, a mito-stress test was used to measure
OCR and ECAR. In human MDMs, evobrutinib significantly de-
creased both OCR and ECAR compared with LPS + DMSO
control (Fig. 4A-D). In mouse BMDM:s, evobrutinib also
decreased OCR and ECAR (Fig. 4E-H). Decreased OCR
and ECAR were also measured in mouse microglia in the pres-
ence of evobrutinib; however, the results were not statistically
significant (p = 0.292; Fig. 4I-L). In contrast with evobrutinib,
tolebrutinib did not significantly alter OCR but decreased ECAR
compared to the LPS + DMSO control (Fig. 4M-P); a significant
decrease in both OCR and ECAR was measured in BMDMs
(Fig. 4Q-T). In mouse microglia, tolebrutinib decreased OCR,
albeit not statistically significantly (p = 0.084), and a signifi-
cant decrease in ECAR was measured (Fig. 4U-X).

Evobrutinib and tolebrutinib decrease phagocytosis in
mouse myeloid cells

Using live-cell imaging and pHrodo zymosan beads, a phagocy-
tosis assay was used to measure phagocytic activity in human
and mouse myeloid cells in the presence of the BTKis. Data are
represented in both real-time and peak fluorescence (i.e., phago-
cytosis) during the 6-h kinetic interval run. In human MDMs, no
significant change in phagocytosis was measured between LPS
alone and LPS plus evobrutinib at 80 min (Fig. 5A, 5B). In con-
trast, both mouse BMDMSs and microglia had a decrease in
phagocytosis in the presence of evobrutinib compared with LPS
alone (Fig. 5C-F), yet results in microglia did not reach statistical
significance. Similar results were observed with tolebrutinib
(Fig. 5G-L).

Evobrutinib and tolebrutinib significantly decrease
proinflammatory miRNAs in mouse myeloid cells

Using quantitative PCR, microRNA expression of proinflam-
matory miRNAs (miR-155-5p and miR-21-5p) and the anti-
inflammatory miRNA (miR-223-3p) were measured in mouse
myeloid cells. In mouse BMDMSs, miR-155-5p and miR-21-5p
were significantly decreased with both evobrutinib and
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tolebrutinib treatment (Fig. 6A); in mouse microglia, only miR-
155-5p was significantly decreased (Fig. 6B). miR-223-3p expres-
sion trended upward in both mouse BMDMs and microglia with
BTKi treatment; however, results were not statistically significant
due to sample variability (Fig. 6A, 6B). Quantitative PCR assays
were also performed in human MDMs; however, no conclusions
could be made based on high intersample variability.

DISCUSSION

The importance of further elucidating and identifying the mech-
anism(s) of action for drugs that have entered late-stage clinical
trials is critical to better understand their biological/cellular tar-
gets and any potential off-target effects within the human body.
In MS, there are currently several disease-modifying therapies
ranging from platform medications to moderate- and high-
efficacy agents with various mechanisms of action. In this study,
we undertook an investigation to expand the known mechanism
of action of BTKis, a class of drugs that are being investigated in
various immune-related conditions. Although there are several
different BTKis currently being evaluated in clinical trials for
both relapsing and progressive forms of MS, a further in-depth
investigation into the mechanisms of evobrutinib and tolebruti-
nib was prioritized because these two drugs are furthest along
in clinical trials and both cross the blood-brain barrier (BBB). All
experiments performed in this study used myeloid cells derived
from mouse and human to allow for interpretations based on
any species-specific results. In summary, both evobrutinib and
tolebrutinib decreased levels of p-BTK and cytokine expression
in human and mouse myeloid cells under inflammatory states. In
addition, both BTKis significantly influenced mitochondrial func-
tion, as reflected in measurable decreases in OCR and ECAR.
Furthermore, the rates of phagocytosis were also shown to be in-
fluenced by BTKis, specifically in mouse-derived cells where the
rate was significantly decreased. Finally, to further elucidate
mechanisms, both BTKis altered miRNA expression profiles that
mirrored an overall anti-inflammatory state. Taken together, our
results confirm previous speculations and provide direct evidence
that BTKis not only influence B cells, but can also act directly on
myeloid cells and promote a CNS environment conducive for
remyelination and repair.

Historically, BTKis have been used to effectively treat various
B cell cancers, including CLL and MCL (31-34). In these
malignancies, the mechanism(s) of action of BTKis on B cells
is well understood, whereby they modulate B cell development,
maturation, and proliferation (35, 36). Beyond cancers, recent
clinical and preclinical data suggest that BTKis may also serve
as an effective treatment for several autoimmune condi-
tions, including MS, rheumatoid arthritis, and pemphigus
vulgaris, with several early-stage and midstage clinical trials

performed using a one-way ANOVA with the main comparator group being DMSO + LPS. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Error bars represent mean = SEM. NT, no treatment.

https://doi.org/10.4049/immunohorizons.2400045



“ ImmunoHorizons BTK INHIBITION IN MYELOID CELLS 659

Tolebrutinib

[ Evobrutinib

A 400 Ty FcCP Rotenore Rotenoraiih N
—_ L
|_E= 300 b e £ 150
3 e £
£ 200 i T g 1o
g 100 : {F TE §
° X \!_!-_i : 50
= 0 T T . 0
a 60 80 100
= Time (minutes) Time (minutes)
= -
© C 50 Oligomygin Olgoemycin FCCP P
5| zefo- *
£ i N L T T 40
Ly £ = £
£ L] 30 = 1 E”
ot 29-;\;’_%‘ +— g -a1d -+ g
£ S g2 =, ,7_4. Ezo
w 104 [+ * g
w 10 w 10
0 T T T 4 +
0 2. 4 € 2 40 s 80 100 ’
Time (minutes) Time (minutes)
E 150 Qlizomsein Foce nm.im'm F 150
-
— ok
E £
E wn}%d }ii E 100
] = | _ o
E LTI \-F’—i PE% |a—s-3 g
[ ez 1= £ 50
g YT = % 3
m 1
=
(=] 0 T T T T 1 0- t 1 —1 L
= 0 20 40 60 80 100 & \po ‘sgs 0 20 40 60 80 100 & &o =
o Time (minutes) & N Time (minutes) ) P; )
LPS Ll
$ G 305 Cligoeryein FOCR Rowoanss H 40 P S 40 Cligormycn FCOP  Retorgraiid T 40 ey
3 - (=2 ]
= L o _ .
2 E £ 30 £ 20 £ 3
= 2 ML £ $ s :
5 L AP sl 6
g 3 [ £ 201 g2 Heagl, B2
] e % o il =
g . -3 _ 5 _
§10-‘ A R 8 104 ém I s e iy SO O 10+
0 T T T T 1 0- 0 T T T 1 0=
0 2 4 6 B0 100 & P& [ 20 0 60 80 100 & L P
- Time (minutes) Pl Time (minutes) 0\;?9 K34
LPS el
LPS
I 80 & U 80— Cligoryein FCCP mumm\.\. _ V 60— _
T I B o= \
£ 60 z E 60+ | £ =0.084
T £ s ] p-0202 £ e ] Eso{ -
3 3 s k.l il 3
E 40 E E e | 14 .S-.
8 & 20 A | % & 20-
S o= 8 S 204 i B %‘? 8
o 0
5] ) 0= "o 2 40 6 8 100 .l
o— o ® & 0
= K ‘4\0.@?' & W Time (minutes) X = o@‘-’ \QS‘“
| S——
g i Rotere e LPS 30+ On  FCCP RetseoraA LPS“
(=} E I . T - = i T I—;—i 1 _;_ .
= £ iaadll ' E En4 4t T E
s s g L 20 s I ! E 20
g 1 T - T 2 E
E i o g ] I
z THTI ¢ 1 ok
| 1 [ 10+ =
3 - | l é 10 ﬁ g 10
w
T T T 1 0 0 T T T L 1
40 60 80 100 o o 0 20 40 60 80 100 0
- Time (minutes) N 0@‘3 K Time (minutes) S e{90 &
IFs =
LPS

FIGURE 4. BTKis tolebrutinib and evobrutinib decrease OCR and ECAR in human MDMs and mouse BMDMs, but only ECAR in mouse microglia.

(A—L) Evobrutinib influences OCR and ECAR under mito-stress test conditions and baseline functions in (A-D) human MDMs, (E-H) mouse
BMDMs, and (I-L) microglia. (M—-X) Tolebrutinib influences OCR and ECAR under mito-stress test conditions and baseline functions in (M—P)
MDMs, (Q-T) BMDMs, and (U-X) microglia (n = 6 per treatment per cell type). DMSO: 0.1% at 10 wM. Statistical analysis was (Continued)
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FIGURE 5. BTKis significantly decrease phagocytosis in mouse myeloid cells.

(A—F) Evobrutinib effects on normalized pHrodo Zymosan Bead fluorescence intensity in (A) human MDMs, (C) mouse BMDMs, and (E) microglia
and the effects on pHrodo Zymosan Bead (pHrodo) fluorescence intensity at the end of a 6-h kinetic interval showing phagocytosis trending up-
ward in (B) MDMs, but significantly decreasing in (D) BMDMs and (F) microglia. (G-L) Tolebrutinib effects on normalized pHrodo Zymosan Bead
fluorescence intensity in (G) MDMs, (I) BMDMs, and (K) microglia and the effects on pHrodo Zymosan Bead (pHrodo) fluorescence intensity at the
end of the 6-h kinetic interval showing phagocytosis trending upward in (H) MDMs, but significantly decreasing in (J) BMDMs and (L) microglia
(n = 6 per treatment per cell type). Statistical analysis was performed using a one-way ANOVA with the main comparator group being DMSO + LPS.
***p < 0.001, ****p < 0.0001. Error bars represent mean = SEM. NT, no treatment; pHrodo, zymosan beads only.

successfully meeting their primary end points (37-39). In
the context of neurodegenerative diseases, two BTKis (tole-
brutinib and evobrutinib) are currently being evaluated in
phase 3 clinical trials in MS. Unlike some of the earlier in-
vestigated BTKis, both evobrutinib and tolebrutinib cross
the BBB, thus making them among the first widely accepted
BBB-penetrable drugs to treat MS (40, 41).

In MS, B cells play an important role in contributing to cellu-
lar processes involved in inflammation and degeneration within
the CNS. Not only can B cells serve as APCs and differentiate
into plasma cells that secrete Abs targeting various myelin and
neuronal Ags, but their plasticity is also highly dependent on both
the local microenvironment and immune-neural cross-talk that
occurs within compartmentalized CNS inflammation (42, 43). In

performed using a one-way ANOVA with the main comparator group being DMSO + LPS. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error

bars represent mean = SEM. NT, no treatment.
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FIGURE 6. BTKis significantly decrease miRNA-155-5p in mouse BMDMs and microglia, and miRNA-21-5p in mouse BMDMs.

(A) Evobrutinib and tolebrutinib significantly decrease miR-155-5p and miR-21-5p in mouse BMDMs. (B) Evobrutinib and tolebrutinib significantly
decrease miR-155-5p in mouse microglia. Mouse BMDMs: miR-223-3p and miR-21-5p; n = 4, miR-155-5p; n = 6; mouse microglia: miR-223-3p
and miR-21-5p; n = 5, miR-155-5p; n = 6 (BTKi, 10 wM). Statistical analysis was performed using a one-way ANOVA with the main comparator
group being LPS. **p < 0.01, ****p < 0.0001. Error bars represent mean = SEM.

the CNS of MS patients, the rich accumulation of B cells in ter-
tiary follicle-like structures within the meningeal space leads to
increased expression of proinflammatory cytokines that results in
a graded inflammation, heightened microglia and astrocyte reac-
tivity, neurodegeneration, and demyelination (44-47). As such,
biologic therapies targeting B cells (e.g., anti-CD20 agents) have
shown a high degree of efficacy in both relapsing and progres-
sive forms of MS (48, 49).

In MS pathogenesis, an interconnected network of myeloid
cells (e.g., monocytes, blood-derived macrophages, and microglia)
and lymphocytes allows for cell-cell cross-talk between im-
mune cells within the periphery and CNS, and contributes

https://doi.org/10.4049/immunohorizons.2400045

to inflammation, demyelination, and neuronal/axonal degenera-
tion (50-56). To date, the majority of disease-modifying therapies
have largely focused on targeting the proinflammatory actions of
both T and B lymphocytes. However, it has become increasingly
acknowledged that myeloid cells also play a critical role in not
only activating innate and adaptive immune responses and serv-
ing as efficient APCs (57, 58) but also play a role in the early
recognition of pathogens, including those that have been linked
to MS (e.g., EBV and herpes viruses) (59-61). In addition, the
slowly expanding lesions in MS, which are characterized by an
active iron-laden microglia/macrophage border, have been
associated with disease progression and brain atrophy in several
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pathological and imaging studies, thereby suggesting that target-
ing these cells may have profound effects on the trajectory and
disease course in MS (62-64). A recent study by Steinmaurer
et al. (65) demonstrated that BTK expression was directly asso-
ciated with iron accumulation within myeloid cells in MS, sug-
gesting that targeting BTK within the CNS may significantly
alter disease course. In addition, a study by Geladaris et al. (30)
also demonstrated that BTK inhibition can decrease microglia-
related inflammation and promote myelin repair.

Although initially overlooked, the expression of btk within
myeloid cells is considerable and indeed comparable with B cells
(66). In addition, because downstream signaling pathways medi-
ated by BTK are similar in B cells and myeloid cells (67-70), a
further investigation into how BTK inhibition is directly altering
the function of myeloid cells is warranted. Taken together, the
diverse roles and plasticity of myeloid-derived cells within the in-
flamed CNS has led to research aimed at further understanding
how the phenotype and function of these cells can be altered to
halt inflammation and provide an opportunity to promote remye-
lination and repair. In this study, the direct effects of BTK inhibi-
tion on the phenotype and function of both human and mouse
myeloid cells in the context inflammatory-mediated CNS injury
were explored. Given the known effects of BTKis on B cells, it
was hypothesized that BTKis would also decrease the inflamma-
tory phenotype of both peripheral and central myeloid cells by
modulating proinflammatory cytokine profiles, miRNA expres-
sion, bioenergetics and cell metabolism, and phagocytic capacity.

In clinical trials, a daily dosing regimen of tolebrutinib
(7.5-90 mg) results in a mean plasma concentration between 1.17
and 19.3 ng/ml (or 0.002 and 0.4 uM) (71); a dose of 25-500 mg
of evobrutinib results in a plasma concentration between 181 and
465 ng/ml (or 0.42 and 1.08 pM) (72). Taking these levels into
consideration, a broad range of doses between 0.1 nM and
10 uM of both inhibitors (tolebrutinib [ICs, = 0.7 nM] and evo-
brutinib [ICs, = 37.9 nM]) was applied to human and mouse
cells in our study. LPS, a potent activator of TLR4 that increases
BTK-mediated signaling, was used to induce an inflammatory re-
sponse in human MDMs, mouse BMDMs, and microglia (73, 74).
To confirm the mechanistic function of both BTKis, we per-
formed quantification of p-BTK via ELISA and ICC (Figs. 1, 2).
These results demonstrated that both BTKis significantly de-
creased p-BTK in human and mouse myeloid cells. In human
MDMs, p-BTK was significantly decreased at 1 and 10 pM;
in mouse BMDMs and microglia, p-BTK was significantly
decreased at 10 pM. Although no significant decrease in p-BTK
was observed in mouse microglia treated with evobrutinib using
ICC (Fig. 1F), a decrease in total p-BTK protein was measured
via ELISA.

After confirmation of reduced p-BTK with the application
of BTKis, different downstream effects were evaluated, includ-
ing cytokine production. TLR4 activation plays a functional role
in the transcription of NF-«kB, which results in the production
of various cytokines, including TNF, IL-6, and IL-10 (73). To
understand how BTKis function in human cells in vitro, both
whole blood and MDMs were used. In human whole blood, a
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significant decrease in TNF and IL-6 was observed in the pres-
ence of a BTKi after LPS stimulation. Because whole blood
contains granulocytes (which also express high levels of BTK),
monocytes, and lymphocytes, these results may be due, in part,
to an effect of the BTKis with any or all of these cells. To
investigate a macrophage-specific response, we activated human
MDMs in the presence of the BTKis. Both IL-10 and TNF levels
were decreased, but not IL-6 (Fig. 3B). This result is consistent
with previous literature suggesting that BTK is required for
TLR4-induced TNF production, but not IL-6, whereby no differ-
ences in il6 mRNA were measured in primary macrophages
derived from both XLA (BTK deficient) and healthy controls (4).
Interestingly, IL-6 was significantly decreased in TLR2-activated
XLA macrophages (4).

According to the published literature, species-specific effects
have been observed between mice and humans (in vitro and
in vivo) in terms of differently responding to BTKis (75). It was
therefore important to investigate any differences between spe-
cies when measuring the cellular responses in the presence of
tolebrutinib or evobrutinib. Our results demonstrated that tole-
brutinib significantly decreased both TNF and IL-6, yet only
TNF was decreased in BMDMs in the presence of evobrutinib.
The small effect observed in mouse cells treated with evobrutinib
was not surprising, because mouse models of colorectal cancer
and SARS-CoV-2- or LPS-induced lung damage have shown
that evobrutinib does not effectively target BTK or decrease
disease (76). Taken together, tolebrutinib and evobrutinib simi-
larly decreased TNF and IL-6 in human whole blood and TNF
and IL-10 in MDMs; however, tolebrutinib was superior at
decreasing TNF and IL-6 in mouse-derived myeloid cells.

Inflammation and mitochondrial dysfunction are often asso-
ciated with one another, whereby decreasing inflammation often
results in an overall increase in mitochondrial health (77-79). In
autoimmune diseases, various cell types (PBMCs, endothelial,
mesangial, fibroblasts) have been demonstrated to alter their bio-
energetic profiles, including the cellular mechanisms involved in
producing and maintaining energy. Mitochondrial dysfunction
has been noted in many diseases whereby mitochondrial respira-
tion within impacted cells is less efficient compared with cells
derived from their healthy counterparts (80-83). Specifically,
in neurodegenerative diseases that are driven by inflammation,
mitochondrial dysfunction has been observed, but not limited
to, in Alzheimer’s disease, Parkinson’s disease, and MS (84-87).
In the well-established MS mouse model, experimental autoim-
mune encephalomyelitis, it has been shown that increasing the
number of mitochondria and expanding the respiratory rate in
mitochondria results in less CNS inflammation and allows for
better recovery (87).

A standard technique for measuring cellular respiration, both
OCRs and ECARs quantify oxygen requirements and the rate of
glycolysis through quantifying changes in dissolved oxygen and
pH within the media surrounding live cells (88). When exposed
to proinflammatory stimuli, myeloid cells undergo a metabolic
switch favoring glycolysis, thereby reducing oxidative phosphory-
lation (89, 90). In our experiments, LPS resulted in a direct

https://doi.org/10.4049/immunohorizons.2400045
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increase in ECAR in both human and mouse myeloid cells
(Fig. 4); a direct shift in mitochondrial metabolism within human
or mouse cells treated with BTKis was not observed, whereby
OCR and ECAR decreased in the presence of BTKis after expo-
sure to LPS (Fig. 4). Recently, the perspective on the “metabolic
switch” describing mitochondrial function during inflammation
has been suggested to be more complex. Specifically, the notion
that cells do not necessarily fully take on a preferential role for
oxidative phosphorylation over glycolysis (and vice versa) has
been challenged (91). A single glucose molecule is enzymatically
converted to two ATP molecules, and in conditions of reduced
glycolysis (reduced ECAR), the phosphate equivalents are proc-
essed twice, which results in phosphorylation of ADP, not ATP,
at the substrate level (92). The observed decrease in ECAR sug-
gests that BTKis permit cells to be “less glycolytic” during LPS-
induced inflammation, whereas the observed decrease in OCR
suggests that BTKis can lower the oxygen requirement for ATP
production under the same conditions (93). These results are in
contrast with previous work, whereby inhibition of BTK in mac-
rophages from patients with atherosclerosis resulted in a direct
shift to use oxidative phosphorylation and increase mitochondrial
stress (94). Together, these findings suggest that the BTKis are
able to alter the metabolism of human and mouse myeloid cells
in a manner that energy can still be produced, yet the mitochon-
dria do not exhibit a distinct shift between oxidative phosphory-
lation and glycolytic phenotypes.

Understanding the effect of BTKis on phagocytosis in both
peripheral and central macrophages is important because it is
the primary mechanism and initial step to rid the body of invad-
ing pathogens, including viruses and bacteria (95). In addition,
the efficiency of phagocytosis is also critical when clearing cellu-
lar debris postinjury, thus creating space for regeneration and/or
remyelination (96-100). In our experiments, a species-related
difference was observed in the rate of phagocytosis in the
presence of either evobrutinib or tolebrutinib (Fig. 5). In hu-
man MDMs, the rate of phagocytosis trended upward with
BTKi treatment; phagocytosis rates decreased in mouse mye-
loid cells. BTK is required for mouse macrophages to effi-
ciently perform phagocytosis (28, 101, 102). In the context of
cancer, a role for BTK in phagocytosis has been previously
shown whereby different BTKis can either increase or de-
crease phagocytosis in macrophages derived from cancer pa-
tients (103, 104). It is therefore surprising that the BTKis did
not alter phagocytosis in the human MDMs, yet it is important
to note that our experiments used MDMs derived from
healthy individuals. Furthermore, the study mentioned ear-
lier used a different BTKi, ibrutinib. There are currently no
studies using evobrutinib or tolebrutinib to measure the
rate of phagocytosis in human MDMs. Our results there-
fore suggest that different BTKis (which have different
I1C50s) may result in differential mechanisms during infec-
tion and/or injury. Both BTKis show promise at increasing
the rate of phagocytosis in human MDMs, which has been
previously shown in cancer (103).
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Investigating the role of BTKis in terms of miRNA modu-
lation provides mechanistic insight into how the inhibitors are
causing myeloid cells to respond in an anti-inflammatory versus
proinflammatory manner. The proinflammatory miR-155-5p
and miR-21-5p and anti-inflammatory miR-223-3p were cho-
sen because they have been shown to have differential effects
during diseased states. miR-155-5p and miR-21-5p have been
shown to be associated with a proinflammatory phenotype in
macrophages and microglia (105-107) and have been shown to
enhance CNS inflammation and promote neural injury in both
humans and mice (108-110). In the CNS, miR-223-3p has been
shown to promote a reparative and anti-inflammatory pheno-
type in human and mouse myeloid cells (111, 112). Taking
these factors into consideration, the role of BTKis and miRNA
expression was explored to determine whether BTK inhibition
would alter miRNA expression in human and mouse myeloid
cells. Mouse BMDMs and microglia both showed a significant
decrease in miR-155-5p in the presence of LPS and BTKij,
whereas only BMDMs showed a significant decrease in miR-
21-5p (Fig. 6). Although miR-223-3p trended toward an in-
crease, the variation within the individual groups did not pro-
vide statistically significant results (Fig. 6). Exploring the effects
of BTK inhibition and miRNA production is yet another impor-
tant mechanism to explore how BTKis can influence the function
and phenotype of myeloid cells.

In summary, our results provide important insights into
further establishing the mechanism of action of BTKis and
their direct effects on both mouse and human myeloid cells.
Taken together, this data contributes to the growing field of
BTK inhibition within a myeloid cell context and provides
further rationale to support the clinical use of these drugs in
the treatment of neuroinflammatory conditions.
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