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Abstract
Bruton’s tyrosine kinase (BTK), a critical component of B cell receptor signaling, has recently been implicated in regulation of
the peripheral innate immune response. However, the role of BTK in microglia, the resident innate immune cells of the central
nervous system, and its involvement in the pathobiology of neurodegenerative disease has not been explored. Here we found that
BTK is a key regulator of microglial phagocytosis. Using potent BTK inhibitors and small interfering RNA (siRNA) against
BTK, we observed that blockade of BTK activity decreased activation of phospholipase gamma 2, a recently identified genetic
risk factor in Alzheimer’s disease (AD), and reduced phagocytosis in rodent microglia and human monocyte-derived macro-
phages. Inhibition of BTK signaling also decreased microglial uptake of synaptosomes but did not have major impacts on other
key microglial functions such as migration and cytokine release. Similarly, blocking BTK function ex vivo in acute brain slices
reduced microglial phagocytosis and maintained numbers of resting microglia. In brain tissues from the 5xFAD mouse model of
AD, levels of microglial BTK were elevated while in two gene expression datasets of post-mortem AD patient brain tissues,
upregulation of BTK transcript was observed. Our study provides novel insights into the role of BTK in regulating microglial
phagocytosis and uptake of synaptic structures and suggests that inhibiting microglial BTK may improve cognition in AD by
preventing microglial activation and synaptic loss.
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Introduction

Central to the B cell receptor (BCR) signaling pathway,
Bruton’s tyrosine kinase (BTK) is a cytoplasmic tyrosine
kinase that has been well-characterized as a critical regula-
tor of B cell development and activation (Jumaa et al.
2005). Loss-of-function mutations in Btk are responsible

for X-linked agammaglobulinemia (XLA), a rare human
primary immunodeficiency that results from incomplete
B cell differentiation (Vetrie et al. 1993). Targeting BTK
activity via small molecule covalent inhibitors like
ibrutinib has also shown therapeutic efficacy in B cell ma-
lignancies associated with dysfunctional BCR signaling
including mantle cell lymphoma (MCL) and chronic lym-
phocytic leukemia (CLL) (Advani et al. 2013; Hendriks
et al. 2014). In addition to its role in adaptive immunity,
BTK has increasingly been associated in multiple innate
immune biologies. XLA patients and CLL patients receiv-
ing ibrutinib are at high risk of infection (Winkelstein et al.
2006; Williams et al. 2018) and that XLA patients can
develop neutropenia due to impaired neutrophil maturation
(Kozlowski and Evans 1991; Farrar et al. 1996). In mutant
Btk-carrying X-linked immunodeficient (XID) mice, clear-
ance of microfilaria by BTK-deficient macrophages is de-
layed (Mukhopadhyay et al. 2002) while in Btk knockout
mice, macrophage/monocyte numbers are reduced
(Melcher et al. 2008). Furthermore, BTK has been implicat-
ed in Toll-like receptor (TLR)-mediated proinflammatory
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cytokine release frommacrophages and dendritic cells follow-
ing lipopolysaccharide (LPS) challenge (Schmidt et al. 2006;
Ni Gabhann et al. 2012; Ni Gabhann et al. 2014).

As the innate immune cells of the central nervous system
(CNS), microglia are the resident phagocytes responsible for
surveying their local environment and responding in case of
CNS injury or pathogen entry (Salter and Beggs 2014).
Ontogenically distinct from other mononuclear phagocytes, mi-
croglia originate early in development from erythromyeloid
progenitor cells in the embryonic yolk sac that migrate into
the brain before the blood-brain barrier (BBB) is formed
(Ginhoux et al. 2010). Unlike their peripheral myeloid counter-
parts, CNS microglia are also long-living with a low homeo-
static turnover during adulthood (Reu et al. 2017). Moreover
microglia are unique immune cells in performing non-classical
functions such as sculpting neuronal circuits during develop-
ment by engulfing and removing excess synapses and neurons
(Stevens et al. 2007; Wakselman et al. 2008). This mechanism
relies on classic immune molecules such as complement pro-
teins like complement receptor 3 (CR3) on microglia to phago-
cytose and eliminate immature synapses that have been tagged
by C1q and C3 (Schafer et al. 2012). More recently evidence
has emerged that microglial-mediated synaptic pruning path-
ways may be reactivated during disease. In mouse models of
Alzheimer’s disease (AD) (Hong et al. 2016; Shi et al. 2017)
and frontotemporal dementia (FTD) (Lui et al. 2016), elevated
levels of complement factors cause early synaptic loss which
can be rescued by inhibition or deletion of C1q, C3 or CR3.
Interestingly, reduced CR1- and CR3-mediated phagocytosis
has been reported in monocytes derived from XLA patients
(Amoras et al. 2003). Microglia can also damage surrounding
neurons by releasing proinflammatory molecules in response to
build-up of protein aggregates or ongoing neuronal loss.
Amyloid-β (Aβ)-induced activation of TLRs and the NLRP3
(NACHT, LRR, and PYD domain-containing protein 3)
inflammasome results in production and release of proinflam-
matory cytokines like IL-1β and genetic deletion of NLRP3
protects against Aβ pathology and cognitive dysfunction in
AD mouse models (Heneka et al. 2013). In this context BTK
has also recently been implicated as a direct regulator of
NLRP3 inflammasome activation and IL-1β release in murine
macrophages and human peripheral blood mononuclear cells
(PBMCs) (Ito et al. 2015; Liu et al. 2017).

Given its role in various myeloid cell functions and its prom-
ise as a drug target, understanding the expression and potential
impact of BTK in microglia functions holds great interest. Here
we investigate BTK expression in microglia in vitro and in vivo
and use potent BTK inhibitors and BTK-targeting small inter-
fering RNA (siRNA) to assess the contribution of BTK to var-
ious microglial phenotypes implicated in human disease includ-
ing phagocytosis, synaptic uptake, migration, cytokine release
andmorphology. The role of BTK in neurodegenerative disease
has not been well explored to date. Human genetic studies over

the last decade have identified common and rare variants in
genes highly expressed in microglia that contribute to AD risk
such as TREM2,CR1, SORL1,CD33 as well as PLCG2, whose
protein product phospholipase gamma 2 (PLCγ2) is a BTK
substrate (Watanabe et al. 2001; Bertram et al. 2008; Reitz
et al. 2011; Sims et al. 2017). Here we assess BTK levels in
two mouse models of AD and in two gene expression datasets
from post-mortem AD patient brain tissues.

Methods

Compounds and siRNA

CC-292 (Selleckchem) and ibrutinib (Medchem Express)
were used at indicated concentrations dissolved in 100%
dimethyl sulfoxide (DMSO; Sigma-Aldrich, D8418).
DMSO at 0.1% (v/v) was used as vehicle control in all
the in vitro experiments. LPS from Escherichia coli
(O55:B5) was obtained from Sigma-Aldrich and used at a
concentration of 1 μg/ml for in vitro experiments. The
siRNA pool for BTK knockdown was obtained from
Dharmacon and Silencer® negative control No. 1 siRNA
was obtained from ThermoFisher.

Cell Culture

The BV2 mouse microglia cell line (Banca Biologica e Cell
Factory, ICLC) was grown in complete medium: DMEM
GlutaMAX (ThermoFisher) supplemented with 10% foetal
bovine serum (FBS; ThermoFisher) and 1% penicillin/
streptomycin (P/S; ThermoFisher) at 37 °C in 5% CO2 in a
humidified incubator. For isolation of primary microglia, fore-
brains were first isolated from post-natal day 7–8 (P7–8) mice
(C57BL/6J; Charles River) and meninges carefully removed.
Brains were dissociated using the Papain Dissociation System
(Worthington) according to the manufacturer’s instructions.
Homogenates were filtered through a 40 μm cell strainer
(Falcon) and resuspended in complete medium. Single cell
suspensions were then transferred into T75 flasks and incu-
bated at 37 °C in 5% CO2 for 7 days. Microglia were isolated
from mixed glial cell cultures by shaking flasks for 1 h at
200 rpm at 37 °C, re-suspended in complete medium with
20 ng/ml carrier-free macrophage colony stimulating factor
(M-CSF; ThermoFisher) and grown for 7 days in 2-well cul-
ture insert 24-well (Ibidi) or 96-well (Greiner) plates. This
protocol typically generates microglia cultures with >95% pu-
rity as assessed by immunocytochemistry for Iba1 (microglia
marker) and GFAP (astrocyte marker; data not shown).
Human monocytes were obtained with informed consent from
healthy donors from the University of Nebraska Medical
Center and cultured for 7 days in the presence of
20 ng/ml M-CSF.



Synaptosome Purification

Brains were dissected from 3-month old Sprague-Dawley rats
(Charles River), placed in 10 volumes of ice cold HEPES-
buffered sucrose (0.32 M sucrose, 4 mM HEPES pH 7.4) and
homogenized using a Dounce homogenizer. Homogenate was
spun at 1000 x g at 4 °C for 10 mins to remove the pelleted
nuclear fraction (P1). The resulting supernatant was spun at
15,000 x g for 20 mins to yield a crude synaptosomal pellet
(P2) which was resuspended in 10 volumes of HEPES-buffered
sucrose. After centrifugation at 10,000 x g for an additional
15 mins, the washed crude synaptosomal fraction (P2’) was
layered onto 4 ml of 1.2 M sucrose and centrifuged at
230,000 x g for 15 mins. The interphase was collected, layered
onto 4 ml of 0.8 M sucrose and centrifuged at 230,000 x g
(SW40 Ti rotor, Beckman Optima L-90 K) for 15 mins to yield
the synaptosome pellet. Purified synaptosomes were conjugat-
ed with pH-sensitive rhodamine-based pHrodo® Red
succinimidyl ester (ThermoFisher, P36600) in 0.1 M sodium
carbonate (pH 9.0) by incubation for 2 h at room temperature
with gentle agitation. Unbound pHrodo®was removed bymul-
tiple rounds of washing and centrifugation with HBSS and
pHrodo®-conjugated synaptosomes were then resuspended in
HBSS with 5% DMSO and stored at −80 °C until use.

In Vitro Phagocytosis Assays

BV2 cells and primary microglia were plated at a density of
20,000 cells in 96-well (Greiner) plates. Cells were treated for
2 h or 24 h with 0.1- or 1 μM of CC-292 or ibrutinib (both in
DMSO) and then incubated for 1 h with pHrodo®-conjugated
zymosan bioparticles (12.5 μg/ml per well; ThermoFisher) or
pHrodo®-labeled purified synaptosomes (5μl). For siRNA treat-
ment, BV2 microglia were transfected with 25 nM of negative
control non-targeting (NT) or BTK siRNA using ViromerBlue
(Lipocalyx) for 24 h followed by incubation for 1 h with zymo-
san particles. After washing cells with PBS, cells were fixed in
4% paraformaldehyde (PFA) for 10 mins at room temperature.
Fixed cells were stained with either HCS CellMask Blue or
Alexa Fluor 488 Phalloidin with DAPI (ThermoFisher) to enable
accurate cell segmentation and zymosan particle counting.
Images were acquired using the Leica TCS SP5 II confocal mi-
croscope and INCell Analyzer 6000 system (GEHealthcare Life
Sciences)with cell segmentation and particle counting performed
using the INCell Developer Toolbox v1.9. Phagocytic indexwas
measured as outlined below:

Phagocytic Index ¼ No:of particles=cellð Þ x %of phagocytic cellsð Þ

For synaptosome uptake measurements in primary microg-
lia, co-localization of pHrodo®-red signal and CellMask Blue
was performed using a custom MATLAB application and re-
sults expressed using the Pearson coefficient.

Scratch Wound Migration Assay

Primary microglia were seeded at a density of 30,000 cells/
insert in 2-well culture insert 24-well plates (Ibidi). Cells were
incubated at 37 °C in 5% CO2 until reaching approximately
80% confluence. Culture-inserts were then carefully removed
followed by washing of the cell monolayer with fresh com-
plete medium and imaging of the scratch area using an EVOS
digital inverted light microscope. Primary microglia were
treated with 1 μM of CC-292 for 24 h and the scratch area
re-imaged. The extent of microglia cell migration into the
scratch area was quantified using ImageJ.

Enzyme-Linked Immunosorbent Assay

Supernatants from vehicle- or CC-292-treated primary mi-
croglia were measured for cytokine levels using the Meso
Scale Discovery (MSD) V-Plex assay kit following manufac-
turer’s instructions.

Western Blots

BV2 and mouse primary microglia were washed with ice-cold
PBS and lysed in RIPA buffer (Sigma-Aldrich) containing
protease and phosphatase inhibitors (Roche). Hemibrains
from 6-month old 5xFAD mice (Oakley et al. 2006) and lit-
termate controls were obtained from QPS (Austria) and lysed
in RIPA buffer with inhibitors using a cordless pestle motor.
Cortical brain tissue from 7-month old Thy1-hTau.P301S
mice (Allen et al. 2002) and littermate controls was obtained
from reMYND (Belgium) and lysed in RIPA buffer with in-
hibitors using a cordless pestle motor. Cell and tissue lysates
were centrifuged at 10,000 x g for 20 mins at 4 °C and super-
natants used for BCA measurements (Pierce BCA Protein
Assay Kit) of protein concentration. Equal amounts of protein
in Laemmli sample buffer (Biorad) were separated by gel
electrophoresis using 4–12% Bis-Tris polyacrylamide gels
(Invitrogen) and transferred to PVDF membranes
(MerckMillipore). Nonspecific binding was blocked by incu-
bating membranes for 1 h in TBS blocking buffer (Odyssey,
Licor) followed by overnight incubation at 4 °C with the fol-
lowing primary antibodies: rabbit anti-phospho-BTK (pBTK;
Abcam, ab68217), anti-BTK (CST, 8547S), anti-phospho-
PLCγ2 (pPLCγ2; CST, 3871S), anti-PLCγ2 (CST, 3872S),
anti-SV2A (Abcam, ab32942), anti-PSD-95 (Abcam,
ab18258), anti-MBP (Merck Millipore, MAB386) and
anti-β-actin (Licor). Blots were washed 3 times in 1X TBS
with 0.1% Tween-20 (TBS-T) followed by incubation for 1 h
with fluorescent secondary antibodies (Licor) at room temper-
ature. After 3 additional washes in TBS-T, blots were imaged
using the Odyssey CLx Imaging system (Licor). ImageJ was
used to quantitate protein levels using corresponding actin
levels as loading control.



Ex Vivo Phagocytosis Assay Using Acute Mouse Brain
Slices

C57BL/6J mice were anaesthetized with isoflurane, decapitat-
ed and brains carefully dissected. 300 μm-thick sagittal sec-
tions were cut using a vibratome (Leica VT 1200 S) in ice-
cold carbogen (95% CO2, 5% O2)-bubbled artificial cerebro-
spinal fluid solution (aCSF) consisting of 126 mM choline
chloride, 3 mM KCl, 2.4 mM CaCl2, 1.3 mM MgCl2,
26 mM NaHCO3, 1.24 mM NaH2PO4, and 10 mM glucose.
Slices were immediately placed for 1 h at 35 °C in incubation
chambers (Prechamber BSC-PC, Harvard Apparatus) filled
with carbogen-bubbled aCSF (with choline chloride replaced
by a stoichiometric amount of NaCl). Slices were then incu-
bated with 1 μM of CC-292 for 2 h at 37 °C followed by
incubation with pHrodo®-conjugated zymosan bioparticles
(500 μg/ml, 100 μl per slice; ThermoFisher) at 37 °C for an
additional hour. After washing slices with PBS, they were
fixed in 4% PFA for 1 h at room temperature before proceed-
ing to immunostaining. Fixed slices were incubated for 3 h
with blocking solution (normal goat serum 5%, 0.05% Triton-
X in PBS) and incubated for 48 h with anti-Iba1 (Synaptic
Systems, 234,004; 1:500 dilution). Slices were washed three
times for 15 mins in 1X PBS and incubated with secondary
antibody (anti-guinea pig IgG, Alexa488; ThermoFisher) for
3 h at room temperature. After washing in 1X PBS, slices were
counterstained with DAPI (ThermoFisher) and mounted.
Images were acquired using the Zeiss LSM880 confocal mi-
croscope and the number of particles engulfed by Iba1-
positive microglia counted.

Immunohistochemistry and Immunocytochemistry

Brain cryosections from 6-month old 5xFAD mice and litter-
mate controls were obtained from QPS (Austria). Briefly, iso-
lated brains were immersion-fixed in 4% PFA for 2 h at room
temperature followed by 15% sucrose in PBS overnight at
4 °C. Brains were embedded in OCT medium (Tissue-Tek)
and snap-frozen in ice-cooled liquid isopentane. Sagittal cryo-
sections were cut at 10 μm thickness on a Leica cryotome and
processed for immunohistology. Non-specific binding was
blocked with 10% normal donkey serum (ThermoFisher) in
0.3% Triton X-100/PBS for 1 h. Sections were incubated
overnight at 4 °C with the following primary antibodies:
anti-Iba1 (Synaptic Systems, 234,004; 1:500), anti-BTK
(CST, 8547S; 1:100), and anti-Aβ 4G8 (Biolegend,
800,702; 1:500). Sections were then washed three times for
15 mins in 1X PBS followed by incubation with fluorophore-
conjugated highly cross-absorbed secondary antibodies
(Abcam, Jackson ImmunoResearch) for 1 h at room tempera-
ture. After washing in 1X PBS, sections were counterstained
with DAPI. For immunocytochemistry, BV2 cells were fixed
in 4% PFA for 10 mins at room temperature, blocked using

3% bovine serum albumin (BSA) and incubated overnight
with anti-BTK (1:100). All images were obtained using the
Leica TCS SP5 II confocal microscope using LAS X imaging
software or the Zeiss LSM880 confocal microscope using
Zeiss ZEN 2.3 imaging software. BTK/Iba1 co-localization
was measured using the UCB custom application in
MATLAB as outlined above.

Microglia Morphology Analysis

Multiple images were captured from cortical, hippocampal
and striatal regions of ex vivo acute mouse brain slices using
the Zeiss Axioscan and processed using Zeiss ZEN 2.3 soft-
ware. These images were then used for microglia morphology
analysis using the ImageJ plugin NeurphologyJ Interactive
(Ho et al. 2011) to measure microglial soma number and pro-
cess number/length.

Statistical Analysis

Results are presented as means ± standard error of the mean
(s.e.m.). Statistics were calculated using GraphPad Prism 7.
Data were analyzed using two-tailed Student’s t test to com-
pare between two groups or one-way ANOVA with Tukey’s
post-hoc multiple comparison test to compare between several
groups.

Results

BTK Expression and Inhibition in Microglia In Vitro
and In Vivo

Previous RNA-sequencing analyses have indicated that BTK
transcript is highly expressed in microglia relative to other cell
types in both the mouse and human brain (Zhang et al. 2014,
2016). To assess BTK protein levels in microglia and potential
for inhibition of the microglial BTK pathway, we treated both
immortalized mouse microglia (BV2) and primary microglia
with increasing concentrations of CC-292, a highly selective
and potent inhibitor of BTK kinase activity (IC50 = 0.5 nM)
(Evans et al. 2013). Detection of BTK by immunoblot using
an anti-BTK antibody was confirmed in BV2 microglia and
CC-292 treatment potently inhibited BTK autophosphoryla-
tion on Tyr223 in these cells (Fig. 1a, b). Furthermore down-
stream phosphorylation of PLCγ2, a BTK substrate
(Watanabe et al. 2001), was lowered by CC-292 treatment
(Fig. 1a, b). Similarly in primary microglia stimulated with
LPS, CC-292 treatment inhibited BTK and reduced PLCγ2
activation (Fig. 1c, d). We then immunostained for BTK in
wild-type C57BL/6 brains and found a clear overlap of BTK
immunoreactivity with Iba1-positive cells (Fig. 1e).



BTK Inhibition or Knockdown Decreases Phagocytosis
in Rodent Microglia and Human Monocyte-Derived
Macrophages

Having detected BTK protein expression in microglia in vitro
and in vivo, we next sought to determine the functional role(s) of
BTK in microglia. Previous studies have indicated that BTK is
involved in the phagocytosis of various pathogen substrates by
macrophages (Byrne et al. 2013; Strijbis et al. 2013). To assess
the ability of microglia to phagocytose after BTK inhibition,
BV2 microglia were treated with CC-292 or a second BTK
inhibitor ibrutinib (Advani et al. 2013) followed by incubation
with pHrodo®-conjugated zymosan particles. Uptake of zymo-
san particles was significantly reduced following treatment of
BV2 cells with 1 μM of CC-292 or ibrutinib (Fig. 2a, b).
Similarly, in humanmonocyte-derivedmacrophages treated with
CC-292 or ibrutinib, zymosan phagocytosis was significantly
lower (Fig. 2c, d). To confirm that inhibition of BTK function
modulates phagocytosis and to exclude the possibility of non-
specific effects of BTK inhibitors, BV2 microglia were

transfected with BTK-targeting siRNA which led to potent
knockdown of BTK levels (Fig. 2e, f). BTK knockdown signif-
icantly decreased zymosan uptake in BV2 microglia when com-
pared to NT siRNA- or untransfected cells (Fig. 2g). To assess
whether BTK inhibition also impacts phagocytosis in primary
microglia, isolated microglia from brains of post-natal mouse
pups were treated with CC-292 (1 μM) followed by incubation
with pHrodo®-conjugated zymosan particles. Quantification of
zymosan uptake revealed a significant reduction in phagocytosis
by primary microglia following CC-292 treatment (Fig. 3a, b).
Thus, blockade of BTK function reduces phagocytosis in both
rodent microglia and human macrophages.

Inhibition of BTK Reduces Microglial Uptake
of Synaptic Structures with Minimal Impact
on Migration and Cytokine Release

Next, in order to understand BTK-associated phagocytosis in a
CNS-relevant context, we isolated synaptosomes from rat
brains by density gradient centrifugation. Western blot analyses

Fig. 1 BTK expression and inhibition in microglia in vitro and in vivo. a
Western blot of protein lysates from BV2 cells incubated with increasing
concentrations of CC-292 for 2 h. CC-292 treatment demonstrated potent
concentration-dependent silencing of BTK activity asmeasured by pBTK
levels and reduced PLCγ2 activation as measured by pPLCγ2 levels. b
Quantification of pBTK (normalized to total BTK) and pPLCγ2
(normalized to total PLCγ2) protein levels in BV2 cells incubated with
increasing concentrations of CC-292. Protein levels quantified from 3
independent experiments. c Western blot of protein lysates from
primary mouse microglia incubated with LPS and 0.1 or 1 μM of CC-

292 for 24 h. CC-292 treatment inhibited BTK and reduced PLCγ2
activation. d Quantification of pBTK (normalized to total BTK) and
pPLCγ2 (normalized to total PLCγ2) protein levels in primary mouse
microglia incubated with LPS and 0.1 or 1 μM of CC-292. Protein levels
quantified from 3 independent experiments. Data presented as mean ±
s.e.m., one-way ANOVAwith Tukey’s post-hocmultiple comparison test,
*p < 0.05, ***p < 0.001 versus LPS vehicle control. e Representative
confocal microscopy images of BTK immunoreactivity in Iba1-positive
microglia in brains of wild-type mice. Scale bar = 25 μm



verified the purity of synaptosome preparations showing en-
richment of presynaptic (SV2A) and postsynaptic (PSD-95)
markers with minimal myelin (MBP) content (Fig. 3c).
Synaptosomes were then labeled with pHrodo® and applied
to primary microglia cultures treated with CC-292 (1 μM).
Co-localization analysis indicated a significant decrease in
phagocytic uptake of synaptic particles in CC-292-treated cells
(Fig. 3d, e). Since BTK and PLCγ2 are known to regulate B
cell migration (de Gorter et al. 2007), we next sought to mea-
sure BTK involvement in microglia cell migration using a
scratch invasion assay. We found that CC-292 treatment of
primary microglia did not impact cell invasion of the scratch
over a 24 h period (Fig. 3f, g). BTK has also been identified as a
direct regulator of NLRP3 inflammasome activation and IL-1β
release in murine macrophages and human PBMCs (Ito et al.
2015; Liu et al. 2017). Using ELISAwe measured levels of IL-
1β and other proinflammatory cytokines, IL-6 and TNF-α, in

supernatants of LPS-stimulated microglia treated with CC-292.
While IL-1β levels were dose-dependently lower with CC-292
treatment compared to LPS-stimulated vehicle, this result was
not significant (Fig. 3h). IL-6 levels were unchanged between
vehicle and CC-292 treatment in LPS-stimulated microglia
while a small but significant decrease in TNF-α was observed
with 1 μM of CC-292 (Fig. 3h). Since LPS stimulation did not
significantly affect pBTK and pPLCγ2 levels (Fig. 1c, d), these
results suggest that BTK does not play a major role in LPS-
mediated cytokine release in microglia.

BTK Inhibition Decreases Microglial Phagocytosis
and Alters Microglial Morphology Ex Vivo

Cellular assays of BTK function in microglia highlighted a
predominant role for BTK in phagocytosis. To exclude the
possibility that these effects were due to in vitro conditions,

Fig. 2 BTK inhibition or BTK knockdown decreases phagocytosis in
BV2 microglia and human monocyte-derived macrophages. a
Representative confocal microscopy images of BV2 cells incubated
with 1 μM of CC-292 or ibrutinib for 2 h followed by incubation with
pHrodo® zymosan particles for 1 h. Scale bar = 25 μm. b Uptake of
zymosan particles was significantly reduced following treatment of
BV2 cells with 1 μM of CC-292 or ibrutinib. c Representative confocal
microscopy images of human monocyte-derived macrophages incubated
with 1 μM of CC-292 or ibrutinib for 24 h followed by incubation with
pHrodo® zymosan particles for 1 h. Scale bar = 25 μm. d Uptake of
zymosan particles was significantly reduced following treatment of

human monocyte-derived macrophages with CC-292 or ibrutinib. e
Transfection of BV2 microglia with BTK siRNA potently
downregulates BTK protein levels compared to non-targeting (NT)
siRNA-transfected or untransfected cells as measured by Western blot. f
Immunocytochemistry of BTK in BV2 cells transfected with NTor BTK
siRNA. Scale bar = 25 μm. g BTK knockdown in BV2 microglia using
BTK siRNA decreases phagocytosis of zymosan particles. Data
presented as mean ± s.e.m., 4 biological replicates for each condition,
n = 300–350 analyzed cells per condition, one-way ANOVA with
Tukey’s post-hoc multiple comparison test, *p < 0.05, **p < 0.01 versus
vehicle control



we next sought to investigate whether BTK also regulates
microglial phagocytosis in the brain ex vivo. To examine this
we adopted an acute brain slice method in order to explore
microglial activation, phagocytosis and morphology in a more
complex system that retains the brain cytoarchitecture (Fig. 4a).
In line with our in vitro findings, we found that phagocytic
activity in CC-292-treated acute rat brain slices was lower com-
pared to vehicle treatment as measured by the number of zy-
mosan particles per Iba1-positive cell (Fig. 4b, c). Differences
in microglia morphology were also apparent in CC-292-treated
brain slices (Fig. 4d). Resting microglia are generally

characterized by a ramified cell morphology with long
branching processes whereas phagocytic microglia hold an
amoeboid shape (Boche et al. 2013). We quantified the number
of microglia soma, process number and process length using
NeurphologyJ software and found a significantly increased
number of microglial processes and increased process length
in CC-292-treated brain slices whereas microglial number was
unaltered (Fig. 4e). This increase in microglial process number
and length following CC-292 treatment potentially reflects the
reduced rates of phagocytosis (and hence fewer amoeboid mor-
phologies) measured after BTK inhibition.

Fig. 3 Inhibition of BTK reduces microglial uptake of synaptic structures
with minimal impact on migration and cytokine release. a Representative
confocal microscopy images of primary microglia incubated with 1 μM
of CC-292 for 24 h followed by incubation with pHrodo® zymosan
particles for 1 h. Cells were stained with phalloidin and CellMask to
allow for cell segmentation. Scale bar = 25 μm. b Phagocytosis of
zymosan particles was significantly reduced following CC-292
treatment as measured by the phagocytic index. c Western blot of rat
brain synaptosome preparations showing enrichment of SV2A
(presynaptic marker) and PSD-95 (postsynaptic marker) with low MBP
(myelin) signal in the synaptosome (Syn) fraction. d Representative
confocal microscopy images of primary microglia incubated with 1 μM
of CC-292 for 24 h followed by incubation with pHrodo®-conjugated
purified synaptosomes for 1 h. Cells were stained with CellMask to allow
for cell segmentation. Scale bar = 75 μm. e Synaptosome uptake was
significantly reduced following CC-292 treatment as measured by co-

localization with CellMask Blue. f Representative light microscopy
images from scratch migration assay of primary microglia incubated
with 1 μM of CC-292 for 24 h. Scale bar = 200 μm. g Ability of
microglia to migrate into scratch was not significantly different between
vehicle and CC-292 treatment. h Cytokine release from LPS-stimulated
primary microglia incubated with 0.1 or 1 μM of CC-292 for 24 h. IL-6
levels were unchanged between vehicle and CC-292 treatment in LPS-
stimulated cells. A small but significant decrease in TNF-αwas observed
with 1μMofCC-292. Non-significant decreases in IL-1βwere measured
with CC-292 treatment. Data presented as mean ± s.e.m., 4 biological
replicates for each condition, n = 300–350 analyzed cells per condition
for phagocytosis assays, unpaired t-test (phagocytosis and migration
assays), one-way ANOVA with Tukey’s post-hoc multiple comparison
test (cytokine release), *p < 0.05, **p < 0.01, ***p < 0.001 versus
vehicle control (for cytokine analysis, versus LPS vehicle control)



Elevated BTK Levels in Brains of 5xFAD Mice and AD
Patients

Having uncovered a role for BTK in activating microglial
PLCγ2, an AD-associated risk factor (Sims et al. 2017), and in
regulating microglial phagocytosis including the uptake of syn-
aptic structures, we next wished to investigate whether BTK is
involved in the pathophysiology of AD, a neurodegenerative
disease in which microglia have been proposed to mediate syn-
aptic loss (Hong and Stevens 2016). Using the 5xFAD transgenic
model of severe amyloid pathology (Oakley et al. 2006), we
examined the expression of BTK in brain tissues from 6-month
old 5xFAD mice, an age at which synaptic loss and microglial
activation is apparent (Oakley et al. 2006). Western blot analysis
revealed that BTK levels were significantly elevated in the
5xFAD brains compared to littermate controls (Fig. 5a, b).
Next, we analyzed BTK levels in the Thy1-hTau.P301S
tauopathy mouse model (Allen et al. 2002). In 7-month old
P301S transgenic mice, an age in which there is cortical neuro-
degeneration and extensive neuroinflammation (Bellucci et al.
2004; Hampton et al. 2010), BTK was upregulated though this

result was not statistically significant (Fig. 5c, d). Localization of
the BTK signal by immunohistochemistry confirmed increased
BTK immunoreactivity in Iba1-positive microglia in 5xFAD
brain sections compared to littermate controls (Fig. 5e, f).
Finally we used the recently created Brain Myeloid Landscape
platform (Friedman et al. 2018) to assess BTK transcript levels in
two separate gene expression datasets from AD patient bulk
brain tissues: GSE15222 in temporal cortex measured by micro-
array (Webster et al. 2009) and GSE95587 in fusiform gyrus
measured by RNA-sequencing (Friedman et al. 2018) (Fig.
5g). In both datasets, BTK levels were elevated in AD patient
brains relative to age-matched controls with a significant eleva-
tion in dataset GSE152222.

Discussion

In recent years the role of innate immunity in AD pathogene-
sis has received considerable attention based on diverse evi-
dence from human genetic studies (Huang et al. 2017; Sims
et al. 2017), microglia RNA-seq transcriptional profiling

Fig. 4 BTK inhibition decreases microglial phagocytosis and alters
microglial morphology ex vivo. a Schematic diagram of the ex vivo
microglial phagocytosis assay using acute rat brain slices. b
Representative confocal images of acute rat brain slices incubated with
1 μM of CC-292 for 2 h followed by incubation with pHrodo® zymosan
particles for 1 h. Uptake of zymosan particles bymicroglia was visualized
by Iba1 immunostaining. Scale bar = 25 μm. c Number of zymosan
particles phagocytosed per microglia was significantly reduced

following CC-292 treatment. d Representative Axioscan images of
Iba1-positive microglia in acute rat brain slices incubated with CC-292.
Scale bar = 50 μm. e Measurements of microglia number and
morphology showed significantly increased number of microglial
processes and increased process length in CC-292-treated brain slices.
Data presented as mean ± s.e.m., n = 5–6 slices per condition, unpaired
t-test, *p < 0.05, **p < 0.01 versus vehicle control



Fig. 5 Elevated BTK levels in brains of 5xFAD mice and AD patients. a
Western blot of protein lysates isolated from brains of 5xFAD mice and
littermate controls. b Quantification and normalization of BTK levels to
actin loading control shows significantly increased BTK in 5xFAD
brains. Data presented as mean ± s.e.m., n = 4 animals per group,
unpaired t-test, ***p < 0.001 versus littermate control. c Western blot of
protein lysates isolated from cortical brain tissue of P301S mice and
littermate controls. d Quantification and normalization of BTK levels to
actin loading control shows a non-significant increase in BTK levels in
P301S brains. Data presented as mean ± s.e.m., n = 4–5 animals per
group, unpaired t-test. e Representative confocal microscopy images of

BTK immunoreactivity in Iba1-positive microglia in control brains and in
indicated regions of 5xFAD mouse brains showing Aβ (4G8)
immunoreactivity. Scale bar = 20 μm. f BTK/Iba1 co-localization
analysis showed increased microglial BTK levels in multiple brain
regions of 5xFAD mice compared to littermate controls. Data presented
as mean ± s.e.m., n = 4 animals per group. g BTK transcript levels in two
previously published gene expression datasets from AD patient brain
bulk tissues (GSE15222: temporal cortex, GSE95587: fusiform gyrus).
BTK levels were modestly elevated in AD patients in both datasets with a
significant increase of BTK in dataset GSE15222. Data presented as
mean ± s.d., unpaired t-test, *p < 0.05



(Keren-Shaul et al. 2017; Yin et al. 2017) and studies depleting
microglia in AD mouse models (Olmos-Alonso et al. 2016;
Spangenberg et al. 2016). These combined findings have re-
vealed a complex temporal and functional involvement of mi-
croglia in AD risk and progression: while neuroprotective roles
of microglia in limiting Aβ build-up may act in presymptom-
atic AD (Wang et al. 2015; Zhao et al. 2018), once inmotion the
disease course may be accelerated by microglial-mediated
spreading of tau pathology and synapse loss (Asai et al. 2015;
Hong et al. 2016; Hansen et al. 2018). Phagocytosis is a central
microglial function across these different disease stages and
therefore identifying microglia/infiltrating myeloid drug targets
that impact phagocytic uptake holds great potential in AD treat-
ment. In our current study we have found that inhibition of
BTK modulates microglial phagocytosis in vitro and ex vivo
with downstream effects on microglial morphology.
Furthermore BTK is upregulated in the 5xFAD mouse model
and in post-mortem AD patient brains. BTK elevation in the
5xFAD mouse model and human AD brains may therefore
represent a neuroinflammatory response to extracellular Aβ
accumulation, synaptic loss or multiple pathologies.
Interestingly, a recent whole exome sequencing study of AD
patients has identified a protective genetic variant in a down-
stream substrate of BTK, PLCG2 (P522R) (Watanabe et al.
2001; Sims et al. 2017). Whether this variant represents a
gain- or loss-of-function mechanism is currently under investi-
gation. Some preliminary work indicates that the functional
impact of the P522R variant may block the active site of
PLCγ2 (Menzies et al. 2017), however another report points
to a small hypermorphic effect of this variant on enzymatic
activity with no obvious impact on PLCγ2 expression relative
to the wild-type allele (Magno et al. 2018). Understanding the
impact of PLCG2 coding variants will shed further light on the
potential of targeting BTK pathways in AD.

Here we have found that BTK regulates the phagocytic up-
take of zymosan particles by rodent microglia and human
monocyte-derived macrophages in vitro and in ex vivo acute
brain slices. TLR2 and Dectin-1, both upregulated in human
AD tissues (Webster et al. 2009; Friedman et al. 2018) and AD
mouse models (Wes et al. 2014; Holtman et al. 2015), have
been recognized as pattern recognition receptors for zymosan
and separate reports have implicated BTK as an essential down-
stream component of both TLR2 and Dectin-1 signaling path-
ways in macrophages (Horwood et al. 2006; Strijbis et al.
2013). Along other phagocytic pathways, BTK mediates clear-
ance of Aspergillus infection as part of a TLR9-calcineurin-
NFATaxis (Herbst et al. 2015)while data exists both supporting
(Amoras et al. 2003; Jongstra-Bilen et al. 2008; Mirsafian et al.
2017) and opposing (Ren et al. 2016; Cavaliere et al. 2017) a
role for BTK in FcγR-mediated phagocytosis in monocytes
and macrophages. In our present study inhibition of microglial
BTK also reduced synaptosome uptake, however the precise
synaptic components and signaling pathways that allow

microglia to recognize and engulf specific synapses are not well
understood (Hong and Stevens 2016). Significant work in re-
cent years has highlighted that tagging of synapses with C1q or
C3 promotes their removal by microglia via a CR3-dependent
mechanism (Hong et al. 2016; Shi et al. 2017). While we did
not coat synaptosome fractions with C1q or C3 in this study, a
recent report has shown that C1q is present in synaptosomes
prepared from wild-type mouse brains using a similar sucrose
density centrifugation method (Gyorffy et al. 2018).
Intriguingly, Byrne and colleagues (Byrne et al. 2013) also
found that CD91-mediated uptake of C1q-opsonised apoptotic
cells depends on BTK phosphorylation of calreticulin. In BTK-
deficient macrophages, calreticulin fails to localize with
CD91 at the phagocytic cup and uptake of C1q-opsonised ap-
optotic cells is impaired (Byrne et al. 2013). Upstream of BTK,
Fc receptors are known to interact with complement factors
such as C5a (Schmidt and Gessner 2005; Karsten and Kohl
2012) and reduced Fc-, CR1- and CR3-mediated phagocytosis
has also been reported inmonocytes derived fromXLApatients
(Amoras et al. 2003). Since complement receptor expression is
normal or even elevated in monocytes from XLA patients
(Amoras et al. 2007), this indicates that impaired phagocytosis
in XLA patients may be due to altered cytoplasmic transduction
mechanisms, though whether BTK is directly responsible is
currently unknown. Nevertheless the potential involvement of
BTK in complement-mediated synaptic loss is intriguing and
warrants further attention. Excessive microglial cytokine pro-
duction is another innate immune phenotype that may exacer-
bate AD pathology (Heneka et al. 2013; Maphis et al. 2015).
Previous preclinical work in ischaemic stroke has found that the
BTK inhibitor ibrutinib inhibits IL-1β maturation and NLRP3
inflammasome activation in infiltrating macrophages and neu-
trophils in the infarct area of theMCAOmodel (Ito et al. 2015).
Furthermore in bone marrow-derived macrophages it has been
shown that BTK is involved in LPS-mediated cytokine release
(Schmidt et al. 2006; Ni Gabhann et al. 2014). Here we found
that inhibition of BTK had amodest impact on the release of IL-
1β fromLPS-stimulatedmicroglia. Similar to previous findings
in LPS-stimulated PBMCs and macrophages from XLA pa-
tients (Horwood et al. 2003, 2006), we find that BTKmay play
a role in TLR4-induced TNF-α but not IL-6 production.
However in this current study, since LPS stimulation did not
significantly affect microglial pBTK and pPLCγ2 levels and
BTK inhibition only modestly reduced TNF-α levels, these
results indicate BTK may not play a major role in LPS-
mediated cytokine release in microglia.

One caveat to the approach of targeting BTK in AD is the
potentially protective role of B cells and adaptive immunity in
modulating microglial response and limiting Aβ pathology
(Marsh et al. 2016). As a result, CNS indications such as brain
disease in systemic lupus erythematosus (SLE) or multiple
sclerosis where both macrophage and B cell biologies are
implicated in disease pathogenesis may be alternative options



for BTK inhibition. In MRL/lpr mice that exhibit systemic
autoimmune disease similar to human SLE, treatment with a
BTK inhibitor ameliorated cognitive function and reduced
accumulation of T cells, B cells and macrophages in the
CNS (Chalmers et al. 2018). To date, peripheral chronic in-
flammatory diseases and blood cancers have been the primary
clinical applications of BTK inhibitors currently approved or
in development (Campbell et al. 2018). There are however
studies in patients with primary CNS lymphoma (Lionakis
et al. 2017), MCL (Bernard et al. 2015) and CCL (Wanquet
et al. 2016) with CNS metastases, and Bing Neel syndrome
(Mason et al. 2017) which indicate that ibrutinib may show
BBB penetration and clinical efficacy in the CNS. The
most-advanced BTK inhibitors in the clinic including
ibrutinib are covalent and irreversible binders at a cysteine
residue (Cys-481) in the ATP-binding pocket of BTK
(Crawford et al. 2018). Since 10 other human kinases con-
tain the same cysteine residue in their active site, off-target
inhibition with covalent BTK inhibitors could present an
issue in t reat ing chronic neurodegenera t ive and
neuroinflammatory disorders that require good safety pro-
files (Crawford et al. 2018). As such targeting BTK with
potent, specific, reversible and brain-penetrant small mole-
cules may allow for pharmacological inhibition of detri-
mental microglial functions in CNS disease.

In conclusionwe have identified a role for BTK in regulating
microglial phagocytosis. More research is needed to better de-
fine the contribution of BTK and other microglial targets to the
phagocytosis of specific substrates in vivo particularly in AD
mouse models that display synapse loss. Collectively, our study
suggests that the development of brain penetrant small mole-
cule BTK inhibitors may offer a therapeutic option in treating
AD and other neurodegenerative and neuroinflammatory dis-
eases associated with microglial activation and synaptic loss.

Acknowledgments We thank Gregory Szczesny and Sasker Grootjans
(UCB) for development of the co-localization script. We also wish to
thank Myhanh Che (UNMC) for the provision of human monocytes.

Funding This was work was funded by UCB Biopharma SPRL,
Belgium.

Compliance with Ethical Standards

Conflict of Interest All authors are employees of UCB Biopharma
SPRL, Belgium.

Ethics Approval All animal use and care at UCB Biopharma SPRL and
Remynd (Belgium) was in accordance with guidelines from the Belgian
Ministry of Agriculture and was approved by the Ethics Committee of
UCBBiopharma SPRL andRemynd. All procedures at QPSAustria were
performed according to the Austrian government guidelines for the care
and use of laboratory animals based on the relevant EU regulations. All
experiments using human monocytes were approved by the University of
Nebraska Medical Center IRB and all donors signed a written informed
consent.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

Advani RH, Buggy JJ, Sharman JP, Smith SM, Boyd TE, Grant B,
Kolibaba KS, Furman RR, Rodriguez S, Chang BY, Sukbuntherng
J, Izumi R, HamdyA,Hedrick E, Fowler NH (2013) Bruton tyrosine
kinase inhibitor ibrutinib (PCI-32765) has significant activity in pa-
tients with relapsed/refractory B-cell malignancies. J Clin Oncol 31:
88–94

Allen B, Ingram E, Takao M, Smith MJ, Jakes R, Virdee K, Yoshida H,
Holzer M, Craxton M, Emson PC, Atzori C, Migheli A, Crowther
RA, Ghetti B, Spillantini MG, Goedert M (2002) Abundant tau
filaments and nonapoptotic neurodegeneration in transgenic mice
expressing human P301S tau protein. J Neurosci 22:9340–9351

Amoras AL, Kanegane H, Miyawaki T, Vilela MM (2003) Defective fc-,
CR1- and CR3-mediated monocyte phagocytosis and chemotaxis in
common variable immunodeficiency and X-linked agammaglobu-
linemia patients. J Investig Allergol Clin Immunol 13:181–188

Amoras AL, da Silva MT, Zollner RL, Kanegane H, Miyawaki T, Vilela
MM (2007) Expression of fc gamma and complement receptors in
monocytes of X-linked agammaglobulinaemia and common vari-
able immunodeficiency patients. Clin Exp Immunol 150:422–428

Asai H, Ikezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, Wolozin B,
Butovsky O, Kugler S, Ikezu T (2015) Depletion of microglia and
inhibition of exosome synthesis halt tau propagation. Nat Neurosci
18:1584–1593

Bellucci A,WestwoodAJ, IngramE, Casamenti F, Goedert M, Spillantini
MG (2004) Induction of inflammatory mediators and microglial
activation in mice transgenic for mutant human P301S tau protein.
Am J Pathol 165:1643–1652

Bernard S, Goldwirt L, Amorim S, Brice P, Briere J, de Kerviler E,
Mourah S, Sauvageon H, Thieblemont C (2015) Activity of
ibrutinib in mantle cell lymphoma patients with central nervous
system relapse. Blood 126:1695–1698

Bertram L, Lange C, Mullin K, Parkinson M, Hsiao M, Hogan MF,
Schjeide BMM, Hooli B, DiVito J, Ionita I, Jiang H, Laird N,
Moscarillo T, Ohlsen KL, Elliott K, Wang X, Hu-Lince D, Ryder
M,Murphy A,Wagner SL, Blacker D, Becker KD, Tanzi RE (2008)
Genome-wide association analysis reveals putative Alzheimer's dis-
ease susceptibility loci in addition to APOE. Am J Hum Genet 83:
623–632

Boche D, Perry VH, Nicoll JA (2013) Review: Activation patterns of
microglia and their identification in the human brain. Neuropathol
Appl Neurobiol 39:3–18

Byrne JC, Ni Gabhann J, Stacey KB, Coffey BM, McCarthy E, Thomas
W, Jefferies CA (2013) Bruton's tyrosine kinase is required for ap-
optotic cell uptake via regulating the phosphorylation and localiza-
tion of calreticulin. Journal of Immunology (Baltimore, md : 1950)
190:5207-5215

Campbell R, Chong G, Hawkes EA (2018) Novel indications for Bruton's
tyrosine kinase inhibitors, beyond hematological malignancies. J
Clin Med 7



Cavaliere FM, Prezzo A, Bilotta C, Iacobini M, Quinti I (2017) The lack
of BTK does not impair monocytes and polymorphonuclear cells
functions in X-linked agammaglobulinemia under treatment with
intravenous immunoglobulin replacement. PLoS One 12:e0175961

Chalmers SA, Wen J, Doerner J, Stock A, Cuda CM, Makinde HM,
Perlman H, Bosanac T, Webb D, Nabozny G, Fine JS, Klein E,
Ramanujam M, Putterman C (2018) Highly selective inhibition of
Bruton's tyrosine kinase attenuates skin and brain disease in murine
lupus. Arthritis Res Ther 20:10

Crawford JJ, Johnson AR, Misner DL, Belmont LD, Castanedo G,
Choy R, Coraggio M, Dong L, Eigenbrot C, Erickson R,
Ghilardi N, Hau J, Katewa A, Kohli PB, Lee W, Lubach
JW, McKenzie BS, Ortwine DF, Schutt L, Tay S, Wei BQ,
Reif K, Liu L, Wong H, Young WB (2018) Discovery of
GDC-0853: a potent, selective, and noncovalent Bruton's ty-
rosine kinase inhibitor in early clinical development. J Med
Chem 61:2227–2245

de Gorter DJ, Beuling EA, Kersseboom R, Middendorp S, van Gils JM,
Hendriks RW, Pals ST, Spaargaren M (2007) Bruton's tyrosine ki-
nase and phospholipase Cgamma2mediate chemokine-controlled B
cell migration and homing. Immunity 26:93–104

Evans EK, Tester R, Aslanian S, Karp R, Sheets M, Labenski MT,
Witowski SR, Lounsbury H, Chaturvedi P, Mazdiyasni H, Zhu Z,
Nacht M, Freed MI, Petter RC, Dubrovskiy A, Singh J, Westlin WF
(2013) Inhibition of Btk with CC-292 provides early pharmacody-
namic assessment of activity in mice and humans. J Pharmacol Exp
Ther 346:219–228

Farrar JE, Rohrer J, Conley ME (1996) Neutropenia in X-linked agam-
maglobulinemia. Clin Immunol Immunopathol 81:271–276

Friedman BA, Srinivasan K, Ayalon G, Meilandt WJ, Lin H, Huntley
MA, Cao Y, Lee SH, Haddick PCG, Ngu H, Modrusan Z, Larson
JL, Kaminker JS, van der Brug MP, Hansen DV (2018) Diverse
brain myeloid expression profiles reveal distinct microglial activa-
tion states and aspects of Alzheimer's disease not evident in mouse
models. Cell Rep 22:832–847

Ginhoux F, Greter M, LeboeufM, Nandi S, See P, Gokhan S,Mehler MF,
Conway SJ, Ng LG, Stanley ER, Samokhvalov IM, Merad M
(2010) Fate mapping analysis reveals that adult microglia derive
from primitive macrophages, vol 330. Science, New York, pp
841–845

Gyorffy BA, Kun J, Torok G, Bulyaki E, Borhegyi Z, Gulyassy P, Kis V,
Szocsics P, Micsonai A, Matko J, Drahos L, Juhasz G, Kekesi KA,
Kardos J (2018) Local apoptotic-like mechanisms underlie
complement-mediated synaptic pruning. Proc Natl Acad Sci U S
A 115:6303–6308

Hampton DW, Webber DJ, Bilican B, Goedert M, Spillantini MG,
Chandran S (2010) Cell-mediated neuroprotection in a mousemodel
of human tauopathy. J Neurosci 30:9973–9983

Hansen DV, Hanson JE, Sheng M (2018) Microglia in Alzheimer's dis-
ease. J Cell Biol 217:459–472

Hendriks RW, Yuvaraj S, Kil LP (2014) Targeting Bruton's tyrosine ki-
nase in B cell malignancies. Nat Rev Cancer 14:219–232

Heneka MT, Kummer MP, Stutz A, Delekate A, Schwartz S, Vieira-
Saecker A, Griep A, Axt D, Remus A, Tzeng TC, Gelpi E, Halle
A, Korte M, Latz E, Golenbock DT (2013) NLRP3 is activated in
Alzheimer's disease and contributes to pathology in APP/PS1 mice.
Nature 493:674–678

Herbst S, Shah A, Mazon Moya M, Marzola V, Jensen B, Reed
A, Birrell MA, Saijo S, Mostowy S, Shaunak S, Armstrong-
James D (2015) Phagocytosis-dependent activation of a
TLR9-BTK-calcineurin-NFAT pathway co-ordinates innate
immunity to Aspergillus fumigatus. EMBO Mol Med 7:
240–258

Ho SY, Chao CY, Huang HL, Chiu TW, Charoenkwan P, HwangE (2011)
NeurphologyJ: an automatic neuronal morphology quantification

method and its application in pharmacological discovery. BMC
Bioinformatics 12:230

Holtman IR, Raj DD, Miller JA, Schaafsma W, Yin Z, Brouwer N, Wes
PD, Moller T, Orre M, Kamphuis W, Hol EM, Boddeke EW, Eggen
BJ (2015) Induction of a common microglia gene expression signa-
ture by aging and neurodegenerative conditions: a co-expression
meta-analysis. Acta Neuropathol Commun 3:31

Hong S, Stevens B (2016) Microglia: phagocytosing to clear, sculpt, and
eliminate. Dev Cell 38:126–128

Hong S, Beja-Glasser VF, Nfonoyim BM, Frouin A, Li S, Ramakrishnan
S, Merry KM, Shi Q, Rosenthal A, Barres BA, Lemere CA, Selkoe
DJ, Stevens B (2016) Complement and microglia mediate early
synapse loss in Alzheimer mouse models, vol 352. Science, New
York, pp 712–716

Horwood NJ, Mahon T, McDaid JP, Campbell J, Mano H, Brennan FM,
Webster D, Foxwell BM (2003) Bruton's tyrosine kinase is required
for lipopolysaccharide-induced tumor necrosis factor alpha produc-
tion. J Exp Med 197:1603–1611

Horwood NJ, Page TH, McDaid JP, Palmer CD, Campbell J, Mahon T,
Brennan FM, Webster D, Foxwell BM (2006) Bruton's tyrosine
kinase is required for TLR2 and TLR4-induced TNF, but not IL-6,
production. Journal of immunology (Baltimore, md : 1950) 176:
3635-3641

Huang KL, Marcora E, Pimenova AA, di Narzo AF, Kapoor M, Jin SC,
Harari O, Bertelsen S, Fairfax BP, Czajkowski J, Chouraki V,
Grenier-Boley B, Bellenguez C, Deming Y, McKenzie A, Raj T,
Renton AE, Budde J, Smith A, Fitzpatrick A, Bis JC, DeStefano
A, Adams HHH, IkramMA, van der Lee S, del-Aguila J, Fernandez
MV, Ibañez L, International Genomics of Alzheimer's Project,
Alzheimer's Disease Neuroimaging Initiative, Sims R, Escott-Price
V, Mayeux R, Haines JL, Farrer LA, Pericak-Vance MA, Lambert
JC, van Duijn C, Launer L, Seshadri S, Williams J, Amouyel P,
Schellenberg GD, Zhang B, Borecki I, Kauwe JSK, Cruchaga C,
Hao K, Goate AM (2017) A common haplotype lowers PU.1 ex-
pression in myeloid cells and delays onset of Alzheimer's disease.
Nat Neurosci 20:1052–1061

ItoM, Shichita T, OkadaM,Komine R, Noguchi Y, Yoshimura A,Morita
R (2015) Bruton's tyrosine kinase is essential for NLRP3
inflammasome activation and contributes to ischaemic brain injury.
Nat Commun 6:7360

Jongstra-Bilen J, Puig CanoA, HasijaM,XiaoH, Smith CI, CybulskyMI
(2008) Dual functions of Bruton's tyrosine kinase and Tec kinase
during Fcgamma receptor-induced signaling and phagocytosis.
Journal of Immunology (Baltimore, md : 1950) 181:288-298

Jumaa H, Hendriks RW, Reth M (2005) B cell signaling and tumorigen-
esis. Annu Rev Immunol 23:415–445

Karsten CM, Kohl J (2012) The immunoglobulin, IgG fc receptor and
complement triangle in autoimmune diseases. Immunobiology 217:
1067–1079

Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-
Szternfeld R, Ulland TK, David E, Baruch K, Lara-Astaiso D,
Toth B, Itzkovitz S, Colonna M, Schwartz M, Amit I (2017) A
unique microglia type associated with restricting development of
Alzheimer's disease. Cell 169:1276–1290.e1217

Kozlowski C, Evans DI (1991) Neutropenia associated with X-linked
agammaglobulinaemia. J Clin Pathol 44:388–390

Lionakis MS et al (2017) Inhibition of B cell receptor signaling by
Ibrutinib in primary CNS Lymphoma. Cancer Cell 31:833–
843.e835

Liu X et al (2017) Human NACHT, LRR, and PYD domain-containing
protein 3 (NLRP3) inflammasome activity is regulated by and po-
tentially targetable through Bruton tyrosine kinase. J Allergy Clin
Immunol 140:1054–1067.e1010

Lui H, Zhang J,Makinson SR, CahillMK, Kelley KW, HuangHY, Shang
Y, Oldham MC, Martens LH, Gao F, Coppola G, Sloan SA, Hsieh
CL, Kim CC, Bigio EH, Weintraub S, Mesulam MM, Rademakers



R, Mackenzie IR, Seeley WW, Karydas A, Miller BL, Borroni B,
Ghidoni R, Farese RV Jr, Paz JT, Barres BA, Huang EJ (2016)
Progranulin deficiency promotes circuit-specific synaptic pruning
by microglia via complement activation. Cell 165:921–935

Magno L, Lessard CB, Martins M, Cruz P, Katan M, Bilsland J,
Chakrabaty P, Golde TE, Whiting P (2018) Alzheimer's disease
phospholipase C-gamma-2 (PLCG2) protective variant is a func-
tional hypermorph. bioRxiv:409706

Maphis N, Xu G, Kokiko-Cochran ON, Jiang S, Cardona A,
Ransohoff RM, Lamb BT, Bhaskar K (2015) Reactive mi-
croglia drive tau pathology and contribute to the spreading
of pathological tau in the brain. Brain 138:1738–1755

Marsh SE, Abud EM, Lakatos A, Karimzadeh A, Yeung ST, Davtyan H,
Fote GM, Lau L, Weinger JG, Lane TE, Inlay MA, Poon WW,
Blurton-Jones M (2016) The adaptive immune system restrains
Alzheimer's disease pathogenesis by modulating microglial func-
tion. Proc Natl Acad Sci U S A 113:E1316–E1325

Mason C, Savona S, Rini JN, Castillo JJ, Xu L, Hunter ZR, Treon SP,
Allen SL (2017) Ibrutinib penetrates the blood brain barrier and
shows efficacy in the therapy of Bing Neel syndrome. Br J
Haematol 179:339–341

Melcher M, Unger B, Schmidt U, Rajantie IA, Alitalo K, Ellmeier W
(2008) Essential roles for the Tec family kinases Tec and Btk in M-
CSF receptor signaling pathways that regulate macrophage survival.
Journal of Immunology (Baltimore, md : 1950) 180:8048-8056

Menzies GE, Sims R, Williams J (2017) MOLECULAR
DYNAMIC MODELLING OF A NOVEL PLCG2
VARIANT REVEALS KEY PROTEIN STRUCTURAL
DIFFERENCES. Alzheimers Dement 13:P1489–P1490

Mirsafian H, Ripen AM, Leong WM, Chear CT, Bin Mohamad S,
Merican AF (2017) Transcriptome profiling of monocytes from
XLA patients revealed the innate immune function dysregulation
due to the BTK gene expression deficiency. Sci Rep 7:6836

Mukhopadhyay S, Mohanty M, Mangla A, George A, Bal V, Rath
S, Ravindran B (2002) Macrophage effector functions con-
trolled by Bruton's tyrosine kinase are more crucial than the
cytokine balance of T cell responses for microfilarial clear-
ance. Journal of Immunology (Baltimore, md : 1950) 168:
2914-2921

Ni Gabhann J, Spence S, Wynne C, Smith S, Byrne JC, Coffey B, Stacey
K, Kissenpfennig A, Johnston J, Jefferies CA (2012) Defects in
acute responses to TLR4 in Btk-deficient mice result in impaired
dendritic cell-induced IFN-gamma production by natural killer cells,
vol 142. Clinical Immunology, Orlando, pp 373–382

NiGabhann J, Hams E, Smith S,WynneC, Byrne JC, BrennanK, Spence
S, Kissenpfennig A, Johnston JA, Fallon PG, Jefferies CA (2014)
Btk regulates macrophage polarization in response to lipopolysac-
charide. PLoS One 9:e85834

Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J, Guillozet-
Bongaarts A, Ohno M, Disterhoft J, Van Eldik L, Berry R, Vassar
R (2006) Intraneuronal beta-amyloid aggregates, neurodegenera-
tion, and neuron loss in transgenic mice with five familial
Alzheimer's disease mutations: potential factors in amyloid plaque
formation. J Neurosci 26:10129–10140

Olmos-Alonso A, Schetters ST, Sri S, Askew K, Mancuso R, Vargas-
Caballero M, Holscher C, Perry VH, Gomez-Nicola D (2016)
Pharmacological targeting of CSF1R inhibits microglial prolifera-
tion and prevents the progression of Alzheimer's-like pathology.
Brain 139:891–907

Reitz C et al (2011) Meta-analysis of the association between variants in
SORL1 and Alzheimer disease. Arch Neurol 68:99–106

Ren L, Campbell A, Fang H, Gautam S, Elavazhagan S, Fatehchand K,
Mehta P, Stiff A, Reader BF,MoX,Byrd JC, CarsonWE3rd, Butchar
JP, Tridandapani S (2016) Analysis of the effects of the Bruton's
tyrosine kinase (Btk) inhibitor Ibrutinib on monocyte Fcgamma re-
ceptor (FcgammaR) function. J Biol Chem 291:3043–3052

Reu P, Khosravi A, Bernard S, Mold JE, Salehpour M, Alkass K, Perl S,
Tisdale J, Possnert G, Druid H, Frisen J (2017) The lifespan and
turnover of microglia in the human brain. Cell Rep 20:779–784

Salter MW, Beggs S (2014) Sublime microglia: expanding roles for the
guardians of the CNS. Cell 158:15–24

Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR,
Yamasaki R, Ransohoff RM, Greenberg ME, Barres BA, Stevens
B (2012) Microglia sculpt postnatal neural circuits in an activity and
complement-dependent manner. Neuron 74:691–705

Schmidt RE, Gessner JE (2005) Fc receptors and their interaction with
complement in autoimmunity. Immunol Lett 100:56–67

Schmidt NW, Thieu VT, Mann BA, Ahyi AN, Kaplan MH (2006)
Bruton's tyrosine kinase is required for TLR-induced IL-10 produc-
tion. Journal of Immunology (Baltimore, md : 1950) 177:7203-7210

Shi Q, Chowdhury S, Ma R, Le KX, Hong S, Caldarone BJ, Stevens B,
Lemere CA (2017) Complement C3 deficiency protects against neu-
rodegeneration in aged plaque-rich APP/PS1 mice. Science transla-
tional medicine 9

Sims R, van der Lee S, Naj AC, Bellenguez C, Badarinarayan N,
Jakobsdottir J, Kunkle BW, Boland A, Raybould R, Bis JC,
Martin ER, Grenier-Boley B, Heilmann-Heimbach S, Chouraki V,
Kuzma AB, Sleegers K, Vronskaya M, Ruiz A, Graham RR, Olaso
R, Hoffmann P, Grove ML, Vardarajan BN, Hiltunen M, Nöthen
MM, White CC, Hamilton-Nelson KL, Epelbaum J, Maier W,
Choi SH, Beecham GW, Dulary C, Herms S, Smith AV, Funk CC,
Derbois C, Forstner AJ, Ahmad S, Li H, Bacq D, Harold D,
Satizabal CL, Valladares O, Squassina A, Thomas R, Brody JA,
Qu L, Sánchez-Juan P, Morgan T, Wolters FJ, Zhao Y, Garcia FS,
Denning N, Fornage M, Malamon J, Naranjo MCD, Majounie E,
Mosley TH, Dombroski B, Wallon D, Lupton MK, Dupuis J,
Whitehead P, Fratiglioni L, Medway C, Jian X, Mukherjee S,
Keller L, Brown K, Lin H, Cantwell LB, Panza F, McGuinness B,
Moreno-Grau S, Burgess JD, Solfrizzi V, Proitsi P, Adams HH,
Allen M, Seripa D, Pastor P, Cupples LA, Price ND, Hannequin
D, Frank-García A, Levy D, Chakrabarty P, Caffarra P, Giegling I,
Beiser AS, Giedraitis V, Hampel H, Garcia ME, Wang X, Lannfelt
L, Mecocci P, Eiriksdottir G, Crane PK, Pasquier F, Boccardi V,
Henández I, Barber RC, Scherer M, Tarraga L, Adams PM, Leber
M, Chen Y, Albert MS, Riedel-Heller S, Emilsson V, Beekly D,
Braae A, Schmidt R, Blacker D, Masullo C, Schmidt H, Doody
RS, Spalletta G, Longstreth WT Jr, Fairchild TJ, Bossù P, Lopez
OL, Frosch MP, Sacchinelli E, Ghetti B, Yang Q, Huebinger RM,
Jessen F, Li S, Kamboh MI, Morris J, Sotolongo-Grau O, Katz MJ,
Corcoran C, Dunstan M, Braddel A, Thomas C,Meggy A, Marshall
R, Gerrish A, Chapman J, Aguilar M, Taylor S, Hill M, Fairén MD,
Hodges A, Vellas B, Soininen H, Kloszewska I, Daniilidou M,
Uphill J, Patel Y, Hughes JT, Lord J, Turton J, Hartmann AM,
Cecchetti R, Fenoglio C, Serpente M, Arcaro M, Caltagirone C,
Orfei MD, Ciaramella A, Pichler S, Mayhaus M, Gu W, Lleó A,
Fortea J, Blesa R, Barber IS, Brookes K, Cupidi C, Maletta RG,
Carrell D, Sorbi S, Moebus S, Urbano M, Pilotto A, Kornhuber J,
Bosco P, Todd S, Craig D, Johnston J, Gill M, Lawlor B, Lynch A,
Fox NC, Hardy J, ARUK Consortium, Albin RL, Apostolova LG,
Arnold SE, Asthana S, Atwood CS, Baldwin CT, Barnes LL, Barral
S, Beach TG, Becker JT, Bigio EH, Bird TD, Boeve BF, Bowen JD,
Boxer A, Burke JR, Burns JM, Buxbaum JD, Cairns NJ, Cao C,
Carlson CS, Carlsson CM, Carney RM, Carrasquillo MM, Carroll
SL, Diaz CC, Chui HC, Clark DG, Cribbs DH, Crocco EA, DeCarli
C, Dick M, Duara R, Evans DA, Faber KM, Fallon KB, Fardo DW,
Farlow MR, Ferris S, Foroud TM, Galasko DR, Gearing M,
Geschwind DH, Gilbert JR, Graff-Radford NR, Green RC,
Growdon JH, Hamilton RL, Harrell LE, Honig LS, Huentelman
MJ, Hulette CM, Hyman BT, Jarvik GP, Abner E, Jin LW, Jun G,
Karydas A, Kaye JA, Kim R, Kowall NW, Kramer JH, LaFerla F,
Lah JJ, Leverenz JB, Levey AI, Li G, Lieberman AP, Lunetta KL,
Lyketsos CG, Marson DC, Martiniuk F, Mash DC, Masliah E,



McCormick W, McCurry S, McDavid A, McKee A, Mesulam M,
Miller BL, Miller CA, Miller JW, Morris JC, Murrell JR, Myers AJ,
O'Bryant S, Olichney JM, Pankratz VS, Parisi JE, Paulson HL,
Perry W, Peskind E, Pierce A, Poon WW, Potter H, Quinn JF, Raj
A, Raskind M, Reisberg B, Reitz C, Ringman JM, Roberson ED,
Rogaeva E, Rosen HJ, Rosenberg RN, Sager MA, Saykin AJ,
Schneider JA, Schneider LS, Seeley WW, Smith AG, Sonnen JA,
Spina S, Stern RA, Swerdlow RH, Tanzi RE, Thornton-Wells TA,
Trojanowski JQ, Troncoso JC, van Deerlin V, van Eldik L, Vinters
HV, Vonsattel JP, Weintraub S, Welsh-Bohmer KA, Wilhelmsen
KC, Williamson J, Wingo TS, Woltjer RL, Wright CB, Yu CE, Yu
L, Garzia F, Golamaully F, Septier G, Engelborghs S, Vandenberghe
R, de Deyn PP, Fernadez CM, Benito YA, Thonberg H, Forsell C,
Lilius L, Kinhult-Stählbom A, Kilander L, Brundin R, Concari L,
Helisalmi S, Koivisto AM, Haapasalo A, Dermecourt V, Fievet N,
Hanon O, Dufouil C, Brice A, Ritchie K, Dubois B, Himali JJ,
Keene CD, Tschanz J, Fitzpatrick AL, Kukull WA, Norton M,
Aspelund T, Larson EB, Munger R, Rotter JI, Lipton RB, Bullido
MJ, Hofman A, Montine TJ, Coto E, Boerwinkle E, Petersen RC,
Alvarez V, Rivadeneira F, Reiman EM, Gallo M, O'Donnell CJ,
Reisch JS, Bruni AC, Royall DR, Dichgans M, Sano M,
Galimberti D, St George-Hyslop P, Scarpini E, Tsuang DW,
Mancuso M, Bonuccelli U, Winslow AR, Daniele A, Wu CK,
GERAD/PERADES, CHARGE, ADGC, EADI, Peters O,
Nacmias B, Riemenschneider M, Heun R, Brayne C, Rubinsztein
DC, Bras J, Guerreiro R, al-Chalabi A, Shaw CE, Collinge J, Mann
D, Tsolaki M, Clarimón J, Sussams R, Lovestone S, O'Donovan
MC, Owen MJ, Behrens TW, Mead S, Goate AM, Uitterlinden
AG, Holmes C, Cruchaga C, Ingelsson M, Bennett DA, Powell J,
Golde TE, Graff C, de Jager PL, Morgan K, Ertekin-Taner N,
Combarros O, Psaty BM, Passmore P, Younkin SG, Berr C,
Gudnason V, Rujescu D, Dickson DW, Dartigues JF, DeStefano
A, Ortega-Cubero S, Hakonarson H, Campion D, Boada M,
Kauwe JK, Farrer LA, van Broeckhoven C, Ikram MA, Jones L,
Haines JL, Tzourio C, Launer LJ, Escott-Price V, Mayeux R,
Deleuze JF, Amin N, Holmans PA, Pericak-Vance MA, Amouyel
P, van Duijn C, Ramirez A, Wang LS, Lambert JC, Seshadri S,
Williams J, Schellenberg GD (2017) Rare coding variants in
PLCG2, ABI3, and TREM2 implicate microglial-mediated innate
immunity in Alzheimer's disease. Nat Genet 49:1373–1384

Spangenberg EE, Lee RJ, Najafi AR, Rice RA, Elmore MR, Blurton-
Jones M, West BL, Green KN (2016) Eliminating microglia in
Alzheimer's mice prevents neuronal loss without modulating
amyloid-beta pathology. Brain 139:1265–1281

Stevens B, AllenNJ, Vazquez LE, Howell GR, Christopherson KS, Nouri
N, Micheva KD, Mehalow AK, Huberman AD, Stafford B, Sher A,
Litke AM, Lambris JD, Smith SJ, John SW, Barres BA (2007) The
classical complement cascade mediates CNS synapse elimination.
Cell 131:1164–1178

Strijbis K, Tafesse FG, Fairn GD, Witte MD, Dougan SK, Watson N,
Spooner E, Esteban A, Vyas VK, Fink GR, Grinstein S, Ploegh HL
(2013) Bruton's tyrosine kinase (BTK) and Vav1 contribute to
Dectin1-dependent phagocytosis of Candida albicans in macro-
phages. PLoS Pathog 9:e1003446

Vetrie D, Vorechovsky I, Sideras P, Holland J, Davies A, Flinter F,
Hammarstrom L, Kinnon C, Levinsky R, Bobrow M et al (1993)
The gene involved in X-linked agammaglobulinaemia is a member
of the src family of protein-tyrosine kinases. Nature 361:226–233

Wakselman S, Bechade C, Roumier A, Bernard D, Triller A, Bessis A
(2008) Developmental neuronal death in hippocampus requires the

microglial CD11b integrin and DAP12 immunoreceptor. J Neurosci
28:8138–8143

Wang Y, Cella M, Mallinson K, Ulrich JD, Young KL, Robinette ML,
Gilfillan S, Krishnan GM, Sudhakar S, Zinselmeyer BH, Holtzman
DM, Cirrito JR, Colonna M (2015) TREM2 lipid sensing sustains
the microglial response in an Alzheimer's disease model. Cell 160:
1061–1071

Wanquet A, Birsen R, Lemal R, Hunault M, Leblond V, Aurran-
Schleinitz T (2016) Ibrutinib responsive central nervous system in-
volvement in chronic lymphocytic leukemia. Blood 127:2356–2358

WatanabeD,Hashimoto S, Ishiai M,MatsushitaM, BabaY, Kishimoto T,
Kurosaki T, Tsukada S (2001) Four tyrosine residues in phospholi-
pase C-gamma 2, identified as Btk-dependent phosphorylation sites,
are required for B cell antigen receptor-coupled calcium signaling. J
Biol Chem 276:38595–38601

Webster JA, Gibbs JR, Clarke J, Ray M, Zhang W, Holmans P,
Rohrer K, Zhao A, Marlowe L, Kaleem M, McCorquodale
DS 3rd, Cuello C, Leung D, Bryden L, Nath P, Zismann VL,
Joshipura K, Huentelman MJ, Hu-Lince D, Coon KD, Craig
DW, Pearson JV, NACC-Neuropathology Group., Heward
CB, Reiman EM, Stephan D, Hardy J, Myers AJ (2009)
Genetic control of human brain transcript expression in
Alzheimer disease. Am J Hum Genet 84:445–458

Wes PD, Easton A, Corradi J, Barten DM, Devidze N, DeCarr LB,
Truong A, He A, Barrezueta NX, Polson C, Bourin C, Flynn ME,
Keenan S, Lidge R, Meredith J, Natale J, Sankaranarayanan S,
Cadelina GW, Albright CF, Cacace AM (2014) Tau overexpression
impacts a neuroinflammation gene expression network perturbed in
Alzheimer's disease. PLoS One 9:e106050

Williams AM, Baran AM, Meacham PJ, Feldman MM, Valencia HE,
Newsom-Stewart C, Gupta N, Janelsins MC, Barr PM, Zent CS
(2018) Analysis of the risk of infection in patients with chronic
lymphocytic leukemia in the era of novel therapies. Leukemia &
Lymphoma 59:625–632

Winkelstein JA, Marino MC, Lederman HM, Jones SM, Sullivan K,
Burks AW, Conley ME, Cunningham-Rundles C, Ochs HD (2006)
X-linked agammaglobulinemia: report on a United States registry of
201 patients. Medicine 85:193–202

Yin Z, Raj D, Saiepour N, Van Dam D, Brouwer N, Holtman IR, Eggen
BJL, Moller T, Tamm JA, Abdourahman A, Hol EM, Kamphuis W,
Bayer TA, De Deyn PP, Boddeke E (2017) Immune hyperreactivity
of Abeta plaque-associated microglia in Alzheimer's disease.
Neurobiol Aging 55:115–122

Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O'Keeffe S,
Phatnani HP, Guarnieri P, Caneda C, Ruderisch N, Deng S,
Liddelow SA, Zhang C, Daneman R, Maniatis T, Barres BA, Wu
JQ (2014) An RNA-sequencing transcriptome and splicing database
of glia, neurons, and vascular cells of the cerebral cortex. J Neurosci
34:11929–11947

Zhang Y, Sloan SA, Clarke LE, Caneda C, Plaza CA, Blumenthal PD,
Vogel H, Steinberg GK, Edwards MS, Li G, Duncan JA 3rd,
Cheshier SH, Shuer LM, Chang EF, Grant GA, Gephart MG,
Barres BA (2016) Purification and characterization of progenitor
and mature human astrocytes reveals transcriptional and functional
Differences with mouse. Neuron 89:37–53

Zhao Y, Wu X, Li X, Jiang LL, Gui X, Liu Y, Sun Y, Zhu B, Pina-Crespo
JC, Zhang M, Zhang N, Chen X, Bu G, An Z, Huang TY, Xu H
(2018) TREM2 is a receptor for beta-amyloid that mediates
microglial function. Neuron 97:1023–1031.e1027


	Inhibition of Bruton’s Tyrosine Kinase Modulates Microglial Phagocytosis: Therapeutic Implications for Alzheimer’s Disease
	Abstract
	Introduction
	Methods
	Compounds and siRNA
	Cell Culture
	Synaptosome Purification
	In�Vitro Phagocytosis Assays
	Scratch Wound Migration Assay
	Enzyme-Linked Immunosorbent Assay
	Western Blots
	Ex Vivo Phagocytosis Assay Using Acute Mouse Brain Slices
	Immunohistochemistry and Immunocytochemistry
	Microglia Morphology Analysis
	Statistical Analysis

	Results
	BTK Expression and Inhibition in Microglia In�Vitro and �In�Vivo
	BTK Inhibition or Knockdown Decreases Phagocytosis in Rodent Microglia and Human Monocyte-Derived Macrophages
	Inhibition of BTK Reduces Microglial Uptake of Synaptic Structures with Minimal Impact on Migration and Cytokine Release
	BTK Inhibition Decreases Microglial Phagocytosis and Alters Microglial Morphology Ex Vivo
	Elevated BTK Levels in Brains of 5xFAD Mice and AD Patients

	Discussion
	References


