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ABSTRACT

Proliferation of microglia represents a physiological process, which is accelerated in several
neurodegenerative disorders including Alzheimer disease (AD). The effect of such
neurodegeneration-associated microglial proliferation on function and disease progression
remains unclear. Here, we show that proliferation results in profound alterations of cellular
function by providing evidence that newly proliferated microglia show impaired beta-
amyloid clearance in vivo. Through sorting of proliferating microglia of APP/PS1 mice and
subsequent transcriptome analysis, we define unique proliferation-associated transcriptomic
signatures that change with age and beta-amyloid accumulation and are characterized by
enrichment of immune system-related pathways. Of note, we identify the DEAD-Box
Helicase 3 X-Linked (DDX3X) as a key molecule to modulate microglia activation and cyto-
kine secretion and it is expressed in the AD brain. Together, these results argue for a novel
concept by which phenotypic and functional microglial changes occur longitudinally as a
response to accelerated proliferation in a neurodegenerative environment.

Introduction chronic inflammation constitute a path in the treat-
ment of chronic neurodegenerative diseases

Under neurodegenerative conditions, chronically
activated microglia show enhanced proliferation and
cell death together leading to an accelerated turnover

of the microglial cell pool (Askew et al.,, 2017; Doorn

Microglia mount an acute immune response against
harmful external or internal stimuli including bacterial
components or endogenously misfolded or aggregated
proteins upon pattern recognition receptor ligation
(Venegas & Heneka, 2017). For reasons unknown, the

resolution of acute inflammatory responses fails in
neurodegenerative disorders and as a result, the innate
immune reaction persists (Heneka et al., 2014). The
transition from acute to chronic activation diverts
microglia from performing beneficial functions and
instead leads to the sustained release of proinflamma-
tory mediators, together compromising cognitive func-
tioning (Bachiller et al., 2018; Biswas, 2023; Cisbani &
Rivest, 2021; Hickman et al., 2018; Walker et al,
2013). Therefore, finding out the cues leading to

et al., 2014; Gomez-Nicola et al., 2013; Hu et al., 2021;
Lull & Block, 2010; Ponomarev et al., 2005; Shankaran
et al,, 2007). Exposed to many new and challenging
cues, generated by the persistent inflaimmation and
ongoing neurodegeneration, newly generated micro-
glia unlikely adopt the phenotype of homeostatic
microglia that initially populated the brain under
healthy conditions. However, the consequences of pro-
liferation for microglial gene expression and function
have not been assessed to date.
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Recent advances in transcriptomic profiling have
identified new subpopulations of microglia and studied
their role in aging (Marschallinger et al., 2020; O’Neil
et al., 2018) and disease (Chiu et al., 2013; Keren-Shaul
et al., 2017; Krasemann et al.,, 2017). In this work, we
describe a novel proliferation-specific genetic signature
of microglia in APP/PS1 mice characterized by a strong
enrichment of immune system-related pathways at dif-
ferent ages. Interestingly, despite expression of
phagocytosis-related genes, proliferating microglia failed
to phagocyte A in vivo. Using the gene expression
data to predict protein-protein interaction (PPI) net-
works, we identify DEAD-Box Helicase 3 X-Linked
(DDX3X) as a potentially important factor expressed in
proliferating microglia at 12months and demonstrate
its role in regulating microglia activation through
NLRP3 inflammasome. We hypothesize that microglial
proliferation in AD generates subpopulations, which
contribute to the transition from acute into chronic
neuroinflammation and are functionally different from
the original microglial cell pool.

Material and Methods
Animals

APP/PS1 transgenic mice (The Jackson Laboratory,
strain  005864) and ASC’” mice (Millenium
Pharmaceuticals) were backcrossed on C57BL/6 gen-
etic background and aged in-house. APP/PSI,

APP/PS1XASC”" and aged matched wild-type (WT)
littermates were housed under standard conditions at
22°C and a 12h-12h light-dark cycle with access to
food and water ad libitum. Sentinel animals were
included for routine health monitoring and screened
periodically for common pathogens to ensure a con-
trolled environment. Animal care and handling was
performed according to the Declaration of Helsinki
and approved by the local ethical committees
(LANUV NRW 84-02.04.2017.A226).

Human Tissue Samples

Post-mortem brain sections from patients with histo-
logically confirmed AD, patients with mild cognitive
impairment (MCI), and age-matched controls with no
history of other neurodegenerative or inflammatory
disease were obtained from Banner Health (USA). AD
cases were classified based on established neuropatho-
logical criteria, including CERAD neuritic plaque
scores and NIA-Reagan (NIA-R) criteria, detailed in
the sample table (Table 1). MCI classification was
informed by clinical data, such as Mini-Mental State
Examination scores, in conjunction with neuropatho-
logical assessments. All patients had signed an
informed consent by agreeing to donate their brain
material for medical research. There were no differen-
ces in ages and the post-mortem interval between AD
cases and controls. Post-mortem times varied from 2
to 4h. Patients and controls were 88 £ 10 years old.

Table 1. Overview of the human brain tissue samples used in the study.

S.no. CaselD Race Gender Expired_age Diagnosis Braak score CERAD NP NIA-R

1 02-24 87 Ctrl 1] Possible AD Criteria not met
2 98-32 Caucasian Male 83 Ctrl 1] not AD Criteria not met
3 04-26 Caucasian Female 88 Ctrl 1] Possible AD Criteria not met
4 04-21 Caucasian Male 89 Ctrl 1] not AD Criteria not met
5 05-36 Caucasian Male 82 Ctrl 1] not AD Criteria not met
6 07-58 Caucasian Female 88 Ctrl 1] Possible AD Criteria not met
7 11-15 86 Ctrl \% Criteria not met Criteria not met
8 04-30 Caucasian Female 78 Ctrl [\ Possible AD Criteria not met
9 10-07 Caucasian Male 89 Ctrl [\ not AD Criteria not met
10 06-66 Caucasian Male 78 Ctrl 1] not AD Criteria not met
1 97-50 Caucasian Female 88 Mcl | not AD

12 06-13 Caucasian Female 98 mcl [\ possible AD

13 14-24 Male 87 McCl [\ possible AD

14 11-93 Male 82 Mdcl \% Criteria not met

15 12-28 Male 80 Mcl 1] Possible AD

16 04-19 Caucasian Male 84 mcl I not AD Criteria not met
17 02-01 Caucasian Female 88 Mdcl \% not AD Criteria not met
18 06-03 Caucasian Male 88 mcl [\ Possible AD Criteria not met
19 08-59 Caucasian Male 89 AD % Definite AD High

20 10-79 Caucasian Female 88 AD v Definite AD High

21 08-01 Caucasian Male 89 AD Vi Definite AD High

22 11-21 Caucasian Female 88 AD Vi Definite AD High

23 07-02 Caucasian Female 87 AD % Definite AD High

24 10-50 Caucasian Male 82 AD % Definite AD High

25 08-37 Caucasian Male 87 AD Vi Definite AD High

26 04-24 78 AD Vi Definite AD High

27 11-92 Caucasian Male 83 AD [\ Definite AD Intermediate

28 14-43 80 AD Vv Definite AD Intermediate
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Table 2. List of research resource identifiers (RRIDs) corresponding to key resources used in the study.

Reagent or resource Source Identifier

Antibodies

anti-mouse Ki67 Abcam Cat# ab15580, RRID:AB_443209
anti-mouse DDX3 Bethyl Laboratories Cat# A300-474A, RRID:AB_451009
HRP-conjugated goat-anti rabbit Sigma Aldrich Cat# 12-348, RRID:AB_390191
anti-lba1l Wako Cat# 019-19741, RRID:AB_839504
CD11b-PE BioLegend Cat# 101208, RRID:AB_312791
CD45-FITC eBioscience Cat# 11-0451-82, RRID:AB_465050
CD16/32 Fc Block BD Biosciences Cat# 553141, RRID:AB_394656
Goat anti-rabbit Alexa 594 Invitrogen Cat# A-11012, RRID:AB_2534079
Goat anti-rabbit Alexa Fluor 647 Thermo Fisher Scientific Cat# A-21235, RRID:AB_2535804
anti-Caspase-1 AdipoGen Cat# AG-20B-0042, RRID:AB_2490248
anti-alpha Tubulin Invitrogen Cat# 62204, RRID:AB_1965960
anti-beta actin Cell Signaling Cat# 4967, RRID:AB_330288

IRDye 800CW Goat anti-Mouse 1gG
IRDye 680RD Goat anti-Rabbit 19G
Software and Algorithms

Kallisto

DEseq2

edgeR

Metascape

ImageStudio

GraphPad Prism

Li-COR Biosciences
Li-COR Biosciences

Kallisto

DESeq2

edgeR
Metascape
Li-COR
GraphPad Prism

Cat# 926-32210, RRID:AB_621842
Cat# 926-68071, RRID:AB_10956166

RRID:SCR_016582
RRID:SCR_015687
RRID:SCR_012802
RRID:SCR_016620
RRID:SCR_015795
RRID:SCR_002798

Perfusion and Tissue Processing

APP/PS1 and WT mice at 4, 6 and 12months old
were anaesthetized by intraperitoneal injection using
ketamine and xylazine (100mg/kg and 10mg/kg,
respectively) and transcardially perfused with cold
PBS (30 ml). Brains were dissected out, post-fixed in
4% paraformaldehyde (PFA) for 24h at 4°C. After
three washes in PBS, the brains were cryopreserved in
30% sucrose for 48h and subsequently frozen with 2-
methylbutane solution (Sigma-Aldrich). Coronal sec-
tions of 12pum-thick were collected on Superfrost
slides using a CM3050s Leica cryostat and the slides
were stored at —20 °C until their use.

Immunohistochemistry

Human samples were deparaffinized in Xylene for
10min and dehydrated in series of alcohol ranging
from 99%, 80%, 70%, 50%, and distilled water. Mouse
sections were washed in distilled water. Heat induced
antigen retrieval was performed on both human and
mouse sections using 10mM sodium citrate buffer
(pH = 6.0) by boiling sections in the buffer at 110°C
for 12 min using a pressure cooker. The sections were
cooled down for 30 min in the antigen retrieval solu-
tion, and for an additional 30 min in distilled water.
Tyramide signal amplification (TSA, B40953, Thermo
Fisher scientific) was used according to manufacturer’s
instructions to amplify the Ki67 or DDX3X staining.
The endogenous peroxidase activity was blocked with
3% H,0,. The sections were washed in PBS, trans-
ferred to blocking buffer (BB) containing 5% normal
goat serum and 0.3% Triton X-100 in PBS for 30 min

and incubated overnight at 4°C with the rabbit anti-
mouse Ki67 (1:500, ab15580, Abcam) or rabbit anti-
mouse DDX3 (1:500, A300-474A, Bethyl Laboratories)
primary antibodies in BB. The sections were washed
three times with PBS for 10min and incubated with
HRP-conjugated goat anti-rabbit (1:4000, 12-348,
Sigma) for 2h. After washing with PBS, the sections
were incubated with Tyramide substrate Alexa 488
(1:200) for 30 min at RT. The sections were washed in
PBS, blocked with BB, incubated with rabbit anti-Ibal
primary antibody (1:500, 019-19741, Wako) overnight
at 4°C. Sections were washed three times in PBS,
incubated with goat anti-rabbit Alexa 594 (1:1000, A-
11012, Invitrogen) for 1h. After subsequent washes in
PBS, the amyloid plaques were stained with Methoxy-
X04 (863918-78-9, 5ug/ml, TOCRIS Bioscience) for
15min, washed in PBS, and mounted using Immu-
Mount (9990402, Thermo Fisher Scientific). Nuclei
were counterstained with DAPI (4°,6-diamidino-2-
phenylindole). Microphotographs were obtained using
confocal microscope LSM700 Zeiss.

Quantification

The Ki67 positive microglia (Ki67 and Ibal double
positive cells) were labelled in the software manually
(ZEISS ZEN Imaging software). Ki67 is a nuclear pro-
tein therefore overlapping Ki67 staining with the
DAPI-stained nuclei along with Ibal positive cells
were labelled as proliferating microglia. The total
counts of proliferating microglia were obtained both
in human and mouse brain sections. For human sam-
ples, counts were obtained independently for the cor-
tex and hippocampus. The total number of
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proliferating microglia were quantified in the gray and
white matter of the entire hippocampus and cortex,
and counts were normalized to the respective area to
ensure comparability. The total proliferation across
conditions was calculated as the average of these nor-
malized values across regions. Each dot in the graph
represents this average value obtained from hippo-
campus and cortex for each subject. For mouse brain
sections, proliferating microglia were manually quanti-
fied across cortex and hippocampus. 3-4 representa-
tive sections were selected per mouse. The obtained
counts were then normalized to the respective areas of
each region. The normalized values from cortex and
hippocampus were combined and averaged across sec-
tions to obtain a single value per mouse. These values
were used for group-wise comparisons and graphical
representation. The area of the sections was measured
using Definiens Tissue Software Version 4.3.

Adult Microglia Isolation for RNA-Sequencing

For obtaining RNA from proliferating microglia the
cells underwent fixation as the proliferation maker
Ki67 is an intranuclear protein. The method devel-
oped by Thomsen ER et al. (2016) with some modifi-
cations was used. APP/PS1 mice and WT at 4, 6, and
12 months were intracardially perfused with PBS and
the brains were collected in ice cold HBSS. The brains
were homogenized using the Adult brain dissociation
kit (130 107 667, Biotec Miltenyi) according to the
manufacturer’s instructions. The brain homogenates
were resuspended in 7ml HBSS, strained through
40mM strainer and 3ml Percoll® were added to
obtain a final 30% of Percoll® solution. The samples
subsequently underlayered with 2ml 70%
Percoll® solution using a syringe. The samples were
centrifuged at 500 x g with slow acceleration and no
brake at 16 °C for 28 min. Microglial cells were recov-
ered from the Percoll® interphase, washed with PBS,
centrifuged at 400 x g for 5min at 4°C. Thus, the pel-
let was re-suspended in 4% PFA in PBS and incubated
for 15min on ice. After fixation, the cells were washed
with PBS, followed by a wash in staining buffer con-
taining 0.1% RNAse free BSA and 1:400 RNasin plus
(N2615, Promega) in PBS, centrifuged at 330 x g for
3min at 4°C. The pellet was resuspended in 200 ml
staining buffer and frozen at —80°C until further use.

were

FACS Staining and Sorting

The samples were thawed, permeabilized in perme-
abilization buffer containing 0.1% Triton X100
(T8787, Sigma) and 1:200 Fc-block (rat anti-mouse

CD16/32, 553141, BD Biosciences) in staining buffer
for 10min on ice, and centrifuged at 500 x g at 4°C.
The samples were stained in 100 pl primary antibody
mix (CD11b-PE, 1:100, 101208, BioLegend; CD45-
FITC, 1:100, 11-0451, eBioscience; Ki67, 1:200,
ab15580, Abcam) and incubated for 30 min on ice on
slow rotation. After centrifugation at 400 x g for
3min at 4°C, the samples were stained with second-
ary anti-rabbit Alexa 647 (1:2000, A-21235, Thermo
Fisher scientific) in 200 pl staining buffer for 20 min.
The antibody concentrations for Ki67 and secondary
antibody were titrated. The samples were washed with
staining buffer, centrifuged at 500 x g for 3min at
4°C and resuspended in 500ml staining buffer con-
taining DAPI (10mg/ml). Unstained samples and
fluorescence minus one were used as controls. CD45
and CDI11b positive microglia were gated as Ki67
positive and Ki67 negative cells and DAPI staining
confirmed that cells containing nuclei were sorted.
Using BD FACSAria II 400 proliferating or non-
proliferating microglia respectively were collected in
1.5ml RNase free containing 25ml PKD buffer sup-
plemented with 1:16 proteinase K (RNeasy FFPE Kkit,
73504, Qiagen) and ERCC spike in controls (4456739,
Thermo Fisher scientific), snap frozen on dry ice and
stored at —80 °C until further processing.

Assessment of Aff Phagocytosis by FACS

APP/PS1 and APP/PSIXASC”" mice were injected
with  10mg/kg of Methoxy-X04 (863918-78-9,
TOCRIS Bioscience) in 50% DMSO and 50% NaCl
(0.9% at pH = 12) and 3 h later they were analyzed as
previously described (Tejera and Heneka, 2019). The
microglia population was isolated from mice and
stained with primary antibody mix (CD11b-PE, 1:100,
101208, BioLegend; CD45-FITC, 1:100, 11-0451,
eBioscience; Ki67, 1:200, ab15580, Abcam). After gat-
ing into CD11b"/CD45"; methoxy-X04" (phagocytic)
and Ki67" (proliferating) microglia were sorted and
the numbers were determined by using BD FACS
Aria IL

RNA Isolation and cDNA Preparation

After obtaining sorted microglia, RNA isolation and
cDNA synthesis protocols were adapted from
Thomsen et al. (2016). Briefly, to lyse the sorted cells,
the samples were thawed at RT, 75l of Proteinase K
digestion buffer (PKD buffer) was added and incu-
bated for 1h at 56°C at 300 rpm for reverse cross-
linking. The PKD buffer was supplied as a component



of the miRNeasy FFPE Kit. Samples were then centri-
fuged at 20.000 x g for 20min. For RNA extraction,
the miRNeasy FFPE Kit (217504, Qiagen) was used
following manufacturer’s instructions to obtain 14 pl
of RNA. The samples were incubated for 3min at
72°C in a lysis mix, and the reverse-transcriptase mix
was added and the reaction was performed at 42°C
for 90min and 70°C for 15min. Then, the pre-
amplification mix was added and the reaction was
performed for 24 cycles (98 °C for 20s, 67 °C for 20s
and 72°C for 6 min). The cDNA was purified using
Ampure XP Beads (A63881, Beckmann) at 1:1 ratio
and eluted in 15pl of nuclease-free water. Samples
were quantified using a High Sensitivity D5000 DNA
assay (Agilent, 5067-5592) on an Agilent 2200
Tapestation.

Library Construction and Sequencing

Purified full-length c¢cDNA was processed to NGS
libraries using the Nextera XT DNA library prepar-
ation and the Nextera XT Index kits (Illumina). In
short, cDNA was diluted to 200 pg/pl, 100 pg were
tagmented using 0.5ul Amplicon Tagment Mix
(ATM) at 55°C for 8 min. Tagmentation was termi-
nated by addition of 0.5pl Neutralize Tagment
Buffer (NT buffer). 1pl primer mix and 1.5ml NPM
were added and tagmented cDNA was PCR ampli-
fied using the following protocol: 72°C for 5min,
98°C for 30s, 16 cycles of 98°C for 10s, 63°C for
30s, 72°C for 1min, then 72°C for 5min. The fin-
ished NGS libraries were purified using Ampure XP
Beads (A63881, Beckmann) at a 1:1 ratio and eluted
in 15l of nuclease-free water before quantification
and QC using a High Sensitivity D5000 DNA assay
(Agilent, 5067-5592) on an Agilent 2200 Tapestation.
Libraries were sequenced on a Nextseq500 system
using high output chemistry V1 (75bp SR, or 75bp
& 75bp PE, Illumina). Base calling from base call
files and file conversion to fastq files were achieved
(bcl2fastq2
v.2.20). Data was demultiplexed, and only read 1 of

by Illumina standard pipeline scripts

paired-end runs used for subsequent analysis. After

merging, samples were aligned to the mouse
GRCm38 reference genome using Kallisto v0.43.1
(Bray et al, 2016) and count matrixes calculated
using the DESeq2 package in R (Love et al., 2014)
with subsequent normalization and batch-correction

using DEseq2 SVAI10.
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RNA-Seq Analysis

Differential expression analysis was conducted using a
GLM framework with genotype, time point and prolif-
eration state as factors in edgeR, with FDR (False
Discovery Rate) adjustment at a significance level of
0.05 to account for multiple comparisons. For com-
parisons of transcriptome changes in proliferating
microglia with published datasets; we selected the fol-
lowing published RNA-seq data sets of microglia:
DAM versus homeostatic microglia (Keren-Shaul
et al,, 2017); lipid-droplet™” vs lipid-droplet"®" accu-
mulating microglia (Marschallinger et al., 2020) and
MGnD versus homeostatic microglia (Krasemann
et al, 2017). Gene ontology analysis was performed
using Metascape (Zhou et al, 2019). Interactions
among genes were analyzed using String online and
Pathway Commons.

Cell Culture

Primary mouse microglia cell cultures were prepared
as previously described from newborn wild-type pups
(Venegas & Heneka, 2017). Briefly, brains from neo-
natal (P0-P3) mice were stripped of the meninges and
dissociated using mechanical shearing and trypsin.
Cells of two brains were plated on PLL-coated T75
culture flasks and cultivated in DMEM supplemented
with 10% heat-inactivated fetal bovine serum and 1%
penicillin/streptomycin. On the next day, cells were
washed three times with PBS to remove cellular debris
and cultured with DMEM supplemented with 10%
FBS, 1% P/S and 10% L929 conditioned medium as a
source of growth factors. After approximately 7-
10days, loosely attached mature microglia were
shaken off the astrocytic monolayer with a repetition
of the harvesting procedure at every 2-3 days for up
to three times. Cells were seeded in DMEM, 1% P/S
supplemented with N-2 and allowed to adhere over-
night. For NLRP3 stimulation assays, microglia were
primed with 100ng/ml of ultrapure LPS (E. coli
0111:B4, Invivogen) for 3h and further activated with
2.5uM of nigericin (Invitrogen) for 30min. The
DDX3X inhibitor (RK-33, S8246, Selleckchem) was
added in the culture medium 30 min before the pri-
ming step and maintained throughout the treatment
when tested.

Cell Viability/Cytotoxicity Assays and
Measurement of IL-18

Cell viability/cytotoxicity of the inhibitor RK-33 was
measured using two different assays: XTT assay and
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LDH release. The metabolic activity of primary micro-
glia was quantified using the XTT Cell Viability Kit
(9095, Cell Signaling Technology). Primary microglia
were seeded at fifty thousand cells per well into 96-
well plates and treated with 100 ul medium per well.
After treatment with the various stimuli, supernatants
were collected and frozen at —80°C or used directly.
The XTT Reagent and Electron Coupling Solution
were added to the cells with fresh cell culture medium
and incubated for 4 hours, according to the manufac-
turer’s protocol. A quantity of 50 ul of collected cell
supernatants was used for the cytotoxicity assay (LDH
cytotoxicity detection kit, 11644793001, Sigma-
Aldrich) according to the manufacturer’s protocol.
Inhibition of IL-1f release was determined by measur-
ing the IL-1f secretion in the supernatants using the
mouse IL-1 beta/IL-1F2 DuoSet ELISA kit (DY401,
R&D Systems). The concentration of cytokine was
quantified wusing the relevant standard
Absorbances were measured at 450nm using on
Infinite 200 PRO plate reader (Tecan).

curves.

Adult Microglia Isolation for Inmunoblot

Brains were collected from APP/PS1 and WT at
12 months. After removing the cerebellum and olfac-
tory bulbs, each brain was dissociated using Adult
Brain Dissociation Kit (130-107-677, Miltenyi Biotec,
Bergisch Gladbach, Germany). From the resulting
brain homogenates, microglial cells were enriched
using a magnetic-bead-coupled anti-CD11b (130-126-
725, Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s protocol. After col-
umn elution, isolated cells were washed in 1ml of
DPBS, incubated in 2x RIPA buffer (50 mM Tris-HCI,
150 mM NaCl, 2% NP40, 1% sodium dodecylsulfate,
0.2% SDS) and 1x protease/phosphatase inhibitor
(Cell Signaling) for 30min, centrifuged at 15000 x g
for 10 min and stored at —80°C.

Immunoblot Analysis

For standard immunoblot analysis, 20 ug of protein
samples were supplemented with 1x NuPAGE sam-
ple buffer, heated for 5min at 95°C and loaded on
4-12% gels (WG1401BOX, NuPAGE). After transfer
of proteins to nitrocellulose membranes, membranes
were blocked with 5% BSA in TBS-Tween followed
by overnight incubation the following primary anti-
bodies: rabbit anti-DDX3 (A300-474A, Bethyl
Laboratories); mouse anti-Caspase-1 (p20), mAb
(Casper-1) (AG-20B-0042, AdipoGen); mouse anti-

alpha Tubulin (62204, Invitrogen), rabbit anti-beta
actin (4967, Cell Signaling). Visualization of proteins
was achieved by using fluorescent-tagged secondary
antibodies IRDye 800CW Goat anti-Mouse IgG
(926-32210, Li-COR) and IRDye 680RD Goat anti-
Rabbit IgG (926-68071,Li-COR). Imaging was per-
formed by using a LI-COR ODYSSEY CLx. Data
were analyzed with ImageStudio software version
5.2.5 (LI-COR). All controls were run as loading
controls on the same gel.

Statistics

All statistical comparisons were performed using
GraphPad Prism 6 for Mac OS or R. Unpaired two-
tailed Student’s t-test, one-way ANOVA, or two-way
ANOVA with appropriate post-hoc tests were used as
applicable. Statistical details are given in the respective
figure legends.

Results

Microglial Dynamics in a Chronic
Neurodegenerative Environment

We first assessed the dynamics of microglial prolifer-
ation in APP/PS1 mice and brains from AD cases. In
AD brains, a mild increase of microglial proliferation
was found compared to healthy age-matched controls
in the cortex and hippocampus (Figure la—c). In both,
wild-type (WT) and APP/PS1 a similar number of
proliferating Ki67" microglia were found at 4 months,
prior to any Af deposition. Subsequently, microglial
proliferation decreases in WT animals, but increases
progressively in APP/PS1 mice (Figure 1d and e).
Spatial distribution analysis revealed that around 42%
of proliferating microglia were located at sites of Ab
12months  (Figure 1f).
Compromised microglial clearance has been suggested

deposition at 6 and

to represent a key mechanism for the development of
sporadic AD (Mawuenyega et al, 2010). To test
whether
impairment and in particular a reduced capacity for

proliferating microglia show functional
Ap clearance, we assessed microglial A phagocytosis
in vivo as described previously using the methoxy-X04
assay (Heneka et al, 2013). These experiments
revealed that Ki67" microglia incorporated signifi-
cantly less A as compared to non-proliferating Ki67
microglia, pointing to a functional clearance deficit in
microglia  that  had

undergone  proliferation

(Figure 1g).
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Figure 1. Dynamics and phenotype of microglial proliferation in Alzheimer's disease. A) Proliferating microglia stained with Ki67
(green), beta-amyloid plaque (blue) and microglia stained with Ibal (red) in the cortex (upper panel) and hippocampus (lower
panel) of Ctrl and AD brains (scale bar = 10um). B) Quantification of proliferating microglia in cortex in control human cases (Ctrl)
(n=9), mild cognitive impairment (MCl) (n=28) and Alzheimer's (AD) (n=9). One-way ANOVA with Tukey’s multiple comparisons
test. C) Quantification of proliferating microglia in hippocampus in control human cases (Ctrl) (n=29), mild cognitive impairment
(MCl) (n=7) and Alzheimer's (AD) (n=19). One-way ANOVA with Tukey’'s multiple comparisons test, * indicates p < 0.05 in AD
compared to Ctrl. D) Proliferating microglia stained with Ki67 (green), beta-amyloid plaque stained with Methoxy (blue) and micro-
glia stained with Iba1 (red) in WT and APP/PS1 mice at 12 months. E) Quantification of proliferating microglia in WT and APP/PS1
mice at 4 (n=5/genotype), 6 (n=>5/genotype) and 12 months (n = 5/genotype). Two-way ANOVA with Holm-Sidak’s multiple com-
parisons test, ** indicates p < 0.01 compared to 4 months, *** indicates p < 0.001 compared to 6 months. F) Quantification prolif-
erating microglia associated to an amyloid plaque in APP/PS1 mice at 4 (n=35), 6 (n=25) and 12 months (n=5) expressed as %
of total proliferating microglia. One-way ANOVA with Sidak’s multiple comparisons test * indicates p < 0.05 compared to 4 months.
G) Quantification of amyloid content (Met") and proliferation (Ki67") in CD11b"/CD45" microglia in APP/PS1 mice at 6 (n=6)
and 12months (n=5). Double positive microglia were almost absent. Two-way ANOVA with Tukey’s post hoc test ** indicates
p=0.0010, *** indicates p = 0.0002, **** indicates p < 0.001. H) Schematic figure representing the experimental design to obtain
proliferating microglia from WT and APP/PS1 mice at 4, 6 and 12m for bulk RNA-seq. ) Filtered gene counts of microglia specific
genes demonstrating purity of the cells obtained. J) PCA plot showing unsupervised clustering of groups by both proliferation
state (PC1) and age (PC2). K) Bar plots of DEGs upregulated (blue) and downregulated (grey) genes between proliferating and
non-proliferating cells at 4, 6 and 12 months for WT (left) and APP/PS1 (right) mice.
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Proliferation Induced Changes of the Microglial
Transcriptome

To test if a chronic neurodegenerative environment
will change the microglial phenotype through prolifer-
ation, we sorted proliferating CD11b"/CD45"/Ki67™"
microglia and non-proliferating CD11b"/CD45"/Ki67"
microglia from WT and APP/PS1 male mice at 4, 6
and 12 months. Up to 400 cells were collected in 25 pl
PKD, whether proliferating or non-proliferating. As
cells required fixation after Ki67 nuclear stain, we
used the FRISCR method and subsequently analyzed
by RNA-sequencing (Figure 1h). The purity of sam-
ples was determined by visualizing a selected set of
genes showing that homeostatic microglial markers
including Cx3Crl, P2ry12, and TmemlII9 were highly
expressed, whereas genes characterizing neuronal
(Elavi3, Maplb and Map2), astroglial (Aldhl1l2, Gfal
and Gfap), oligodendroglial (Mog, Mag and Oligl),
endothelial (Galc, Cdh5 and Vwf) or peripheral
immune cell populations (Cd4, Ccr2 and Adaml9)
were almost undetectable (Figure 1i, Supplementary
Table 1). To identify the main sources of variability in
gene expression between our samples, we performed a
principal component analysis (PCA). Here, prolifer-
ation as detected by Ki67 immunopositivity, was
clearly associated with the first principal component.
At all-time points, proliferating microglia formed a
separate cluster compared to non-proliferating micro-
glia in WT and APP/PS1 mice (Figure Ij).
Remarkably, at 12 months proliferating microglia in
APP/PS1 mice form a clear cluster, separated from
non-proliferating microglia in APP/PS1 mice but also
from proliferating microglia in WT animals (Figure
1j). Next, we performed differential gene expression
analysis on the acquired gene counts using edgeR. We
applied a generalized linear model (GLM) with geno-
type, time point and proliferation state as factors. A
comparison of the FDR corrected p-values between
groups revealed that the proliferation state had the
strongest effect (Supplementary Figure 1), supporting
the prior PCA analysis. To examine changes in
proliferation-associated genes across time, we queried
our GLM to identify those genes that were differen-
tially regulated in proliferating vs non-proliferating
microglia in WT and APP/PS1 mice at each time
point. This analysis revealed that a considerable num-
ber of differentially expressed genes (DEGs) could be
detected at different time points (Figure 1k). To
explore changes in proliferation-associated DEGs
between groups; we examined the differences between
Ki67" and Ki67 cells in WT and APP/PS1 mice over
time (Supplementary Table 2). A substantial number

of genes upregulated in Ki67+ APP/PS1 microglia
(n=378 and n =724 at 6 and 12 months, respectively)
overlapped between APP/PS1 and WT mice at 6
(n=300) and 12 months (n=438) with a large pro-
portion being shared between both time-points
(n=152) (Supplementary Figure 1). However, prolif-
erating microglia of APP/PS1 mice expressed a spe-
cific gene signature over the experimental trajectory
with 41 and 198 non-overlapping genes at 6 and
12 months, respectively (Supplementary Figure 1). As
expected from the overall analysis of downregulated
genes in Ki67" microglia, there was very little overlap
between APP/PS1 and WT microglia (Supplementary
Figure 1). Taken together, these data support that
Ki67+ microglia are clearly distinct from non-
proliferating microglia and that amyloid deposition
induces an additional signature in Ki67" microglia.

Disease-Associated Gene Signature of Proliferating
Microglia

To further examine whether proliferating microglia
are characterized by a disease-associated gene signa-
ture, we queried our GLM to identify differentially
expressed genes in proliferating microglia in WT vs
proliferating microglia in APP/PS1 and likewise for
non-proliferating  microglia at all time-points
(Supplementary Table 1). While there aren’t any sig-
nificant differences at 4 months, proliferating micro-
glia start to display DEGs at 6 and 12 months in APP/
PS1 animals. Briefly, a total of 255 DEGs were upre-
gulated and 1DEG was downregulated at 6 months
while a total of 61 DEGs were upregulated and 2
DEGs  were  downregulated  at 12 months
(Supplementary Figure 1). DEGs in proliferating
microglia in APP/PS1 mice presented little over-lap
with  DEGs in  non-proliferating  microglia
(Supplementary Figure 1). When focusing on the
upregulated DEGs in proliferating microglia of APP/
PS1 mice, 32 genes are expressed at both 6 and
12 months, while 223 and 29 genes are uniquely
expressed at 6 and 12months respectively
(Supplementary Figure 1). At 6 months, proliferating
microglia upregulate several well-described microglia
genes including Irf8, Cx3crl, Csflr, Aifl and Siglech.
In this microglial subpopulation the Cd33 gene
showed the highest significance in the group of upre-
gulated genes (Figure 2a). Trem2, which acts down-
stream of CD33 (Griciuc et al, 2019), was
concomitantly upregulated. Of note, both genes are
associated with increased risk of AD (Guerreiro et al.,
2013; Hollingworth et al,, 2011). At 12months, the



upregulated gene showing the lowest p-value was
Mpegl, a perforin-like protein bound to the phagoly-
sosome membrane (Pang et al., 2019). In addition,
Trem2 and Tyrobp remained upregulated at
12 months, indicating that the TREM2 signaling path-
way stays activated. Other DEGs also included several
cathepsins (Ctsz, Ctsb, Ctsd and Ctsa), the microglial
sensome genes Ly86, Tgfrb2 and Cd180 (Hickman
et al, 2013) and previously as DAM genes denoted
genes such as Cd68, Hifla and Cd9 (Figure 2b).
Functional characterization using GO-terms or KEGG
pathways revealed strong involvement of immune
pathways along the progression of the disease as neu-
trophil degranulation, inflammatory response and
leukocyte migration (data not shown). Interestingly, in
non-proliferating microglia, DEGs were not detectable
before 12months of age (Supplementary Figure 1).
This may indicate an aging effect of non-proliferating
microglia that causes a delayed transcriptional change,
after sustained challenge by a neurodegenerative envi-
ronment. In these microglia, Tecprl, involved in auto-
phagosome formation, was the most upregulated gene.
Several other DEGs related to palmitoylation
(Zdhhc4), hydrolase activity (Haghl), fatty-acid bind-
ing (Fabp5), cellular movement (Myole), monocyte
chemotaxis (CxclI4) and secretase activity (Psen2)
were also upregulated in non-proliferating microglia
of APP/PS1 mice at 12 months (Supplementary Figure
2). Functional annotation of these changes in non-
proliferating microglia revealed alterations in meta-
bolic pathways instead of immune processes
(Supplementary Figure 2).

Microglia Change Their Transcriptome and
Function over Time

We assessed common features of proliferating micro-
glia in a neurodegenerative environment at 6 and
12 months. In total 32 DEGs overlapped between 6
and 12months in this microglial subpopulation
(Supplementary Figure 1). Enriched pathways primar-
ily related to immune system functions including neu-
trophil degranulation, inflammatory response, cellular
response to molecule of bacterial origin and the lyso-
some (Figure 2c). Using the search tool for retrieval
of interacting genes (STRING), we studied the known
interactions among these genes (Figure 2d). In par-
ticular, DEGs were related to cellular response to lipo-
polysaccharide, regulation of phagocytosis, regulation
of neuron death, antigen processing and presentation
by MHC class II and regulation of leukocyte differen-
tiation (Figure 2e).
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Proliferating microglia in the APP/PS1 mice at
6 months express several inflammasome related genes,
such as Pycard, Nirp3, Il1b and Irfl (Figure 2f). As sug-
gested in a previous work (Heneka et al., 2013), inflam-
masome activation may prevent microglial-mediated
phagocytosis of AB. To test the role of inflammasome
in phagocytosis of Ab in vivo, we used ASC knockout
mice backcrossed to the APP/PSIline (APP/ASC™).
APP/PS1 and APP/ASC”" mice received an ip. injec-
tion of methoxy-X04 as previously described (Heneka
et al, 2013). Microglia were subsequently sorted and
analysed for the incorporation of Ab and Ki67 expres-
sion. After CD11b"/CD45" gating, only 0.62% in the
APP/PS1 and 1,28% in the APP/PS1/ASC”" microglia
were Ki67"/Methoxy™, indicating a strong impairment
of phagocytic Af clearance by proliferating microglia
in APP/PS1 (Figure 2g and h). Interestingly, the total
amount of proliferating microglia was significantly
lower in APP/PSIXASC”" mice. In addition, non-
proliferating microglia of APP/PS1/ASC”" showed a
much higher Af clearance when compared to the
APP/PS1 mice (Figure 2g and h), indicating that
inflammasome signalling through ASC compromises
microglial clearance.

In order to study the transcriptional changes longi-
tudinally, Ki67" microglia from APP/PS1 mice at 6
and 12 months were compared to existing data sets. At
6months, 52 of 255 upregulated DEGs (20%) were
shared with the DAM signature, whereas at 12 months,
30 out of 61 (49%) overlapped with that signature
(Keren-Shaul et al., 2017) (Figure 3, Supplementary
Table 2). In contrast, only little overlap was found with
the genetic signature of lipid-droplet accumulating
microglia (LDAM) (Marschallinger et al., 2020) at both
ages (Figure 3a). When comparing the genetic signa-
ture identified in the present work with subpopulations
defined by Krasemann and colleagues as “tolerogenic
microglia” and  “neurodegenerative = microglia”
(Krasemann et al., 2017), we observed that along with
aging and amyloid deposition, proliferating microglia
develop a neurodegeneration-associated phenotype
while losing their “tolerogenic” phenotype (Figure 3b).

When we focused onto the 6-month time-point to
better understand the functional association of the
interaction network obtained with the STRING ana-
lysis, we found enrichment in the pathways related to
G-protein beta-gamma signalling, substrate-dependent
cell migration, leukocyte apoptotic process, toll-like
receptor cascades and regulation of lipid biosynthetic
process at 6 months (Supplementary Figure 3). Using
this approach, we next identified the functional net-
work within the 29 genes upregulated at 12 but not
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Figure 2. Effects of disease in the transcriptome of microglia. A,B) Volcano plots for disease associated DEGs for proliferating cells
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Figure 3. DDX3X is expressed on microglia in Alzheimer's disease. A) Venn diagrams representing overlap with lipid™9" microglia
of 18 m mice (lipid, purple) and the disease associated microglia (DAM, green) with APP vs WT Ki67* microglia at 6 m (6 m Ki67+,
left, red) and APP vs WT Ki67" microglia at 12m (12m Ki67", right, red). B) Expression of several genes associated with tolero-
genic (green) and neurodegenerative (red) microglia in proliferating microglia of APP/PS1 compared to WT at 6 m (left) and 12m
(right). * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001. C) Protein-protein inter-
action network form STRING online analysis from DEGs found uniquely at 12 m. Network nodes represent proteins and edges rep-
resent protein-protein associations. Empty nodes represent proteins of unknown 3D structure, while filled represent proteins with
predicted or known 3D structure (PPl enrichment value =0.000134). D) Blots of cell lysates of isolated adult WT and APP/PS1
microglia at 12m stained for DDX3X and alpha-tubulin, as a loading control. E) Quantification of DDX3X levels in isolated adult
microglia, normalized to alpha-tubulin. WT (n=5), APP/PS1 (n=11), Student’s t-test, ** indicates p < 0.01 compared to the corre-
sponding time point in the WT. F) Release of IL-1f and cytotoxicity in primary WT microglia cells after NLRP3 inflammasome acti-
vation and treatment with increasing concentrations of DDX3X inhibitor (RK-33). G) Blots of human brain homogenates from
control (Ctrl), mild cognitive impairment (MCI) and Alzheimer's disease (AD) stained for DDX3X. H) Quantification of the three
DDX3X fragments in human brain homogenates from control (Ctrl) (n=5), mild cognitive impairment (MCl) (n=5) and
Alzheimer's disease (AD) (n=15), normalized to alpha-tubulin. I) Representative microphotographs of human brain from controls
(Ctrl) and AD patients (AD) showing DDX3X (green) staining in the neuronal soma in plaque-free regions and in microglia (anti-
Iba1, red) in plaque regions, stained with Methoxy (blue).
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6 months that might be involved in the transition
from acute to chronic inflammation (Figure 3c). In
fact, the involved pathways were interleukin-6 family
signalling, interleukin-4 and -13 signalling, uptake and
function of diphtheria toxin, and two pathways related
to transforming growth factor (TGF)-f production
(Figure 3c). From the reconstructed network, we
selected DDX3X as a potential candidate for modulat-
ing microglia function, since DDX3X is involved in
NLRP3 inflammasome regulation (Kesavardhana
et al., 2021; Kienes et al., 2021; Samir et al., 2019) and
NLRP3 inflammasome activation in microglia contrib-
utes to pathology in APP/PS1 and tau22 mice
(Heneka et al, 2013; Ising et al, 2019). In vivo,
DDX3X is significantly increased in isolated microglia
from brains of APP/PS1 mice when compared to WT
at 12 months (Figure 3d). In vitro, DDX3X inhibition
efficiently reduces IL-1f production and rescues cell
death  after NLRP3 activation (Figure 3f,
Supplementary Figure 4), concomitant with a reduc-
tion of cleaved-caspase-1 in both supernatants and
cell lysates (Supplementary Figure 4). Importantly, we
detected three DDX3X fragments in human brain
samples: the previously described ~70kDa active frag-
ment and the ~65kDa inactive cleaved fragment (Sun
et al., 2008); and a 20kDa fragment, which might
contain the helicase domain (Rodamilans & Montoya,
2007) (Figure 3g). In the AD brain, a trend is
observed toward higher levels of active fragment and
20kDa fragment together with decreases levels of the
inactive DDX3X fragment (Figure 3h). In control
brain and plaque-free regions in the AD brains,
DDX3X is found in the neuronal soma; however, in
plaque-loaded regions, DDX3X is found in microglia
in close relationship to amyloid plaques (Figure 3i).

Discussion

Enhanced proliferation represents a key feature of the
microglial response to acute injuries and chronic neu-
rodegeneration. Using RNA-sequencing, we describe
for the first time the unique transcriptome of prolifer-
ating microglia derived from 6 and 12 months-old
APP/PS1 mice. We show that proliferating microglia
already exhibit transcriptional changes related to AD
at 6 months, suggesting that newly generated microglia
adopt a distinct transcriptome upon early cerebral
amyloidosis. The identified pathways mainly relate to
immune functions indicating a role of proliferating
microglia in sustaining the immunological response
upon exposure to accumulating amyloid deposition.
Proliferating microglia showed an upregulation of

several “microglial sensome” genes (Hickman et al,
2013) and also the Trem2 co-adaptor molecule
Tyrobp, which has been linked to enhanced phagocytic
activity (Gaikwad et al., 2009). Other phagocytosis-
related genes such as Cd68 (Schafer & Stevens, 2015)
and lysosomal genes including several cathepsins
(Lowry & Klegeris, 2018) were also upregulated. Such
upregulation of phagocytosis-related pathways was
striking as proliferating microglia were strongly
impaired in Abeta phagocytosis in vivo. Thus, such
transcriptome changes may have to be interpreted as
an attempt to overcome the functional impairment
through an upregulated gene transcription. In 5xFAD
mice, a neuroprotective microglial subtype denoted as
DAMs, with high phagocytic capacity often associated
with Af deposition and whose full activation depends
on TREM2 signaling, has been described (Keren-Shaul
et al., 2017). While DAM are associated with effective
phagocytosis, proliferating cells might get arrested in
an intermediate state and do not achieve an efficient
phagocytic phenotype. In this work, we provide a list
of 31 DEGs found in proliferating microglia at
12 months that do not overlap with the DAM signa-
ture, which may account for this functional pheno-
type. Whether some of these genes may serve as
future targets to boost microglial clearance in the con-
text of neurodegenerative diseases will require further
studies.

In this work, we provide 29 genes upregulated
uniquely at 12m that might represent key players in
the acquisition of a chronically activated microglial
phenotype. Five of these genes are also found in the
second phase of DAM activation (Csfl, Ctsa, Hifla,
Cd9, Gusb). Interestingly, 12 of these 29 DEGs have
not been described previously in the context of either
AD or in microglia such as Faml02b, Pabpcl, Sdf4,
Rps27a, Ptpra and Lars2. Furthermore, we found
upregulation of Socs6 and TIr13, which have been
reported in microglia but not described in the context
of AD before. Mice lacking RNA-sensing endosomal
Tlr13 were susceptible to encephalitis and TIr13""
microglia showed decreased cytokine production
in vitro (Fama et al., 2020). Socs6 was upregulated
after TGF-f1 treatment in primary microglia (Zhou
et al, 2015). In addition, proliferating microglia at
12m upregulated the stem cell marker Cd34, which
identifies a subset of proliferating microglia associated
with degenerating neurons in ALS (Kovacs et al,
2019) and which is upregulated in -early-activated
microglia after facial nerve axotomy (Ladeby et al,
2005). Considering the role of these genes in inflam-
mation, we suggest that those may represent targets to



prevent the transition from acute to chronic neuroin-
flammation. Among them, we highlight DDX3X, since
its inhibition leads to a substantial decrease in IL-1f
and it is increased on microglia under neurodegenera-
tive conditions and in the AD brain.

DDX3X has been identified as a key regulator for
NLRP3 inflammasome in microglial cells by promot-
ing the assembly of ASC and pro-caspasel, leading to
inflammasome activation and inflammatory responses
(Samir & Kanneganti, 2022; Samir et al., 2019).
Beyond, inflammasome activation, DDX3X expression
influences microglial functions by regulating the trans-
lation of key proteins involved in cell migration and
phagocytosis, including STAT1, GNB2 and Racl (Guo
et al., 2021; Ku et al., 2019; Rastad et al., 2023; Samir
& Kanneganti, 2022). This suggests that DDX3X may
influence microglial proliferation and their phagocytic
activity through its role in inflammasome signaling.
Our study provides a strong support that amyloid
accumulation in APP/PS1 mice induces a distinct
transcriptional and functional program in proliferating
microglia governed by NLRP3 inflaimmasome activa-
tion mediated by increased levels of DDX3X.
Moreover, we pointed out targets that might serve as
new therapeutic approaches not only in AD but also
in other CNS disorders, which harbor a chronic
inflammatory component, since increased microglia
proliferation is a recurrent phenomenon in both acute
injuries and chronic neurodegeneration.

Acknowledgements

We thank Boaz P Levi and S. Picelli for valuable comments
and technical support on the FRISCR protocol. We would
like to acknowledge the assistance of the Flow Cytometry
Core Facility at the Institute of Experimental Immunology,
Medical Faculty at the University of Bonn and the Light
Microscopy Facility and Image and Data Analysis Facility at
the DZNE, Bonn.

Author Contributions

N.V,, H.S. and M.T.H. conceptualized the study. N.V., K.B.
and M.T.H wrote the paper with the help of the co-authors.
N.V., HS,, S.G.C,, C.V and E.V. performed in vivo experi-
ments. N.V. analyzed in vivo experiments. P.M, A.V.S. and
R.M. performed in vitro experiments. N.V., P.M. and A.V.S.
analyzed in vitro experiments. S.P. and J.S. performed
cDNA library construction and sequencing. 1.S, M.B. and
E.S. performed RNA sequencing analysis.

Disclosure Statement

No potential conflict of interest was reported by the
author(s).

ASN NEURO 13

Funding

This project was funded by ERA-NET TracInflam
(0IEW1508) and by H2020 action PHAGO (115976)
to MTH.

ORCID

Nadia Villacampa (&) http://orcid.org/0000-0001-6513-0250
Heela Sarlus () http://orcid.org/0000-0001-7880-9828
Paula Martorell () http://orcid.org/0000-0003-2219-059X
Khushbu Bhalla (%) http://orcid.org/0009-0009-6736-2544
Sergio Castro-Gomez (5 http://orcid.org/0000-0002-1581-
474X

Kristian Handler
Carmen Venegas
Réisin McManus
Thomas Ulas

http://orcid.org/0000-0001-5273-5277
http://orcid.org/0000-0002-8902-4986
http://orcid.org/0000-0002-6896-0302
http://orcid.org/0000-0002-9785-4197
Marc Beyer (®) http://orcid.org/0000-0001-9704-148X
Eran Segal ([®) http://orcid.org/0000-0002-6859-1164
Michael T. Heneka @) http://orcid.org/0000-0003-4996-1630

Data Availability Statement

The datasets generated and/or analyzed during the current
study have been made available as Supplementary
Information (Supplementary Tables) and as Source Data
(GSE173453). Further data are available upon reasonable
request from the corresponding author.

References

Askew, K., Li, K., Olmos-Alonso, A., Garcia-Moreno, F.,
Liang, Y., Richardson, P., Tipton, T., Chapman, M. A,
Riecken, K., Beccari, S., Sierra, A., Molnar, Z., Cragg, M. S.,
Garaschuk, O., Perry, V. H., & Gomez-Nicola, D. (2017).
Coupled proliferation and apoptosis maintain the rapid
turnover of microglia in the adult brain. Cell Reports, 18(2),
391-405. https://doi.org/10.1016/j.celrep.2016.12.041

Bachiller, S., Jiménez-Ferrer, I, Paulus, A., Yang, Y,
Swanberg, M., Deierborg, T., & Boza-Serrano, A. (2018).
Microglia in neurological diseases: A road map to brain-
disease dependent-inflammatory response. Frontiers in
Cellular Neuroscience, 12, 488. https://doi.org/10.3389/
fncel.2018.00488

Biswas, K. (2023). Microglia mediated neuroinflammation
in neurodegenerative diseases: A review on the cell sig-
naling pathways involved in microglial activation. Journal
of Neuroimmunology, 383, 578180. https://doi.org/10.
1016/j.jneuroim.2023.578180

Bray, N. L., Pimentel, H., Melsted, P., & Pachter, L. (2016).
Near-optimal  probabilistic = RNA-seq  quantification.
Nature Biotechnology, 34(5), 525-527. https://doi.org/10.
1038/nbt.3519

Chiu, I. M., Morimoto, E. T., Goodarzi, H., Liao, J. T,
O’Keeffe, S., Phatnani, H. P., Muratet, M., Carroll, M. C,,
Levy, S., Tavazoie, S., Myers, R. M., & Maniatis, T.
(2013). A neurodegeneration-specific gene-expression sig-
nature of acutely isolated microglia from an amyotrophic
lateral sclerosis mouse model. Cell Reports, 4(2), 385-401.
https://doi.org/10.1016/j.celrep.2013.06.018



14 N. VILLACAMPA ET AL.

Cisbani, G., & Rivest, S. (2021). Targeting innate immunity
to protect and cure Alzheimer’s disease: opportunities
and pitfalls. Molecular Psychiatry, 26(10), 5504-5515.
https://doi.org/10.1038/s41380-021-01083-4

Doorn, K. J., Drukarch, B., van Dam, A. M., & Lucassen,
P. J. (2014). Hippocampal proliferation is increased in
presymptomatic Parkinson’s disease and due to microglia.
Neural Plasticity, 2014, 959154. https://doi.org/10.1155/
2014/959154

Fama, A., Midiri, A., Mancuso, G., Biondo, C., Lentini, G,,
Galbo, R., Giardina, M. M., De Gaetano, G. V., Romeo,
L., Teti, G., & Beninati, C. (2020). Nucleic acid-sensing
toll-like receptors play a dominant role in innate immune
recognition of pneumococci. mBio, 11(2). https://doi.org/
10.1128/mBio.00415-20

Gaikwad, S., Larionov, S., Wang, Y., Dannenberg, H.
Matozaki, T., Monsonego, A., Thal, D. R., & Neumann,
H. (2009). Signal regulatory protein-betal: a microglial
modulator of phagocytosis in Alzheimer’s disease. The
American Journal of Pathology, 175(6), 2528-2539.
https://doi.org/10.2353/ajpath.2009.090147

Go6mez-Nicola, D., Fransen, N. L., Suzzi, S., & Perry, V. H.
(2013). Regulation of microglial proliferation during chronic
neurodegeneration. The Journal of Neuroscience: The Official
Journal of the Society for Neuroscience, 33(6), 2481-2493.
https://doi.org/10.1523/J]NEUROSCI.4440-12.2013

Griciuc, A., Patel, S., Federico, A. N., Choi, S. H., Innes,
B. ], Oram, M. K., Cereghetti, G., McGinty, D., Anselmo,
A., Sadreyev, R. I, Hickman, S. E., El Khoury, J,
Colonna, M., & Tanzi, R. E. (2019). TREM2 acts down-
stream of CD33 in modulating microglial pathology in
Alzheimer’s disease. Neuron, 103(5), 820-835.e7. https://
doi.org/10.1016/j.neuron.2019.06.010

Guerreiro, R., Wojtas, A., Bras, J., Carrasquillo, M., Rogaeva,
E., Majounie, E., Cruchaga, C., Sassi, C., Kauwe, J. S,
Younkin, S., Hazrati, L., Collinge, J., Pocock, J., Lashley, T.,
Williams, J., Lambert, J. C., Amouyel, P., Goate, A,
Rademakers, R., ... Hardy, J., and G. Alzheimer Genetic
Analysis. (2013). TREM2 variants in Alzheimer’s disease.
The New England Journal of Medicine, 368(2), 117-127.
https://doi.org/10.1056/NEJMo0al211851

Guo, X., Chen, S., Yu, W,, Chi, Z., Wang, Z., Xu, T., Zhang,
J., Jiang, D., Guo, Y., Fang, H., Zhang, K,, Li, M,, Yang, D,
Yu, Q., Ye, Q, Wang, D., Zhang, X., & Wu, Y. (2021).
AKT controls NLRP3 inflammasome activation by induc-
ing DDX3X phosphorylation. FEBS Letters, 595(19), 2447-
2462. https://doi.org/10.1002/1873-3468.14175

Heneka, M. T., Kummer, M. P., & Latz, E. (2014). Innate
immune activation in neurodegenerative disease. Nature
Reviews. Immunology, 14(7), 463-477. https://doi.org/10.
1038/nri3705

Heneka, M. T., Kummer, M. P,, Stutz, A., Delekate, A., Schwartz,
S., Vieira-Saecker, A., Griep, A., Axt, D., Remus, A., Tzeng,
T. C,, Gelpi, E., Halle, A., Korte, M., Latz, E., & Golenbock,
D. T. (2013). NLRP3 is activated in Alzheimer’s disease and
contributes to pathology in APP/PS1 mice. Nature,
493(7434), 674-678. https://doi.org/10.1038/nature11729

Hickman, S. E., Kingery, N. D., Ohsumi, T. K., Borowsky,
M. L., Wang, L. C,, Means, T. K., & El Khoury, J. (2013).
The microglial sensome revealed by direct RNA sequenc-
ing. Nature Neuroscience, 16(12), 1896-1905. https://doi.
org/10.1038/nn.3554

Hickman, S., Izzy, S., Sen, P., Morsett, L., & El Khoury, ]J.
(2018). Microglia in  neurodegeneration.  Nature
Neuroscience, 21(10), 1359-1369. https://doi.org/10.1038/
$41593-018-0242-x

Hollingworth, P., D., Harold, R., Sims, A., Gerrish, J. C,
Lambert, M. M., Carrasquillo, R., Abraham, M. L,
Hamshere, J. S., Pahwa, V., Moskvina, K., Dowzell, N,
Jones, A., Stretton, C., Thomas, A., Richards, D., Ivanov,
C., Widdowson, J., Chapman, S., Lovestone, P., Amouyel,

. Williams, Alzheimer’s Disease Neuroimaging. (2011).
Common variants at ABCA7, MS4A6A/MS4A4E,
EPHA1l, CD33 and CD2AP are associated with
Alzheimer’s disease. Nature Genetics, 43(5), 429-435.
https://doi.org/10.1038/ng.803

Hu, Y., Fryatt, G. L, Ghorbani, M., Obst, J., Menassa,
D. A., Martin-Estebane, M., Muntslag, T. A. O., Olmos-
Alonso, A., Guerrero-Carrasco, M., Thomas, D., Cragg,
M. S., & Gomez-Nicola, D. (2021). Replicative senescence
dictates the emergence of disease-associated microglia
and contributes to Abeta pathology. Cell Reports, 35(10),
109228. https://doi.org/10.1016/j.celrep.2021.109228

Ising, C., Venegas, C., Zhang, S., Scheiblich, H., Schmidt, S. V.,
Vieira-Saecker, A., Schwartz, S., Albasset, S., McManus,
R. M., Tejera, D., Griep, A., Santarelli, F., Brosseron, F.,
Opitz, S., Stunden, J., Merten, M., Kayed, R., Golenbock,
D. T, Blum, D., ... Heneka, M. T. (2019). NLRP3 inflam-
masome activation drives tau pathology. Nature, 575(7784),
669-673. https://doi.org/10.1038/s41586-019-1769-z

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-
Natan, O., Dvir-Szternfeld, R., Ulland, T. K., 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(7), 1276-1290.e17. https://
doi.org/10.1016/j.cell.2017.05.018

Kesavardhana, S., Samir, P., Zheng, M., Malireddi, R. K. S,
Karki, R., Sharma, B. R., Place, D. E.,, Briard, B., Vogel,
P., & Kanneganti, T. D. (2021). DDX3X coordinates host
defense against influenza virus by activating the NLRP3
inflammasome and type I interferon response. The
Journal of Biological Chemistry, 296, 100579. https://doi.
0rg/10.1016/j.jbc.2021.100579

Kienes, 1., Bauer, S., Gottschild, C., Mirza, N., Pfannstiel, J.,
Schroder, M., & Kufer, T. A. (2021). DDX3X links NLRP11
to the regulation of Type I interferon responses and NLRP3
inflammasome activation. Frontiers in Immunology, 12,
653883. https://doi.org/10.3389/fimmu.2021.653883

Kovacs, M., Trias, E., Varela, V., Ibarburu, S., Beckman, J. S,,
Moura, I. C., Hermine, O., King, P. H,, Si, Y., Kwon, Y., &
Barbeito, L. (2019). CD34 identifies a subset of proliferating
microglial cells associated with degenerating motor neu-
rons in ALS. International Journal of Molecular Sciences,
20(16), 3880. https://doi.org/10.3390/ijms20163880

Krasemann, S., Madore, C., Cialic, R., Baufeld, C., Calcagno,
N., El Fatimy, R., Beckers, L., O’Loughlin, E., Xu, Y.,
Fanek, Z., Greco, D. J., Smith, S. T. Tweet, G,
Humulock, Z., Zrzavy, T., Conde-Sanroman, P., Gacias,
M., Weng, Z., Chen, H., ... Butovsky, O. (2017). The
TREM2-APOE pathway drives the transcriptional pheno-
type of dysfunctional microglia in neurodegenerative dis-
eases. Immunity, 47(3), 566-581.e9. https://doi.org/10.
1016/j.immuni.2017.08.008



Ku, Y. C, Lai, M. H,, Lo, C. C, Cheng, Y. C, Qiu, J. T,
Tarn, W. Y., & Lai, M. C. (2019). DDX3 participates in
translational control of inflammation induced by infec-
tions and injuries. Molecular and Cellular Biology, 39.

Ladeby, R., Wirenfeldt, M., Dalmau, I, Gregersen, R,
Garcia-Ovejero, D., Babcock, A., Owens, T., & Finsen, B.
(2005). Proliferating resident microglia express the stem
cell antigen CD34 in response to acute neural injury.
Glia, 50(2), 121-131. https://doi.org/10.1002/glia.20159

Love, M. I, Huber, W., & Anders, S. (2014). Moderated
estimation of fold change and dispersion for RNA-seq
data with DESeq2. Genome Biology, 15(12), 550. https://
doi.org/10.1186/s13059-014-0550-8

Lowry, J. R, & Klegeris, A. (2018). Emerging roles of
microglial cathepsins in neurodegenerative disease. Brain
Research Bulletin, 139, 144-156. https://doi.org/10.1016/].
brainresbull.2018.02.014

Lull, M. E., & Block, M. L. (2010). Microglial activation and
chronic  neurodegeneration.  Neurotherapeutics:  The
Journal of the American Society for Experimental
NeuroTherapeutics, 7(4), 354-365. https://doi.org/10.1016/
j.nurt.2010.05.014

Marschallinger, J., Iram, T., Zardeneta, M., Lee, S. E,
Lehallier, B., Haney, M. S., Pluvinage, J. V., Mathur, V.,
Hahn, O., Morgens, D. W., Kim, J., Tevini, J., Felder,
T. K., Wolinski, H., Bertozzi, C. R., Bassik, M. C,
Aigner, L., & Wyss-Coray, T. (2020). Lipid-droplet-accu-
mulating microglia represent a dysfunctional and proin-
flammatory state in the aging brain. Nature Neuroscience,
23(2), 194-208. https://doi.org/10.1038/s41593-019-0566-1

Mawuenyega, K. G., Sigurdson, W., Ovod, V., Munsell, L.,
Kasten, T., Morris, J. C., Yarasheski, K. E., & Bateman,
R. J. (2010). Decreased clearance of CNS beta-amyloid in
Alzheimer’s disease. Science (New York, N.Y.), 330(6012),
1774-1774. https://doi.org/10.1126/science.1197623

O’Neil, S. M., Witcher, K. G., McKim, D. B., & Godbout,
J. P. (2018). Forced turnover of aged microglia induces
an intermediate phenotype but does not rebalance CNS
environmental cues driving priming to immune chal-
lenge. Acta Neuropathologica Communications, 6(1), 129.
https://doi.org/10.1186/540478-018-0636-8

Pang, S. S., Bayly-Jones, C., Radjainia, M., Spicer, B. A,
Law, R. H. P, Hodel, A. W., Parsons, E. S., Ekkel, S. M.,
Conroy, P. J.,, Ramm, G., Venugopal, H., Bird, P. I,
Hoogenboom, B. W., Voskoboinik, I, Gambin, Y.,
Sierecki, E., Dunstone, M. A., & Whisstock, J. C. (2019).
The cryo-EM structure of the acid activatable pore-
forming immune effector Macrophage-expressed gene 1.
Nature Communications, 10(1), 4288. https://doi.org/10.
1038/541467-019-12279-2

Ponomarev, E. D., Shriver, L. P., Maresz, K., & Dittel, B. N.
(2005). Microglial cell activation and proliferation pre-
cedes the onset of CNS autoimmunity. Journal of
Neuroscience Research, 81(3), 374-389. https://doi.org/10.
1002/jnr.20488

Rastad, S., Barjaste, N., Lanjanian, H., Moeini, A., Kiani, F.,
& Masoudi-Nejad, A. (2023). Parallel molecular alteration
between Alzheimer’s disease and major depressive dis-
order in the human brain dorsolateral prefrontal cortex:
an insight from gene expression and methylation profile
analyses. Genes & Genetic Systems, 97(6), 311-324.
https://doi.org/10.1266/ggs.22-00022

ASN NEURO 15

Rodamilans, B., & Montoya, G. (2007). Expression, purifica-
tion, crystallization and preliminary X-ray diffraction
analysis of the DDX3 RNA helicase domain. Acta
Crystallographica. Section F, Structural Biology and
Crystallization Communications, 63(Pt 4), 283-286.
https://doi.org/10.1107/S1744309107006434

Samir, P., & Kanneganti, T. D. (2022). DEAD/H-box heli-
cases in immunity, inflammation, cell differentiation, and
cell death and disease. Cells, 11(10), 1608. https://doi.org/
10.3390/cells11101608

Samir, P., Kesavardhana, S., Patmore, D. M., Gingras, S.,
Malireddi, R. K. S., Karki, R.,, Guy, C. S., Briard, B,
Place, D. E., Bhattacharya, A., Sharma, B. R., Nourse, A.,
King, S. V., Pitre, A, Burton, A. R, Pelletier, S,
Gilbertson, R. J., & Kanneganti, T. D. (2019). DDX3X
acts as a live-or-die checkpoint in stressed cells by regu-
lating NLRP3 inflammasome. Nature, 573(7775), 590-
594. https://doi.org/10.1038/s41586-019-1551-2

Schafer, D. P., & Stevens, B. (2015). Microglia function in
central nervous system development and plasticity. Cold
Spring Harbor Perspectives in Biology, 7(10), a020545.
https://doi.org/10.1101/cshperspect.a020545

Shankaran, M., Marino, M. E., Busch, R., Keim, C,, King, C.,
Lee, J., Killion, S., Awada, M., & Hellerstein, M. K. (2007).
Measurement of brain microglial proliferation rates in vivo
in response to neuroinflammatory stimuli: application to
drug discovery. Journal of Neuroscience Research, 85(11),
2374-2384. https://doi.org/10.1002/jnr.21389

Sun, M., Song, L., Li, Y., Zhou, T., & Jope, R. S. (2008).
Identification of an antiapoptotic protein complex at
death receptors. Cell Death and Differentiation, 15(12),
1887-1900. https://doi.org/10.1038/cdd.2008.124

Tejera, D., Mercan, D., Sanchez-Caro, J.M., Hanan, M.,
Greenberg, D., Soreq, H., Latz, E, Golenbock, D., &
Heneka, M.T. 2019. Systemic inflammation impairs
microglial Abeta clearance through NLRP3 inflamma-
some. EMBO ] 38:e101064.

Thomsen, E. R., Mich, J. K, Yao, Z., Hodge, R. D., Doyle,
A. M., Jang, S. Shehata, S. I, Nelson, A. M,
Shapovalova, N. V., Levi, B. P., & Ramanathan, S. (2016).
Fixed single-cell transcriptomic characterization of
human radial glial diversity. Nature Methods, 13(1), 87-
93. https://doi.org/10.1038/nmeth.3629

Venegas, C., & Heneka, M. T. (2017). Danger-associated
molecular patterns in Alzheimer’s disease. Journal of
Leukocyte Biology, 101(1), 87-98. https://doi.org/10.1189/
jlb.3MR0416-204R

Walker, F., Nilsson, M., & Jones, K. (2013). Acute and chronic
stress-induced disturbances of microglial plasticity, pheno-
type and function. Current Drug Targets, 14(11), 1262-1276.
https://doi.org/10.2174/13894501113149990208

Zhou, X., Zoller, T., Krieglstein, K., & Spittau, B. (2015).
TGFbetal inhibits IFNgamma-mediated microglia activa-
tion and protects mDA neurons from IFNgamma-driven
neurotoxicity. Journal of Neurochemistry, 134(1), 125-
134. https://doi.org/10.1111/jnc.13111

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi,
A. H., Tanaseichuk, O., Benner, C., & Chanda, S. K. (2019).
Metascape provides a biologist-oriented resource for the
analysis of systems-level datasets. Nature Communications,
10(1), 1523. https://doi.org/10.1038/s41467-019-09234-6



