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Rejuvenating aged microglia o

by p16"“2-siRNA-loaded nanoparticles
increases amyloid-f3 clearance in animal models
of Alzheimer’s disease
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Abstract

Age-dependent accumulation of amyloid plaques in patients with sporadic Alzheimer’s disease (AD) is associated
with reduced amyloid clearance. Older microglia have a reduced ability to phagocytose amyloid, so phagocytosis

of amyloid plaques by microglia could be regulated to prevent amyloid accumulation. Furthermore, considering

the aging-related disruption of cell cycle machinery in old microglia, we hypothesize that regulating their cell cycle
could rejuvenate them and enhance their ability to promote more efficient amyloid clearance. First, we used gene
ontology analysis of microglia from young and old mice to identify differential expression of cyclin-dependent kinase
inhibitor 2A (p16™4%), a cell cycle factor related to aging. We found that p16"™“? expression was increased in microglia
near amyloid plaques in brain tissue from patients with AD and 5XFAD mice, a model of AD. In BV2 microglia, small
interfering RNA (siRNA)-mediated p16ink4a downregulation transformed microglia with enhanced amyloid phago-
cytic capacity through regulated the cell cycle and increased cell proliferation. To regulate microglial phagocytosis
by gene transduction, we used poly (D,L-lactic-co-glycolic acid) (PLGA) nanoparticles, which predominantly target
microglia, to deliver the siRNA and to control microglial reactivity. Nanoparticle-based delivery of p16™“? siRNA
reduced amyloid plaque formation and the number of aged microglia surrounding the plaque and reversed learn-
ing deterioration and spatial memory deficits. We propose that downregulation of p16™# in microglia is a promising
strategy for the treatment of Alzheimer’s disease.
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Background

Alzheimer’s disease (AD) is a chronic degenerative disor-
der that causes cognitive decline [1]. AD is an age-related
disease characterized by amnesia and is more likely to
occur in older adults [2] and is the most common cause
of dementia. The main pathological features include the
deposition of extracellular amyloid-p (Ap) plaques within
the brain parenchyma [3, 4] and neuronal fiber entangle-
ments [5]. Although several pathophysiological and his-
tological changes occur in AD, an early and characteristic
hallmark of the disease in patients with AD and mouse
models of AD is the prominent morphological changes,
known as reactive changes [6], of glia, microglia, and
astrocytes located near AP plaques. There has been an
increasing focus on the understanding of the microglial
contribution to AD pathology and progression, as age-
dependent accumulation of AP in patients with sporadic
AD is associated with reduced Af clearance [7, 8].

Microglia are the primary immune-effector cell type in
the brain and play an essential role in the maintenance
of homeostasis and protection of the brain from infec-
tion and insult [9]. Moreover, microglia are responsible
for phagocytosis, the process of recognizing, engulfing,
and digesting foreign substances, in the central nervous
system [10]. In the AD environment, microglia are phe-
notypically active and form intimate connections with
amyloid deposits, extending their processes into the
cores of plaques [11]. Specifically, microglia not only rec-
ognize the AP peptide and initiate an immune response
but also migrate to the region of amyloid deposition.
Much research has suggested that therapeutic strategies
to target microglia may represent an effective approach
to prevent AD disease progression. Microglia-mediated
damage, rather than pathological tau-induced direct neu-
rotoxicity, was the leading force driving neurodegenera-
tion in a tauopathy mouse model of AD [12].

Although the morphological characteristics of aging
microglia are not well established, aged microglia are
usually dysplastic with absent, augmented, and twisted
cytoplasmic abnormalities [13]. It is presumed that AD
pathogenesis exaggerates the morphological changes of
microglia caused by aging [14]. After labeling amyloid
with Methoxy-XO4, microglial cells containing amyloid
were isolated from an AD mouse model and subjected
to transcriptomics analysis. This revealed an increase in
gene ontology related to ribosome, oxidative phospho-
rylation, and phagolysosome pathways. Moreover, they
demonstrate that microglia without amyloid plaques
exhibit reduced levels of active synaptosome phagocy-
tosis. However, functional modulation through Hypoxia
Inducible Factor 1 subunit Alpha (HIF1A) or Fibrillar A
(fAB) can enhance synaptosome phagocytosis in vitro.
They showed that the transcriptional program associated
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with XO4% microglia from mice is present in a subset
of human microglia isolated from brains of individuals
with AD. XO4™ microglia displayed transcriptional sig-
natures associated with accelerated ageing, and displayed
impaired synapse clearance despite accumulating syn-
aptic material, suggesting a disconnect between phago-
cytic capacity and cellular state [15]. Therefore, the effect
of aging on microglial phagocytosis and AP clearance
are still unknown, but the ability of aged microglia to
digest ingested substances appears to be impaired. Taken
together, it is reasonable to suggest that microglial dys-
function originating from aging or amyloid plaque load
influences the reactivity of microglia and subsequently
dysregulates their ability to take up and degrade Ap.
Important unanswered questions include whether micro-
glial dysfunction in AD is reversible and whether reversal
of microglial dysfunction can restore phagocytic capac-
ity to limit amyloid accumulation. Thus, we hypothesized
that control of the microglial cell-division cycle could be
key to restoring the degraded function of aged microglia.
In this pre-clinical study, we aimed to test the relevance
of the cellular-senescence risk factor cyclin-dependent
kinase (CDK) inhibitor 2A (p16™%) in the mediation
of microglial dysfunction and as a potential target for
impairment of phagocytosis and removal of Ap.

While recombinant viruses such as lentiviruses and
adeno-associated viruses (AAVs) have been successfully
used to target neurons and astrocytes for transduction,
it is well known that microglia remain difficult to trans-
duce [16]. Genetic manipulation using small interfering
RNA (siRNA) is frequently used to study genotype—phe-
notype relationships. siRNA delivery to microglia in
vivo is difficult because of the high immune reactivity of
microglia to transfection agents, perhaps caused by the
endogenous phagocytic function of microglia to detect,
engulf, and destroy pathogens [17]. Nanoparticles (NPs)
have attracted attention as vehicles that improve the
therapeutic efficacy of drugs and gene mediators. One
such nanomaterial copolymer, poly (D,L-lactic-co-gly-
colic acid) (PLGA), is one of the most promising drug
and gene delivery systems. PLGA is FDA-approved, inex-
pensive, easy to use, and has increased safety [18]. PLGA
NPs have a negative charge and are absorbed into cells by
endocytosis. Hence, microglia, renowned for their excel-
lent phagocytic ability, ingest a considerable amount of
PLGA NPs. Then, endosomal escape of PLGA NPs is due
to a pH change from anionic (at physiological and alka-
line pH) to cationic (at endosomal/lysosomal acidic pH),
exporting siRNA to the cytosol [19]. Our group previ-
ously generated several types of gene regulators encapsu-
lated in PLGA NPs, which successfully targeted microglia
to cause their action, prolonging gene-regulatory effects
[20-24]. Therefore, we sought to utilize PLGA NPs
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loaded with p16ink4a siRNA to rejuvenate aged microglia
through cell cycle regulation in the 5XFAD mouse model
of AD, thereby upregulating phagocytosis by microglial-
specific siRNA.

Materials and methods

Animals

All study protocols were approved by the Institutional
Animal Care and Use Committee of Chungnam National
University, Republic of Korea (CNUH-019-A0009-2).
Mice were housed in groups on a 12-h light/dark cycle
with food and water available. Male and female littermate
WT mice and 5XFAD mice with a C57BL/6 ] background
were used as the control and AD model mice, respec-
tively, and were provided by the Korea Brain Research
Institute, Republic of Korea. Mice were genotyped by tail
biopsy, tissue digestion, and genomic DNA polymerase
chain reaction using the following primers: APP-forward,
5'-AGG ACT GAC CAC TCG ACC AG-3'; APP-reverse,
5'-CGG GGG TCT AGT TCT GCA T-3'; control-for-
ward, 5'-CTA GGC CAC AGA ATT GAA AGA TCT-3}
and control-reverse, 5'-GTA GGT GGA AAT TCT AGC
ATC C-3'. All mice were housed under conditions of 40%
to 60% humidity at 20 to 26 °C. Ventilation was refreshed
15 to 16 times per hour, lighting was maintained at 150 to
300 lx, and experiments were conducted under the con-
ditions of the Pre-Clinical Experiment Center of Chung-
nam National University Hospital, Republic of Korea.

Human brain tissues and ethics approval

Frozen human brain tissues were obtained from the Vic-
torian Brain Bank Network, Australia, supported by The
Florey Institute of Neuroscience and Mental Health, The
Alfred Hospital, and the Victorian Institute of Forensic
Medicine, Australia, and funded by the National Health
and Medical Research Council, Australia. Details of the
human post-mortem cortex tissues are shown in Suppl.
Figure 4A. Human tissue experiments were approved by
the Bioethics Committee, Institutional Review Board,
Chungnam National University Hospital Industry Foun-
dation, Republic of Korea (Institutional Review Board
No. CNUH-2020-10-085).

Intrathecal injection and intravenous injection

For anesthesia, the mice were administered 5% isoflu-
rane in oxygen within an induction chamber, followed
by a transition to a maintenance dose of 2% isoflurane.
Each mouse was securely positioned in a stereotaxic
frame, immobilized with ear bars, and oriented such
that the head formed an approximate 120-degree angle
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with the body. The NPs were administered directly into
the cerebrospinal fluid of the cisterna magna through
the atlanto-occipital membrane of the skull and via the
C1 vertebra. A Hamilton syringe (26 G needle with a
30° beveled tip) was used to slowly inject by hand 20
puL NPs in phosphate-buffered saline (PBS) over 1 min
at a depth of 5 mm. The needle was left in place for an
additional minute before removal, and then direct pres-
sure was applied to the puncture site. Furthermore,
normal body temperature was sustained consistently
throughout the experiment by adjusting the isoflurane
dose and utilizing environmental heating [25]. PyrPeg
was injected intravenously at 10 mg/kg, and mice were
euthanized 2 days later. PyrPeg was a gift from Dr. C.
Justin Lee of the Institute for Basic Science, Republic of
Korea. PyrPeg images were detected with 450 ~ 650 nm
fluorescent wavelengths [26].

Behavior tests

The Barnes maze test was performed first. The Barnes
maze was used to examine hippocampal-dependent
spatial learning and memory [27]. This behavioral task
is divided into 2 phases: a training phase and a probe
test. For the training phase, the mice were placed in
the center of the circular platform at the start of each
trial and given a defined period of time to find the tar-
get escape hole. Affix three distinct shapes (star, square,
triangle) onto the wall to indicate the cardinal direc-
tions: north, south, east, and west. Additionally, dur-
ing all training and learning experiments, a metronome
sound set at 80 beats per minute (bpm) was employed.
If an animal entered the target escape hole before the
end of the defined time period, the experiment ended.
For each trial, we recorded the time it took for each
mouse to find the target escape hole. The mice received
5 trials over 5 days (1 trial per day). On each day (days
1 to 3) of the training phase, the mice were given 2 min
of exploration time to help the mouse to find the hid-
den home cage, which was located through the target
escape hole. The mice were also given 5 min per day in
the home cage for them to rest and acclimatize.

The radial maze test was performed second and was
used to measure spatial working memory [28]. The
radial maze was made up of an octagonal central plat-
form (32 cm in diameter) and 8 equally spaced radial
arms (each 50 cm long and 12 cm wide). The maze
was set in an experimental room with external visual
cues. The apparatus was cleaned with ethanol solution
between trials. All procedures were performed during
the light period of the light/dark cycle. All trials were
recorded and analyzed with a Noldus EthoVision XT 15
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system, and escape delay, distance traveled, and veloc-
ity were measured.

Mouse brain section preparation and immunofluorescence
staining

Mouse brain sections were prepared as previously
described [29]. Briefly, mice were transcardially per-
fused with ice-cold 0.9% saline under deep anesthesia.
The mice were then sacrificed, and the whole brain
was quickly removed and post-fixed in 4% paraform-
aldehyde for 1 day and then stored in sucrose (using
an increasing gradient of 10%, 20%, and then 30%
sucrose). Sagittal Sects. (30 um) were cut using a cry-
ostat. The collected sections were saved in tissue stock
solution for subsequent staining. All brain sections
were blocked with 5% normal chicken serum (Vec-
tor Laboratories, Inc.) and 0.3% Triton X-100 (Sigma)
in cold PBS for 1 h, followed by incubation with these
primary antibodies: anti-p16™*4® antibody (1:400; cata-
log no. MA5-17,142, Thermo Fisher Scientific), anti-
B-actin (1:500; catalog no. A5316, MilliporeSigma),
anti-amyloid-f (1-42) (1:400; catalog no. ab201060,
Abcam), anti-Ki67 antibody (1:200; catalog no. 15580,
Abcam), anti-TREM2 antibody (1:200; catalog no. PA5-
119,690, Invitrogen), anti-Clec7a antibody (1:200; cata-
log no. ab217331, Abcam), anti-Lamp1 antibody (1:200;
catalog no. ab24170, Abcam), anti-GFAP (1:200; catalog
no. MAB360, MilliporeSigma), anti-Ibal (1:200; catalog
no. 019-19741, Wako Pure Chemical Industries, Ltd.),
and anti-NeuN (1:200; catalog no. 324307, Cell Signal-
ing Technology). Sections were subsequently washed 3
times with ice-cold PBS at room temperature, followed
by incubation with Alexa Fluor 568, Alexa Fluor 488,
and Alexa Fluor 647 donkey anti-mouse or donkey anti-
rabbit secondary antibodies for 1 h. After another 3
washes in ice-cold PBS, the sections were mounted and
coverslipped with mounting solution. Nucleus staining
was performed with 4',6-diamidino-2-phenylindole.
Fluorescent images were captured on an LSM 900 con-
focal laser microscope (Carl ZEISS AG) using 40X oil
immersion with image sizes set at 1024x 1024 pixels.
Density analysis of the captured images was performed
using Image] software. The images were imported
into Image]J, converted to 8-bit images, and smoothed
using a Gaussian filter. To quantify Ap engulfment by
microglia and astrocytes, confocal Z-stacks of mouse
brain sections stained for AP, Ibal, and GFAP were
background-subtracted and smoothed using Imaris
software (Oxford Instruments). In addition, the IMA-
RIS software was used to measure the overlapping cell
volume for each cell unit and to obtain representative
images.
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Cellular senescence assay and 3,3'-diaminobenzidine
staining

SA-B-gal staining was performed as described previ-
ously and in accordance with the manufacturer’s instruc-
tions [30]. Brain sections was incubated overnight at
37 °C without CO, in SA-B-gal detection solution. For
3,3'-diaminobenzidine (DAB) staining, the tissues were
exposed to 0.3% hydrogen peroxide in PBS for 10 min to
remove endogenous peroxidase activity and then incu-
bated in blocking solution. Next, they were treated with
anti-Ibal antibody overnight at 4 °C followed by incu-
bation with the corresponding biotinylated secondary
antibody and streptavidin peroxidase complex (Vector
Laboratories, Inc.). Then, the tissues were incubated in a
solution of DAB (MilliporeSigma) and hydrogen perox-
ide, dehydrated, and mounted on glass slides using Per-
mount Mounting Medium (Thermo Fisher Scientific).
Sections of cerebral cortex were imaged at the same
region for each group using a light microscope (AX70,
Olympus). To analyze the association between Ibal stain-
ing and SA-[B-gal staining, we performed co-localization
analysis using the Scatter J plugin in Image] software. In
short, the staining image to be analyzed was first divided
into channels, and then the brightness values of each
channel were mapped to a scatter plot. Also, co-locali-
zation analysis is possible through the calculation of the
Pearson distribution coefficient provided by the plugin
[31, 32].

Western blotting

Western blotting was performed as previously
described [33]. BV2 cells were lysed on ice using radio-
immunoprecipitation assay lysis buffer (ATTO Corpo-
ration), and the lysate was purified by centrifugation.
For brain tissue, mice were killed, and 1 hemisphere
was transferred to liquid nitrogen and stored at—80
‘C. Protein extraction was performed by homogeniza-
tion in cold PBS with 1% phosphatase inhibitor and 1%
protease inhibitor cocktails (Thermo Fisher Scientific)
using a homogenizer. Homogenates were extracted in
lysis buffer and centrifuged for 20 min at 13,000 rpm.
Protein concentration was measured using the Brad-
ford assay. The samples were solubilized in 5 X sodium
dodecyl sulfate buffer, boiled for 10 min at 100 °C, and
loaded on 12-15% sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis gels for protein gel electro-
phoresis. A pre-stained protein standard was used to
determine molecular weights. Following electropho-
resis, the samples were transferred to nitrocellulose
membranes. Nitrocellulose membranes were blocked
in 5% non-fat skim milk powder in 1 X Tris-buffered
saline with 0.05% Tween 20. The following proteins
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were analyzed by incubation with primary antibodies.
The target proteins were then detected using a chemi-
luminescent horseradish peroxidase substrate (Thermo
Fisher Scientific).

Quantitative Real-Time PCR

For the RNA extraction assay, BV2 cells were stabilized
by seeding 2x 1076 cells per well on a dish. The BV2
cells were transfected with pl6ink4a siRNA (100 nM)
or scrambled (sc) siRNA (100 nM). Lipofectamine 2000
reagent (Thermo Fisher Scientific, Cleveland, OH, USA)
was used to transfect the cells according to the manu-
facturer’s instructions. For tissue, mouse cortex brain
was harvested, and the tissue were extracted by homog-
enizing. Total RNA was isolated using TRIzol reagent
following the manufacturer’s protocol (GeneAll, Robo-
ExTM, Thermo Fisher Scientific, Waltham, MA, USA).
RNA quantification was performed using a NanoDrop
spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA). Subsequently, cDNA was prepared from the
total RNA using a kit (ENzynomics, Daejeon, Republic
of Korea). To determine mRNA levels, qRT-PCR was
conducted using the AriaMx Real-Time PCR system,
with the expression of GAPDH serving as an internal
control. The primers used for PCR were pl6™ % (5'-
CCCAACGCCCCGAACT-3;5-GCAGAAGAGCTG
CTACGTGAA-3), p2l1 (5-GCAGATCCACAGCGA
TATCCA-3; 5-AACAGGTCGGACATCACCAG-3),
IL6 (5-TGAGAAAAGAGTTGTGCAATGG-3’; 5-GGT
ACTCCAGAAGACCAGAGG-3), ILla (5-AGGGAG
TCAACTCATTGGCG-3; 5-TGGCAGAACTGTAGT
CTTCGT-3’), IL1B (5-TGCCACCTTTTGACAGTG
ATG-3; 5-TGATGTGCTGCTGCGAGATT-3’), Timpl
(5-CACACCAGAGCAGATACCATGA-3’; 5-GGG
GAACCCATGAATTTAGCC-3’), Mmp3 (5-GTTGGA
GAACATGGAGACTTTGT-3; 5-CAAGTTCATGAG
CAGCAACCA-3), Mmpl2 (5-TGCACTCTGCTG
AAAGGAGTCT-3;  5-GTCATTGGAATTCTGTCC
TTTCCA3), Cxcll (5-ACCGAAGTCATAGCCACA
CTC-3; 5-CTCCGTTACTTGGGGACACC-3’), Cxcl2
(5-CCAGACAGAAGTCATAGCCAC-3; 5-TGGTTC
TTCCGTTGAGGGAC-3), Ccl8 (5-CGGGTGCTG
AAAAGCTACGA-3; 5-TTGGTCTGGAAAACCACA
GCTT-3') and GAPDH (5-CCCTTAAGAGGGATG
CTGCC-3; 5-TACGGCCAAATCCGTTCACA-3’). The
AAC, method was employed to assess age-dependent
gene expression changes, normalizing the C, values of
each sample to a reference gene expression. Amplifica-
tion of the template was deemed undetectable beyond
a threshold of 35 cycles. The minimum expression fold
changes for the other age groups were then calculated
relative to this threshold.
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Amyloid beta 42 Mouse ELISA assay

Frozen mouse forebrain samples were homogenate as
previously described. Samples were centrifuged at 13,000
RPM for 20 min at 4 °C. The supernatant was collected
for ELISA. AP 1-42 (Thermo Fisher Scientific, Ca #
KMB3441) ELISAs were performed according to the
manufacturer’s instructions [34]. Ap 1-42 was measured
using Sunrise microplate reader (Tecan Group Ltd.) at
450 nm.

Poly (D,L-lactic-co-glycolic acid) nanoparticle production
and characterization

All reagents and solvents were of analytical grade. The
PLGA (Purasorb® PDLG 5002A, Corbion N.V.) NPs
were prepared with minor modifications, as previously
reported [35]. All types of PLGA NPs were purchased
from Nanoglia (Daejeon, Republic of Korea) [25]. To pre-
pare the siRNA-encapsulated PLGA NPs, 20 pmol of each
siRNA (Invitrogen; Ca# 53,640, The sequence of p16™<*
siRNA as follow; sense 5-GGUGAUGAUGAUGGGCAA
Ctt-3, antisense 5-GUUGCCCAUCAUCACCtg-3’) in
200 pL autoclaved distilled water was added dropwise to
0.8 mL dichloromethane containing 2.5 mg PLGA and
emulsified by sonication (10% of maximum frequency for
30 s; SFX 550, Branson Ultrasonics) to form a primary
W1/O emulsion. Next, 2 mL 1% (w/v) PVA1500 (Alfa
Aesar) was added, and the mixture was further emulsi-
fied by sonication for 1 min to form a W1/O/W2 dou-
ble emulsion. Then, 6 mL 1% (w/v) PVA1500 was added,
and the dichloromethane was evaporated by magnetic
stirring for 3 h at room temperature in a fume hood.
Finally, the PLGA NPs were collected by centrifugation at
13,000 rpm for 10 min at 4 °C, washed twice with deion-
ized water, and freeze-dried [21, 36].

PLGA-rhodamine conjugated NPs were prepared
by mixing PLGA and PLGA-rhodamine B endcapping
(AV027, PolySciTech, Akina, Inc.). Nanoparticles were
manufactured by mixing two types of polymers in a ratio
of 9 to 1. AAV-GFP-encapsulated PLGA NPs were pre-
pared by mixing 100 pg AAV-GFP plasmid and PLGA
NPs. The NPs were diluted in double-distilled water to
analyze their size and zeta potential by a dynamic light-
scattering assay using the Zetasizer Nano ZS90 (Malvern
Instruments), as previously described [23]. Scanning
electron micrographs of the NPs were obtained with a
scanning electron microscope (SNE-4500 M, SEC Co.
Ltd.).

siRNA loading efficiency and release assay

The siRNA loading efficiency was measured using 5 mg/
mL NP powder in dimethyl sulfoxide. Loading efficiency
(%) =(released siRNA after complete hydrolysis/total
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amount of NPs) X 100. The siRNA release assay was per-
formed by incubation of NP powder loaded with siRNA
in 250 puL PBS. The supernatant was collected continu-
ously for 5 days, and the siRNA concentration was cal-
culated using a Nanodrop spectrometer (Thermo Fisher
Scientific).

BV2 cell culture, transfection and cell viability assay

The BV2 immortalized murine microglial cell line was
received from Dr. Eun-Hye Joe of Ajou University School
of Medicine, Suwon, Republic of Korea [4]. BV2 cells
were grown in Dulbecco’s modified Eagle medium with
10% fetal bovine serum. For siRNA transfection, BV2
cells were plated in 6-well plates and cultured to approxi-
mately 60% confluency when cells were added. BV2 cells
were transfected with p16™* or scrambled siRNA with
Lipofectamine 2000 (Thermo Fisher Scientific) in accord-
ance with the manufacturer’s instructions. To determine
the cytotoxicity of siRNA-encapsulated PLGA NPs, cell
viability was measured using the EZ-Cytox cell viability
assay kit (Daeil Lab Service Co. Ltd.) in accordance with
the manufacturer’s instructions. Cell viability was quanti-
fied by measuring the absorbance at 540 nm using a Sun-
rise microplate reader (Tecan Group Ltd.).

Phagocytosis assay and fluorescence-activated cell sorting
AP (1-42)-conjugated pHrodo was a gift from Dr. Won-
Suk Chung of the Korea Advanced Institute of Sci-
ence and Technology, Republic of Korea. BV2 cells
were treated with AB-pHrodo for 3 h. To visualize lys-
osomes in live cells, BV2 cells were stained with 0.5 uM
LysoTracker Green DND-26 (Thermo Fisher Scientific)
for 3 h at 37 °C in a humidified 5% CO, incubator. Live
cell imaging was performed with an LSM 900 confocal
laser scanning microscope.

BV2 cells were transfected with p16™%% or scrambled
siRNA for 48 h. To measure phagocytosis by fluorescence
microscopy, BV2 cells were treated with 0.1 mg/mL
pHrodo Red Zymosan Bioparticles Conjugate (P35364,
Thermo Fisher Scientific) for 3 h. BV2 cells were washed
briefly in PBS and then nuclear DNA was labeled with
4',6-diamidino-2-phenylindole. For FACS analysis, the
cells were stained with the pHrodo bioparticle conjugates
for 3 h, washed in PBS, and briefly trypsinized to detach
the cells. BV2 cells were then resuspended in 300 pL PBS,
and FACS analysis was performed using a BD FACS-
Canto II flow cytometer (BD Biosciences). Apoptosis was
measured by flow cytometry using the EzZWay Annexin
V-FITC Apoptosis Detection Kit (K29100, Koma Bio-
tech) in accordance with the manufacturer’s instructions.
Briefly, the cells were dissociated with trypsin, fixed in
4% paraformaldehyde at—20 °C, and propidium iodide
was used to determine the cell cycle distribution. After
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staining with annexin V-FITC, the cellular DNA content
was evaluated on a BD FACSCanto II flow cytometer. For
BrdU labeling and detection, BV2 cells were treated with
10 uM BrdU for 3 h. The existing culture medium was
then removed and replaced with new culture medium for
a 1-day incubation period. After that fix and permeabi-
lized cells according to standard immunocytocyemistry
with anti-BrdU antibody (1:200; catalog no. ab220076,
Abcam).

Data acquisition and bioinformatics analysis

We searched the Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/) and GTEx Portal (https://
gtexportal.org/) to investigate transcriptomic alterations
in the aged brain. First, we gratefully downloaded the
RNAseq data set GSE205803, which the authors gladly
provided [37]. Briefly, the authors treated enriched micro-
glia isolated from young mice (young group, <3 months
old, n=4) and aged mice (old group,>18 months old,
n=4) with 2.5 uM fluorescently labeled AB (1-42) for
2 h. The microglia were divided into 2 groups by FACS
(those that took up AP42 and those that did not) and
were subjected to bulk RNA sequencing [37]. The down-
loaded data values were already normalized as transcripts
per million (TPM), and we compared the gene expres-
sion of AP42-positive microglia obtained from the young
and old groups using t tests. Gene ontology enrichment
analyses were performed with significantly altered genes
with P values less than 0.01 using PANTHER (version
16.0) [38]. The genes classified as replicative senescence,
GO0090399, were depicted using Z-scores transformed
from TPM scales. Second, we downloaded the subject
phenotypes and gene TPM V8 data of brain tissues from
the GTEx Portal. CDKN2A expression was classified in
accordance with brain anatomy and compared by subject
age using the Kruskal-Wallis test and the Dunn multiple
comparisons test by GraphPad Prism.

lllustrations
lustrations were generated using Biorender (http://
www.biorender.com).

Statistical analysis

Statistical analyses were performed with GraphPad Prism
version 9.0. The statistical differences between 2 groups
were determined by unpaired Student’s t tests. Data were
analyzed by repeated measures 1-way analysis of variance
(ANOVA) with post hoc Bonferroni tests or by repeated
measures 2-way ANOVA with Tukey multiple compari-
son tests. All data are expressed as mean + standard error
of the mean (SEM). A value of p <0.05 was considered to
be statistically significant (Suppl. Table 1).
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Results
Microglial cells are activated near and co-localize
with amyloid-f plaques in the 5XFAD mouse model
of Alzheimer’s disease
We used 5XFAD mice, a representative animal model of
AD, and their wild-type (WT) control littermates that
lack AP accumulation. We observed mild to moderate Ap
deposition in the brains of 5XFAD mice at 4 months of
age and heavy AP deposition in the brain and dementia
symptoms at 8 months of age. Amyloid plaques formed
throughout the brains of 5XFAD mice from 4 months
of age, including the hippocampus and prefrontal cor-
tex (Suppl. Figure 1A). Glial cells were activated around
these amyloid plaques, as is well known [39]. The number
of Ibal- and GFAP-immunoreactive cells (to identify the
activated forms of microglia and astrocytes, respectively)
was increased in the hippocampus (Suppl. Figure 1B) and
cortex (Suppl. Figure 1C) around A plaques in 8-month-
old 5XFAD mice. Expression of AP was markedly
increased in 8-month-old 5XFAD mice compared with
their age-matched control littermates. Ibal and GFAP
expression were increased in the cortex of 8-month-old
5XFAD mice, whereas the expression of the neuronal
marker NeuN was reduced (Suppl. Figure 1D, E).
Morphological changes of glial cells are well-known,
early, and characteristic features in patients with AD and
mouse models of AD [6, 40]. The microglia and astrocytes
that surround AP plaques undergo a marked morpho-
logical change known as gliosis. We found that micro-
glia were more centrally located near the AB plaques of
5XFAD mice than were astrocytes (Fig. 1A). To under-
stand the association of microglia with the growth pat-
tern of individual AB plaques, we performed regression
analysis for the number of surrounding Ibal-positive
cells with AP plaque size in the brains of 8-month-old
5XFAD mice. Surprisingly, Ap clusters were associated
with a greater number of microglia as the size of the
plaques increased (Suppl. Figure 2A). Suppl. Figure 2B
shows the correlation between AP plaque size and Ibal-
positive cell numbers, based on measurements of rep-
resentative images in Suppl. Figure 2A. Pearson analysis
revealed a significant correlation between Af plaque size

(See figure on next page.)
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and Ibal-positive cell numbers (r=0.9964, p<0.0001,
n=210). For subsequent analysis, we used data from
plaques larger than 200 pm in diameter, because the
larger plaques correlated with an increased number of
nearby activated microglia.

There are several hypotheses about the influence of
astrocytes and microglia on amyloid plaques [41]. To
find out if microglia or astrocytes have a greater effect on
peri-plaque complexity, we quantified confocal micro-
scope Z-stack images. We imaged 15 um of tissue depth,
performed 3-dimensional reconstruction, and found
that the area of co-localization with dendrites and amy-
loid plaques for microglia was greater than 4.3-fold more
than for astrocytes (Fig. 1B, C). Specifically, AP plaques
co-localized with microglia had a greater number of
branches and a greater area of plaques and processes
compared with plaques co-localized with astrocytes.

PyrPeg, a novel two-photon fluorescent probe that
selectively targets insoluble AP, has been proven to
detect neuritic plaques and not tau aggregates [26]. Intra-
venous injection of PyrPeg allows detection of neuritic
plaques in the brains of mouse models of AD. We used
PyrPeg to specifically stain the cores of neuritic plaques
and tested the co-localization of microglia, astrocytes,
and AP (Fig. 1D). Interestingly, we observed that the vol-
ume of PyrPeg co-localized with Ibal-positive cells was
greater than with GFAP-positive cells (Fig. 1E, F). These
data confirm that microglia are an important potential
contributor to AP plaque deposition and progression in
brains affected by AD.

P16™ 42 expression increases around amyloid plaques

and in microglia in postmortem brains of patients

with Alzheimer’s disease and 5XFAD mice.

To investigate the characteristics of microglia in aging,
we analyzed the GSE205803 transcriptomic data of
AP42-positive microglia isolated from young and old
mice (see Methods). We generated a list of differentially
expressed genes (DEGs) in the AP42-positive microglia
from old mice compared with young mice and performed
gene ontology enrichment analysis with 418 increased
DEGs and 375 decreased DEGs to gain insight into the

Fig. 1 Microglia that contain aggregated amyloid-f are activated and are located near neuritic plaques in 5XFAD mice. A Z-stack images of brain
tissue from 5XFAD mice after staining with Ibal or GFAP in the peri-plaque region. Scale bar: 200 um. B Three-dimensional reconstruction

of Z-stack images in which AB overlaps with staining by anti-lba1 antibody or anti-GFAP antibody. Scale bar: 10 um. C Quantification of AR volumes
co-localized with glial volumes, as measured in cell units. ****» <0.001, AR volume in Iba1 volume versus AR volume in GFAP volume; unpaired
Student’s t test. D Representative images of 5XFAD mouse brain sections stained with an anti-AB antibody (blue), PyrPeg (green), anti-lba1 antibody
(red), and anti-GFAP antibody (magenta). Scale bar: 100 um. E Orthogonal view of a 3-dimensional reconstruction of confocal images showing
co-localization of an AB plaque (green) with Iba1(pink) or GFAP (purple). Scale bar: 10 pm. F Quantification of PyrPeg co-localized with microglia

FREH,

versus astrocytes, as measured in cell units.
t test

p<0.001, PyrPeg volume in Iba1 volume versus PyrPeg volume in GFAP volume; unpaired Student’s
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Fig. 2 Cdkn2a and its coding protein p16™“? are increased in senescent microglia, but not astrocytes or neurons, in postmortem brains of patients
with Alzheimer’s disease and 8-month-old 5XFAD mice. A Top 5 gene ontology biological process pathways involved in AR42-positive microglia
from old mice compared with young mice. The upper panel (red) and lower panel (blue) show the pathways enriched by increased and decreased
gene expression, respectively. FDR: false discovery rate. B Heat map representing gene expression relating to replicative senescence (GO0090399)
in ABR42-positive microglia (MG) from young and old mice (n=4 for each group). The scale represents the Z-score from 2.3 (highest expression)
to—2.3 (lowest expression). The bar graph reveals the ratio of the gene expression levels in AB42-positive microglia between young and old mice. C
Western blot of the protein levels of p16™? in brain tissue from WT and 5XFAD mice. ACTB: B-actin. D Immunohistochemistry of p16™¢ and DAPI
staining in brain tissue from WT and 5XFAD mice. Scale bar: 100 um. E Quantification of the protein levels in (D). ***p < 0.005, 5XFAD versus WT;
unpaired Student’s t test. F Z-stack confocal images of p16™“? (red) with AR plaque (green). Scale bar: 20 um. G Representative images show
p16"K4@ expression (purple) with Ibal or GFAP immunostaining. Representative images were constructed using Imaris software. Scale bar: 20 um. H
The percentage of p16™*? expression per cell volume. ***p <0.005, Iba1 versus GFAP; unpaired Student’s t test

underlying biology of aged microglia. DEGs that were
increased in AP42-positive microglia from old mice were
enriched in cell cycle process (GO0022402), cell cycle
(GO0007049), mitotic cell cycle process (GO1903047),
and mitotic cell cycle (GO0000278) (Fig. 2A upper
panel, Supple. Table 2). DEGs that were decreased in
AP42-positive microglia from old mice were enriched
in regulation of nitrogen compound metabolic process
(GO0051171), negative regulation of biological pro-
cess (GO0048519), negative regulation of cellular pro-
cess (GO0048523), regulation of the primary metabolic

process (GO0080090), and regulation of cellular meta-
bolic process (GO0031323) (Fig. 2A lower panel, Supple.
Table 2). As the mitotic cell cycle pathways were signifi-
cantly involved, we investigated the expression of replica-
tive senescence-related genes. Cdkn2a, Pla2rl, and Tert
were increased and Erccl was decreased by over 50% in
AB42-positive microglia from old mice (Fig. 2B).

Cdkn2a, also known as CDK inhibitor 2A, encodes
2 proteins, including the INK4a family member pl6
(p16™4%) and pldarf. P16™*, a representative factor of
aging, has increased expression in the tissues of patients
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with AD [42]. First, we evaluated CDKN2A expression
in the human brain using Genotype-Tissue Expression
(GTEx) data (see Methods). Interestingly, AD-associated
brain regions, such as the cortex, frontal cortex Brod-
mann area 9, and hippocampus, had increased CDKN2A
expression with aging (Suppl. Figure 3). Next, because
we expected that p16™“* expression affects the forma-
tion of amyloid plaques by influencing microglial aging,
we tested whether p16™“? expression was increased in
brain tissue from patients with AD (Suppl. Figure 4A, B).
The p16™* protein levels in the cortex of patients with
AD were investigated and compared with those in the
cortex of age-matched controls. Western blotting was
performed using post-mortem cortex tissues from the
Victorian Brain Bank Network, Australia. The p16™%
protein levels were significantly increased in the cortex
of patients with AD compared with those in the cortex
of age-matched controls (Suppl. Figure 4C). The pro-
tein expression level of supply. Figure 4C was quantified
and graphed (Suppl. Figure 4D). The results presented
in Suppl. Figure 4D also revealed an increase in the level
of AP and Ibal as evidence of microglial reactivity. Then,
we performed co-immunofluorescence staining using an
anti-p16"%4® antibody together with an anti-Ibal anti-
body to assess the localization of p16"%4 in the cortex of
patients with AD. We observed significant co-localization
of p16™ 4 expression with Ibal in the cortex of patients
with AD (Suppl. Figure 4E).

Similarly, we showed that the expression of p16™“® was
also increased in the 5XFAD mouse model (Fig. 2C). The
increase in expression of p16™ 4 in the tissues of 5XFAD
mice older than 8 months of age was approximately two-
fold higher than in WT mice (Fig. 2D, E). As we expected,
increased expression of pl16™%® was observed more
often around amyloid plaques in 5XFAD mice (Fig. 2F).
Immunostaining for Ibal and GFAP showed that p16"k4

(See figure on next page.)
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expression co-localized with microglia (Fig. 2G), and
p16™54 expression was detected in the majority of micro-
glia in the cortex and hippocampus near AP plaques in
5XFAD mice (Fig. 2H). Based on these results, the con-
trol of microglial p16™4® expression is expected to be a
useful approach to slow the progression of AD.

P16™ 42 siRNA-loaded poly(D,L-lactic-co-glycolic acid)
nanoparticle characterization and delivery to microglia

in vitro and in vivo

We selected PLGA NPs to test the effects of a reduction
in pl6ink4a expression in 5XFAD mice. The PLGA poly-
mer is safe and has been approved by the United States
Food and Drug Administration. Our previously pub-
lished study reported that it selectively targets micro-
glia [21-23]. First, we checked the effect of the pl6ink4a
blockade by siRNA in microglial cells. The BV2 cells were
transfected with pl6ink4a siRNA (100 nM) for 2 days.
The scrambled siRNA (100 nM) was used as the nega-
tive control. We confirmed that p16™“? expression was
decreased more than threefold by p16"4® siRNA in BV2
microglial cells (Fig. 3A). Also, mRNA level of pl6ink4a
reduced relative to the scrambled siRNA transfected
cells by qPCR (Fig. 3B). We loaded the NPs with 20 uM
scrambled siRNA or p16™“ siRNA. We measured the
average size and zeta potential of the scrambled siRNA
NPs (240.4+58.49 nm and —38.0+6.68 mV, respectively;
Fig. 3C) and the p16™** siRNA NPs (262.9 +66.88 nm
and —33.5+5.68 mV, respectively; Fig. 3D). We confirmed
the spherical nature of PLGA NPs by scanning electron
microscopy (Fig. 3E). We tested the biocompatibility and
stability of PLGA NPs and found there was no significant
change in BV2 cell viability after treatment with a range
of NP doses (Fig. 3F). We analyzed the siRNA encapsu-
lation efficiency and release profiles of p16™* siRNA
NPs using a Nanodrop spectrophotometer 3 times per

Fig. 3 Characterization and morphology analysis of poly(D,L-lactic-co-glycolic acid) nanoparticles with p16™42 siRNA or scrambled siRNA.

A Western blot and quantification of the protein levels of p16™“? after siRNA transfection in BV2 cells. **p < 0.01, versus scrambled siRNA
control; unpaired Student’s t test. ACTB: B-actin. B mRNA expression of p16™ was quantified by qPCR after transfection in BV2 cells. The

data are expressed as the mean + SEM. ****p < 0.001, versus scrambled siRNA control, unpaired Student’s t test. C,D The size and zeta potential
of NPs containing scrambled siRNA (Si) (C) and p1 6"k GiRNA (D). E Scanning electron microscope images of NPs. Scale bar: 300 nm. Original
magnification: 15,000 . F MTT cytotoxicity assay of BV2 cells incubated with p16™“? SiRNA encapsulated PLGA NPs (0-200 pg/mL) for 24 h.
Data are expressed as mean+SEM (n=4) and were analyzed by 1-way ANOVA followed by the Tukey test for multiple comparisons. n.s.:

not significant. G The encapsulation efficiency of SIRNA NPs as measured by the release of siRNA over 5 days by Nanodrop spectrophotometer.
We achieved encapsulation of 31.8% +0.1% (mean + SEM) of the total siRNA into PLGA NPs. H BV2 cells immunostained with anti-Iba1 antibody
and 4',6-diamidino-2-phenylindole (DAPI) after treatment with rhodamine-tagged PLGA NPs for 3 h. Representative images were constructed
using Imaris software. Scale bar: 10 um. I Immunostaining of brain tissues 3 days after injection of AAV-GFP plasmid-loaded PLGA NPs. Tissues
were stained with antibodies to Iba (microglia marker), GFAP (astrocyte marker), and NeuN (neuronal marker) to visualize the distribution

of GFP in the cortex. Representative images were constructed with Imaris software, and GFP fluorescence merged into each cell-type marker
was expressed by image sorting. Scale bar: 20 um. J The volume of merged GFP for each cell-type marker was graphed as a percentage of the total
GFP volume. Data are expressed as the mean = SEM (n=10 for each group) and were analyzed by 1-way ANOVA followed by the Tukey test

for multiple comparisons. ****p <0.001, Iba1 versus GFAP, and Iba1 versus NeuN
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day from day 1 to day 5. The encapsulation efficiency was
31.8% +0.1% (Fig. 3G). The highest release rate was main-
tained from day 1 to day 5 of hydrolysis at pH 7.4.

Next, we measured PLGA NP uptake by BV2 cells.
Because siRNA-loaded PLGA NPs do not fluoresce,
rhodamine-conjugated PLGA (rho-PLGA) NPs that
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emit red fluorescence were prepared to trace their cel-
lular uptake in real-time. Most BV2 cells have a round-
form, and Rhodamine fluorescence was observed in
the cytosol, clearly distinguishable from the nucleus.
Endocytosis of rho-PLGA NPs was observed in BV2
cells using Imaris microscopy image analysis software
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Fig. 4 Microglia-specific p16™ downregulation protects against deterioration of spatial memory and learning in the SXFAD mouse model

of Alzheimer’s disease and promotes the division of microglia, which interferes with cellular senescence. A Schematic of the experimental

design for PLGA NP injection into 5XFAD mice. it intrathecal. B Distance and velocity graphs from the Barnes maze test for mice injected

with p16™42 SIRNA NPs or scrambled siRNA NPs. Data are expressed as mean +SEM (n=7) of 3 trials and were analyzed by 2-way ANOVA

followed by the Bonferroni test for multiple comparisons. n.s.: not significant. C Schematic of the experimental design for the Barnes maze test. D
Representative movement paths of mice in the probe test of the Barnes maze test 24 h after the last training day. E The time taken for mice to reach
the target in the Barnes maze test over 5 training days. Data are expressed as mean +SEM (n=8) and were analyzed by 2-way ANOVA followed

by the Bonferroni test for multiple comparisons. ***»<0.001 F Representative searching tracks of mice injected with p16™4 NPs or scrambled
siRNA NPs in the radial maze test. G In both cortex and hippocampus, AR and Iba1 immunostaining paralleled a decrease in the area covered by AR
plaques in mice injected with p16™“¢ sIRNA NPs. Scale bar: 100 um. Data are expressed as mean + SEM (n=7) and were analyzed by 1-way ANOVA
followed by the Tukey test for multiple comparisons. ****p <0.001 H The surface area of microglia and the number of microglia around the plaque
were measured. White arrows indicate masses of 3 or more microglia around the plaque. ****p <0.001, versus scrambled siRNA NPs; unpaired
Student’s t test. | ELISA of cortex lysate showed decreased of AB1-42 of mice infected with PLGA NPs. Each protein lysate samples from cortex were
measured based on 50 g by bradford assay. ****p <0.001, versus scrambled siRNA NPs; unpaired Student’s t test. J Western blot of p-Rb, Rb, cyclin
D1, and cyclin B1 expression in cortex tissue of mice injected with PLGA NPs. 3-Actin (ACTB) was used as a protein loading control. K Quantification
of the protein levels in (J) after injection of p16™“@ SIRNA PLGA NPs in 5XFAD mice brain tissue. **p<0.01 and ****»<0.001, versus scrambled siRNA
PLGA NPs; unpaired Student’s t test
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(Fig. 3H). Then, to confirm the cell-type specificity of
the NPs in the brain, green fluorescent protein (GFP)-
expressing AAV (AAV-GFP) vectors were synthesized,
encapsulated by PLGA NPs, and injected into the brains
of WT mice intrathecally via the cisterna magna. After
3 days, the mice were euthanized, brain tissues were

extracted, and the green fluorescence in each cell unit
was imaged separately using Imaris software (Fig. 3I).
The volume of green fluorescence was quantified, and
the greatest amount of green fluorescence co-localized
with microglial locations (Fig. 3]). Taken together, these
data suggest that p16™*4? siRNA loaded PLGA NPs can
be used to effectively deliver drugs to microglia.
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Reduction of p16™%2 expression in microglia using
p16™42 siRNA-loaded nanoparticles reverses spatial
memory and learning deficits in 5XFAD mice.

We aimed to verify the effects of downregulation of
p16™ 4 expression on the progression of AD. We injected
p16™ 4 iRN'A NPs or scrambled siRNA NPs into the cis-
terna magna of 4-month-old 5XFAD mice once per week
for a total of 8 weeks (Fig. 4A). We examined behavioral
changes in the mice injected with p16™* siRNA-loaded
NPs or scrambled siRNA NPs 1 to 2 weeks before eutha-
nasia and then obtained the tissues for molecular and his-
tological analysis. At 8 months of age (i.e., 2 months from
the last NP injection), p16"¥*® siRNA NP-injected mice
had significantly reduced p16™** mRNA level (Suppl.
Figure 5A) and protein levels (Suppl. Figure 5B, C) and
p16™“% immunoreactivity (Suppl. Figure 5D, 5E) in the
brain cortex compared with mice treated with scram-
bled siRNA NPs. There was no effect on mouse weight or
external phenotypic features between the 2 groups (data
not shown). We investigated the effect of p16™ ¢ siRNA
NPs on motor dysfunction and ataxia. It was confirmed
that there was no significant difference in distance trave-
led and velocity between the 2 groups (Fig. 4B), indicat-
ing that there is no association between the expression
level of p16™*? and motor function.

Learning and memory impairments were quantified
using the Barnes maze and the radial maze behavioral
tests. The Barnes maze test measures the time to locate
a target on a circular disk, with 2-min trials performed
at similar times each day for 5 days (Fig. 4C). The time
to locate the target was similar for both groups of mice
on the 1st day; the time to locate the target was signifi-
cantly faster in the p16™** siRNA NP-treated group from
the 2nd day of testing, with the time to locate the target
decreasing to less than 40 s on day 5 (Fig. 4D, E). The
radial maze test measures behavioral patterns by track-
ing the movement of mice in an 8-armed radial maze;
mice with AD cannot evenly search, in contrast to con-
trol mice who search all arms of the maze. The behavio-
ral patterns of the mice with AD were irregular, owing
to memory deterioration, as expected; thus, the p16i“k4a
siRNA NP-treated mice had improved memory, as meas-
ured by the radial maze test (Fig. 4F). Taken together,
all data confirmed that treatment with NPs that reduce
expression of p16"%% delayed the progression of demen-
tia-related learning and memory behaviors.

P16™42 knockdown reduces amyloid-p plaque formation
and peri-plaque microglia, positively regulates the G1
specific cell cycle

We quantified A levels and amyloid plaque burden in the
cortex and hippocampus of mice treated with scrambled
siRNA NPs or p16"%4 siRNA NPs. Plaque accumulation
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was strongly reduced in pl16™“% siRNA NP-injected
mice, which resulted in smaller plaque sizes in the cortex
and hippocampus (Fig. 4G). Microglial reactivity in the
cortex and hippocampus of p16"%4? siRNA NP-injected
mice was decreased in peri-plaque regions, which dis-
played increased Ibal-positive surface areas and num-
bers of Ibal-positive cells (Fig. 4H). We then used ELISA
to quantify the cortex brain levels of Ap1-42. Compared
with scrambled siRNA NPs, p16™* siRNA NPs mice
showed a two-fold reduction in APB1-42 levels per 50 ug
cortex (Fig. 4I). In addition, we investigated whether
the cell cycle of microglia can be controlled by decreas-
ing the expression of p16™4 through siRNA capsulated
PLGA NPs. P16"¥42 specifically inhibits cyclin-dependent
kinases 4 and 6 (CDK4, CDK6)-mediated phosphoryla-
tion of p-Rb, consequently blocking cell cycle progression
[43]. Therefore, we observed an increase in the expres-
sion of p-Rb in the group in which the expression of
p16™%4 was decreased, which is expected to activate the
cell cycle in brain tissue. Furthermore, p16"%*® transmits
signals through competitive binding between cdk4/6 and
cycline D1, and it can inhibit the activity of CDK4/6 by
impairing the binding of the activator cyclin D1 [44].
In our results, decreased expression of p16™“* caused
increased expression of cyclin D1 and decreased expres-
sion of cyclin B1 in the cortex of 5XFAD mice (Fig. 4],
4K). Consequently, downregulating p16™%® expression
through siRNA increases cell division by regulating cell
division-related factors.

Replacing aged microglia to young microglia using
p16."k43 5iRNA increases lysosomal activity and reduces
ineffective disease- associated microglia (DAM)

To investigate whether microglia around amyloid B
plaque was senescent, we performed SA-B-gal stain-
ing of 5XFAD mouse brain, followed by co-localization
analysis using Scatter ] plugin in Image J program. In
SA-b-gal staining, surrounding microglia arranged in a
circle appear blue, indicating that the microglia around
the plaque are aged [45]. And peri-plaque aged microglia
also harbored significantly higher senescence-associated
B-galactosidase (SA-B-gal) activity, whereas microglia
with reduced p16™* expression showed significantly
lower senescent activity (Fig. 5A). These data show that
p16™4 siRNA NP treatment reduces amyloid plaque
deposition, decreases the number of aged microglia,
and increases the number of newly proliferated micro-
glia. Pearson’s coefficient of these co-staining images
showed that Ibal had the strongest co-localization with
SA- B-gal. The X-axis represents the brightness of the
Ibal channel and y-axis represents the brightness of the
SA-B-gal channel (Fig. 5B). Theoretically, if the fluores-
cence distributions of the two channels are similar, that
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is, if the colocalization is good at the same spot, the scat-
ter plot will be concentrated along the diagonal. And as
we expected, microglia are significantly weaker in co-
localization with SA-B-gal in p16™*2 siRNA NP-injected
mice. (Fig. 5C).

Next, we confirmed the expression of senescence
markers in the brain tissue of mice injected with p16"4
siRNA NPs compared to scrambled siRNA NPs. P16™<*
siRNA worked well, reducing mRNA expression. To
determine the expression of senescence markers, we
compiled a list of 10 well-established SASP factors,
including p21 (one of the cellular senescence markers),
ILla, IL1B, IL6, Mmp3, Mmpl2, Ccl8, Cxcll, Cxcl2,
and Timpl [46, 47]. We observed significant differences
among each group of mice. Upon comparing the expres-
sion levels between mice injected with p16™4? siRNA
and those injected with scrambled siRNA NPs, we found
that all aging-related factors were increased in the scram-
bled siRNA NPs group (Fig. 5D).

As further confirmation, we quantified the prolif-
eration marker Ki67 with Ibal to determine whether
p16™4 knockdown with NPs contributed to an increase
in the number of younger microglia than aged micro-
glia. Interestingly, staining of mouse brain sections
revealed that injection with p16™* siRNA NPs led to
a significantly higher number of proliferating micro-
glia (Ibal+/Ki67+) when measured against the total
number of microglia (Ibal+) in the cortex (Fig. 5E). In
addition, to check the lysosomal function of microglia
in pl6ink4a siRNA NP-injected mice, Lampl (a marker
of lysosomes) was immunostained. As expected, micro-
glia (Ibal/Lampl+) increased 3.4-fold compared to the
control group (Fig. 5F). These observations, along with
previous evidence that senescent microglia are reduced

(See figure on next page.)

Fig.5 Decreased expression of p16"<42
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and rejuvenated through down-expression of p16™%,

indicate greater cell cycle re-entry. Additional experi-
ments were performed to confirm cell division through
FACS analysis, and the number of ki67-positive cells
increased by 64.4% in the microglial cell line BV2 treated
with p16i“k43 siRNA (Fig. 5G). And then, we determine
whether p16™<* siRNA transfected BV2 cell affected the
proliferative capacity, cells were cultured with Bromod-
eoyuridine (BrdU) for 3 h before harvest. Cells treated
with p16™% siRNA detected 17.8% higher BrdU than
cells treated with control siRNA, indicating a higher pro-
liferation rate. These data suggest that reduced expres-
sion of p16"% promotes the proliferative capacity of
senescent microglia (Fig. 5H).

Recent reports suggest that microglia, or at least a
subset of them, have a senescence-activated phenotype.
Further confirmation of these findings over the years has
corroborated the idea that aged microglia have a prim-
ing phenotype that tends to respond more strongly to
stimuli, rather than a more inflammatory state in nor-
mal condition [48]. A new microglial cell type associ-
ated with neurodegenerative diseases has been defined
as Disease associated microglia (DAM). In AD mice,
TREM?2 is upregulated in DAM observed in AD mod-
els. Also, Clec7a (also known as Dectin-1) was upregu-
lated in a TREM2- and APOE-dependent manner.
TREM2 and Clec7a-positive microglia were found adja-
cent to AP plaques and are known to be overexpressed
in AD [49]. Indeed, in our AD model, the expression of
TREM2(Fig. 5I) and Clec7a (Fig. 5J) was high in micro-
glia around the amyloid plaque. Interestingly, we found
a decrease in dysfunctional DAM in brain tissue with
reduced expression of pl6™*: Combined, these data
suggest that low expression of pl6™* contributes to

reduces the number of senescent microglia and initiates new cell divisions, reducing dysfunctional

disease-associated microglia (DAM). A SA-3-gal activity (blue) and immunostaining with anti-lba1 antibody (brown). Yellow arrows indicate

senescent cells (blue) that merge with IbaT-stained cells (brown). The second images indicate the magnified area. Scale bar: (left) 300 pm, (right)
20 um. The third images show scatter plot of each staining images. B Comparison of Pearson’s correlation coefficient for Ibal channel and SA-3-gal
activity channel in brain tissue. ***p <0.005, versus scrambled siRNA NPs; unpaired Student’s t test. C Graph representing results of colocalization
analysis the colocalization plugin from ImageJ program. Results are presented as the mean = SEM. ****» < 0,001, versus p16™? siRNA NPs; unpaired
Student’s t test (1=6). D The mRNA levels of the cyclin-dependent kinase inhibitors, p21, and a panel of SASP factors were determined by RT-gPCR.
***%n < 0.001, versus p1 6"k42 GIRNA NPs; unpaired Student’s t test (n=6). E Co-localization of Ki67 (proliferative marker) and Iba1 (microglia

marker). White arrows indicate microglia merged with Ki67. Scale bar: 20 um. ***p <0.005, versus scrambled siRNA NPs; unpaired Student’s t test. F
Co-localization of Lamp1 (Lysosomal activity marker) and Ibal (microglia marker). White arrows indicate microglia merged with Lamp1. Scale bar:
20 pm. ¥***p < 0.001, versus scrambled siRNA NPs; unpaired Student’s t test. G Dot plots from a representative BV2 cells with transfected p16™*?
siRNA and scrambled siRNA are shown. The plot shows the increased expression of ki67 in the p16™<? siRNA transfected BV2 cell group compared
scrambled siRNA transfected cell group. All data were used for each experiment that was repeated three times. H Dot plots from a representative
BV2 cells with transfected p16™“? siRNA and scrambled siRNA are shown. The plot shows the increased expression of BrdU in the p16/™#? siRNA
transfected BV2 cell group compared scrambled siRNA transfected cell group. 45 h after siRNA transfection, BrdU was treated for 3 h. All data were
used for each experiment that was repeated three times. | Co-localization of TREM2 (Disease associated microglia marker) and Iba1 (microglia
marker). Scale bar: 20 um. ****p <0.001, versus scrambled siRNA NPs; unpaired Student’s t test. J Co-localization of Clec7a (Disease associated
microglia marker) and Iba1 (microglia marker). Scale bar: 20 um. ****p < 0.001, versus scrambled siRNA NPs; unpaired Student’s t test
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reducing old microglia and increasing the fraction of
young microglia. Consequently, it contributes to the
overall improvement of phagocytosis of Ap peptides dur-
ing onset of Alzheimer’s disease.

Reduction in p16'™ 2 expression in microglial BV2 cells
enhances amyloid-p phagocytosis by stimulating cell cycle
re-entry

We investigated whether the decrease in aged micro-
glia and the increase in newly proliferated microglia in
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p16™* 5iRNA NP-treated mice reflects a conversion of
aged microglia to young microglia that have enhanced
phagocytic ability to remove plaque load. It is well
known that the phagocytic function of microglia is lost
in patients with AD, despite microglial activation [50]. To
determine whether it is possible to increase microglial
phagocytosis by reducing p16™** expression, we trans-
fected the microglial BV2 cell line with p16™* siRNA
NPs or scrambled siRNA NPs. After 48 h, we treated
the cells with pH-sensitive red fluorescent pHrodo
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bioparticle conjugates to observe changes in phagocy-
tosis (Fig. 6A). The proportion of the cells with more
than three pHrodo-fluorescent phagosomes was higher
in BV2 cell treated with p16™“ siRNA NPs compared
to those of siRNA NPs (Fig. 6B). The number of phago-
somes contained in the cells increased remarkably after
reduction of p16™“® expression, and more than 31.79%
of these cells had increased phagocytic activity. In addi-
tion, fluorescence-activated cell sorting (FACS) analysis
confirmed that cells with reduced p16™“* expression
had increased red fluorescence (Fig. 6C). Then, we con-
jugated AP (1-42) to pHrodo bioparticle conjugates to
reveal how microglial phagocytosis directly affects A
clearance. BV2 cells transfected with scrambled siRNA
or pl6™® siRNA were treated with AB (1-42)-conju-
gated pHrodo (AP-pHrodo) for 1 h. As expected, BV2
cells with reduced p16™** expression and treated with
AB-pHrodo contained more pHrodo-fluorescent vesicles
(Fig. 6D). We also measured red fluorescence intensity in
BV2 cells after treatment with AB-pHrodo for 2 h, 1 day,
2 days, 3 days, and 4 days by FACS analysis (Fig. 6E). Ini-
tially, AB-pHrodo phagocytic uptake was increased when
pl16"42 expression was reduced; however, after 2 days,
the AB-pHrodo phagocytic uptake was similar to that of
the control group. This suggests that Ap was taken up at
significantly increased levels in BV2 cells with reduced
p16"42 expression. Next, we determined whether phago-
cytosed AB was lysed in BV2 cells with reduced p16"4
expression and found co-localization of Ap-pHrodo and
a lysosome-sensing LysoTracker dye (Fig. 6F). We meas-
ured the fluorescence intensity across confocal images to
show that the locations of AB-pHrodo and LysoTracker
intensity profiles strongly correlated in cells treated with
p16"42 siRNA NPs (Fig. 6G).

P16™* is a cell cycle regulator and promotes cell cycle
arrest from the G1 phase to the S phase by inhibiting

(See figure on next page.)
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binding of CDK4/6 with cyclin D1 [51]. Annexin V and
propidium iodide staining were performed to confirm
whether dysregulation of the cell cycle caused by treat-
ment with p16™*2 siRNA NPs affected cell death. Reduc-
tion in p16™“4 expression did not affect necrosis or
apoptosis (Fig. 6H). FACS analysis verified that the cell
cycle was altered by a reduction in p16"¥*® expression, as
the number of cells shifted to the G2/M phase increased
from 55.75% to 64.45% (Fig. 61, J). Although there was no
significant quantitative change in the number of cells in
S phase between the 2 groups, we expected the number
of cells in GO/G1 to decrease and cell cycle re-entry to
increase after reduction in p16™4® expression levels. As
p16™ 4 functions as a CDK inhibitor, cell cycle progres-
sion from G1 to S phase requires the activation of CDK4
and CDK®6, which inactivate the retinoblastoma (Rb)
tumor-suppressor protein by phosphorylation [52]. As
we expected, p16™“4 siRNA increased Rb phosphoryla-
tion, which promotes S phase entry, and increased the
expression of cyclin D1 (Fig. 6K, L). Reduced expression
of p16™* induces its assembly with cyclin D1 and is thus
activated, leading to cell cycle progression in G1. Taken
together, these data confirm that a reduction in p16™%
expression increases the phagocytic and lytic functions of
microglia by stimulating cell cycle re-entry in microglia
cell line.

Discussion

Cellular senescence is an irreversible arrest of cell growth
[53, 54]. Cellular senescence can be triggered by several
factors including aging, DNA damage, oncogene activa-
tion, and oxidative stress [55]. Although the molecu-
lar mechanisms of senescence involve p16™“4, the p53
tumor-suppressor gene, and telomere shortening [56],
this study focused on the mechanisms of p16™** control.
Regulation of p16™* expression is complex and involves

Fig. 6 Downregulation of p16™“? improves microglial BV2 cell proliferation and efficiently increases cellular phagocytosis and amyloid-B lysis. A
Confocal images of BV2 cells transfected with p16™< siRNA or scrambled siRNA and, 48 h later, treated with pHrodo bioparticle conjugates for 3 h.
Scale bar: 20 um. B The percentage of the number of phagosomes in each BV2 cell, separated into groups of 0,< 3, and < 5 phagosomes per cell.
Data were analyzed by 2-way ANOVA followed by the Tukey test for multiple comparisons. ****p <0.001, versus scrambled siRNA. n.s.: not significant.
C FACS analysis of pHrodo-treated BV2 cells. D BV2 cells transfected with siRNA were treated with AR-pHrodo for 1 h. Scale bar: 20 um. E BV2 cells
were treated with AB-pHrodo for 2 h, harvested, and analyzed by FACS immediately (2 h after treatment) and on days 1, 2, 3, and 4 after treatment.
Data were analyzed by 2-way ANOVA followed by the Tukey test for multiple comparisons. ****p <0.001, versus scrambled siRNA. D: day, H: hour.

F Merged representative images of BV2 cells treated with AB-pHrodo and LysoTracker. Scale bar: 5 um. G Analysis of the fluorescence intensity
along the white line from A to B from the upper merged image in (F). H Representative FACS data of BV2 cells double-stained with annexin V

and propidium iodide. The 4 populations are non-apoptotic dead cells (Q5), late-apoptotic cells (Q6), viable cells (Q8), and early-apoptotic cells (Q7).
I Representative FACS data of the cell cycle phases of BV2 cells transfected with scrambled siRNA or p16™4% siRNA. J The percentages of cells in GO/
G1, S, and G2/M phases for p16™“4 sikNA-transfected BV2 cells compared with scrambled siRNA-transfected control BV2 cells. This experiment

was repeated 3 times, and similar results were obtained each time. Data were analyzed by 2-way ANOVA followed by the Bonferroni test for multiple
comparisons. *p < 0.05, versus scrambled siRNA. K Western blot of p16™42, p-Rb, Rb, cyclin D1, and cyclin B1 expression in BV2 cells. B-Actin (ACTB)
was used as a protein loading control. L Quantification of the protein levels in (K) after siRNA transfection in BV2 cells. ***p <0.005 and ****p <0.001,
versus scrambled siRNA; unpaired Student’s t test. Cont: control, Si: sSIRNA
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epigenetic control and multiple transcription factors.
P16™“ mediates senescence and aging in microglia by
G1 cell cycle arrest [57, 58] by preventing the associa-
tion of CDK4 and CDK®6 to D-type cyclins. This process
is regulated through the Rb pathway; Rb is maintained in
a hypophosphorylated state, resulting in the inhibition
of transcription factor E2F1. The expression of p16™* is
increased in microglia from patients with AD, as quanti-
fied by single-cell transcriptomic analysis [59]. However,
it is unclear whether increased p16™*® expression causes
a decline in microglial function during aging in vivo.
Although the importance of microglia in AD pathol-
ogy has recently increased, there is a lack of studies on
the recovery of microglial function and therapeutic
approaches for AD by direct regulation of microglial gene
expression. This is because researchers have tested vari-
ous AAV serotypes and lentiviruses for their ability to
transduce microglia, and the level of transduction is
generally low [16]. siRNA-mediated gene silencing is an
effective and powerful tool, but its therapeutic effects are
limited because of suboptimal delivery to the target site
and because siRNAs are easily degraded in vivo. Here, we
used PLGA NPs to deliver siRNA to the target site and to
improve the pharmacokinetics and stability of the siRNA.
PLGA NPs have negatively charged surfaces and a neu-
tral pH, and after endocytic internalization, biodegrad-
able PLGA NPs undergo surface charge reversal caused
by a pH change from anionic (the physiological and
alkaline pH) to cationic (the endosomal and lysosomal
acidic pH). This facilitates the interaction of NPs with
the endolysosomal membrane and allows their escape
into the cytoplasm [19, 60, 61]. Our group previously
generated several types of gene regulators encapsulated
in PLGA NPs, which successfully targeted microglia. The
unique characteristic of microglia as macrophages allows
them to take up NPs by phagocytosis, which other nerv-
ous system cells cannot do. NPs promote the delivery
of higher concentrations of encapsulated drugs or gene
mediators to microglia [20-24]. Flow cytometry analysis
has shown that drug-loaded NPs can facilitate microglial
phenotypes, recovery of the M1/M2 macrophage ratio,
and anti-inflammatory activity [20]. Here, we present evi-
dence to implicate senescent microglia in the progression
of neurodegenerative diseases such as AD by increasing
our knowledge of the mechanistic contribution of these
cells that may actively drive neurodegeneration and by
investigating how these cells or their effects may be tar-
geted therapeutically. We focused on the aging of micro-
glia as the most important factor for AD progression.
Chronic microglial reactivity, commonly observed in AD
[62], stimulates an acute immune response against mis-
folded proteins, such as AP, that may actively drive neu-
ronal death through excessive production of neurotoxic
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factors [63]. Indeed, there is a lack of evidence as to the
functional differences between young and aged microglia.
According to a recent report, aged microglia could clear
amyloid plaques under the influence of young microglia,
which suggests that aged microglia could have a con-
structive function in the brain. The authors improved the
function of young microglia, which increased amyloid
plaque clearance and reduced AP plaque load [64]. How-
ever, this report did not reliably explain the dysfunction
of phagocytosis in aged microglia.

Another hypothesis is that stem cells may lose their
regenerative capacity as they age, resulting in a lack of
healthy microglia [65]. The resultant increase in aged and
dysfunctional microglia without protective immunity
would reduce their response to protective immunity in a
state such as AD. Microglial proliferation increases as AD
progresses, which is reflected in microglial accumula-
tion as markers around plaques significantly upregulated.
However, there is insufficient evidence to explain the pro-
liferation potential of microglia and its consequences in
AD. Therefore, if the phagocytic efficiency of aged micro-
glia is the cause of AD, then improvement of the micro-
glial scavenging mechanism could be a treatment for AD.

Senescent microglia have also been identified as con-
tributing to the pathogenesis of neurodegenerative dis-
eases [66]. And the morphological definition of senescent
microglia is distinctly different from that of activated
microglia [67]. Morphologically speaking, dystrophic
microglia are also increased in several neurodegenera-
tive diseases. And the relationship between aging and
‘activated’ microglia in the context of disease is unclear
[13]. Because this phenotype has been described as hav-
ing features of both M1 and M2 microglia, further weak-
ening the concept of activated microglia dichotomy. This
is particularly challenging because Senescence associated
secretory phenotype (SASP), a key function of senescent
cells, typically contains pro-inflammatory molecules
associated with ‘activated’ microglia, such as TNFa, IL-1p
and IL-6 [68]. It is also unclear whether aged microglia
upregulate markers associated with ’activated’ microglia
or downregulate microglia homeostasis genes. However,
what is certain is that many studies are being conducted
on the difference between recently activated microglia
and disease-associated microglia (DAM) [59]. It starts by
reporting changes in the expression of markers such as
TREM?2 and clec7a [69]. Given the dysfunctional phago-
cytosis in aged microglia, old microglia that did not
phagocytose AB42 had altered expression of these genes.

In this study, we revealed that enhancement of micro-
glial phagocytosis is protective in AD by promoting AP
clearance and thus delaying disease progression. How-
ever, it is uncertain whether microglia degrade amyloid
aggregates. If amyloid aggregates are not degraded after



Shin et al. Molecular Neurodegeneration (2024) 19:25

phagocytosis, then AP removal is difficult; accumulated
AP proteins may be toxic and pro-inflammatory to the
microglia. Indeed, microglia from patients with AD that
carry TREM2 risk variants and TREM2-deficient mice
with AD-like pathology have many autophagic vesicles,
as do TREM2-deficient macrophages under growth fac-
tor limitation or endoplasmic reticulum stress [70].
This suggests that AB is engulfed by microglia but not
lysed intracellularly. From a therapeutic perspective, AP
removal involves either decomposition by phagocyto-
sis and lysis in microglia or excretion out of the brain.
Therefore, engulfment of AP into microglia without sub-
sequent lysis is an example of phagocytic dysfunction.
Microglial phagocytic dysfunction may be caused by
reduced phagocytosis or by excessive AP uptake beyond
their phagocytic capacity. Ultimately, products that accu-
mulate in microglia due to aging or other causes can
cause dysfunction and activation of microglia, resulting
in a chronic inflammatory state. In therapeutic terms,
anti-inflammatory drugs may reduce this response to
aging and AD-related neuroinflammation.

Microglia have differing effects on plaque dynam-
ics depending on the overall plaque burden. It has been
argued that microglia, or products they release, are det-
rimental during certain stages of AD progression [71]. In
contrast, in AD and other neurodegenerative diseases,
microglia secrete cytokines, phagocytose AP plaques,
and physically restrain the expansion of plaques to pro-
tect nearby healthy neurites [72]. A recent study using
the 5XFAD mouse model with PLX5622, a specific col-
ony-stimulating factor 1 receptor inhibitor that allows
for the sustained and specific elimination of microglia
[71], was conducted to determine whether microglial
depletion influences AD pathology [72]. Here, we pre-
sent evidence that microglia are required to remove the
majority of dense plaques. Plaque morphologies revert
to control levels upon microglial repopulation. Overall,
in regions where microglia have repopulated to control
levels, microglia encourage the remodeling of plaque
types toward compact-like structures and limit neuritic
dystrophy. This means that repopulated microglia inhibit
and eliminate plaque formation during AD progression.
Our study also suggests that repopulated microglia have
active phagocytic activity and are more efficient at Ap
clearance than their younger counterparts.

Conclusion

In summary, we provide a proof-of-concept study toward
the use of p16™4® siRNA-loaded PLGA NPs to enhance
AP phagocytosis and clearance by causing a shift to a
younger microglial phenotype by stimulating cell cycle
re-entry. We also add to the substantial body of work
that has demonstrated the nanomedicinal application
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of pl6™® genetic knockdown that improves amyloid

pathology and rescues cognitive function in mouse mod-
els of AD. First, we found microglia are activated near
and co-localize with AP plaques in 5XFAD mice. Next,
we found that p16™, a representative factor of aging
and prevention of cell cycle progression from G1 to S,
was increased in a list of DEGs in AB42-positive micro-
glia from old mice compared with young mice. High
expression of p16™* in microglia was confirmed around
amyloid plaques in patients with AD and in 5XFAD mice.
As young microglia have increased amyloid plaque clear-
ance and reduced AP plaque load [64], we hypothesized
that rejuvenation of the microglial cell-division cycle
could reverse the phagocytic dysfunction of aged micro-
glia. To shift aged microglia to a younger phenotype, we
used p16™4® siRNA-loaded PLGA NPs, which success-
fully targeted microglia, activated microglia, and pro-
longed gene-regulatory effects. P16™* knockdown in
microglia using p16"4? siRNA-loaded NPs reversed spa-
tial memory and learning deficits and reduced AP plaque
formation and the number of peri-plaque aged micro-
glia in 5XFAD mice. A reduction in p16™“* expression
increased the phagocytic and lytic functions of microglia
by stimulating cell cycle re-entry. In addition, cell cycle
re-entry was induced, resulting in increased cell prolifer-
ation. Importantly, our results implicate a protective role
for p16"¥4® siRNA-loaded NPs in aging-related micro-
glial phagocytic dysfunction and reduced AP clearance.
p16™4 siRNA-loaded NPs could be a potentially thera-
peutic technology to reduce AP accumulation-associated
degeneration in patients with AD and other microglial
dysfunction-related disorders.
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AD Alzheimer’s disease

PLGA Poly (D,L-lactic-co-glycolic acid)
AR Amyloid-f

CDK Cyclin-dependent kinase

Cdkn2a, p16™4  Cyclin-dependent kinase inhibitor 2A
NPs Nanoparticles

AAVs Adeno-associated viruses
SIRNA Small interfering RNA

DEGs Differentially expressed genes
GTEX Genotype-Tissue Expression
AR-pHrodo AR (1-42)-conjugated pHrodo
Rb Retinoblastoma
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Additional file 1: Supplementary Figure 1. 5XFAD mice have increased
amyloid-b plaque formation over time, which induces glial cell activation
near amyloid-b plaques. (A) Expression of Ab in 5XFAD mouse brains at
2,3,4, and 8 months of age. Ab was labeled using a rabbit monoclonal
antibody.Representative images of hippocampal and cortical parasagittal
serial sections are shown. Scale bar: 200 um. (B) and (C) Brain tissue from
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8-month-old 5XFAD mice was used for immunostaining with anti-lba’
(microglial marker), anti-GFAP (astrocyte marker), and anti-NeuN (neuronal
marker) antibodies. Representative images of hippocampal (B) and cortical
(C) parasagittal serial sections are shown. Scale bar: 200 pm. (D) Western
blot of the protein levels of GFAP, Ab, Iba1, NeuN, and b-actin (ACTB) in
the cortex of 5XFAD mice at 8 months of age and their age-matched
littermate wild-type (WT) controls. (E) Quantification of Western blot data
of GFAP, Ab, Ibal, and NeuN protein expression in relation to ACTB expres-
sion. *p < 0.05 and ****p < 0.001, versus WT (unpaired Student’s t test; n =
4 for each group).

Additional file 2: Supplementary Figure 2. The number of peripheral
microglia correlates with the size of amyloid-f3 plaques. (A) Co-localization
of AB and Iba1(microglia marker) in hippocampus of 5XFAD mouse. The
white boxes (a, b) show the areas magnified in the lower left panels. Scale
bar: 50 um (upper), 20 um (lower). (B) Quantification of Ab plaque size and
Iba1-positive cell numbers. Each black dot indicates 1 Ab plaque (n = 210).
Pearson correlation analysis showed that Ab plaque size correlated with
Iba1-positive cell numbers (r = 0.9964, p < 0.0001, n = 210).

Additional file 3: Supplementary Figure 3. Differential expression of
CDKN2A in relation to human brain regions and ages from Genotype-
Tissue Expression (GTEx) data. Comparison of CDKN2A expression in 12
brain regions separated by subject age.All groups were compared with
the 20- to 29-year age group using the Kruskal-Wallis test and the Dunn
multiple comparisons test. Anterior cingulate cortex, 30-39 years, p= 0.05;
cortex, 60-69 years, p = 0.0028; cortex, 70-79 years, p = 0.0075; frontal cor-
tex Brodmann area 9, 60-69 years, p = 0.034; hippocampus, 60-69 years, p
=0.0148; hippocampus, 70-79 years, p= 0.0157. Age groups on the graphs
without p-value asterisks were non-significant, p > 0.05.

Additional file 4: Supplementary Figure 4.Up-regulation of p16"2
expression of microglia in postmortem brains of patients with Alzheimer’s
disease (A, B) Details of human post-mortem cortex tissues from the
Victorian Brain Bank Network. PMI, post-mortem interval. (C) Western blot
of the protein expression levels of p16™2 Ab, IbaT, and B-actin (ACTB)

in the human cortex of age-matched controls and patients with AD. (D)
Quantification of protein expression relative to ACTB from (C). **p < 0.005,
patients with AD versus healthy controls (unpaired Student’s t test;n =5
for each group). Cont: control.

Additional file 5: Supplementary Figure 5. Poly(D,L-lactic-co-glycolic
acid) nanoparticles encapsulated with p16™4? siRNA attenuated the
expression of p16™“2. (A) MRNA expression of p16™“¢ was quantified by
gPCR in the cortex of 4-month-old 5XFAD mice injected intrathecally into
the cisterna magna with scrambled siRNA NPs or p16™“¢ siRNA NPs once
per week for 8 weeks. ****p < 0.001, versus mice treated with scrambled
siRNA NPs; unpaired Student’s t test. (B) Western blot of p16™“? expression
in brain tissue of 4-month-old 5XFAD mice injected with scrambled siRNA
NPs or p16™<“2 siRNA NPs once per week for 8 weeks. (C) Quantification

of (B). ACTB: B-actin. ****p< 0.001, versus mice treated with scrambled
siRNA NPs; unpaired Student’s t test. (D) Immunostaining with anti-p16"42
antibody of cortex brain sections from 8-month-old 5XFAD mice. Scale
bar: 100 um. (E) Quantification of p16™“¢ expression in (C). ****p < 0,001,
versus mice treated with scrambled siRNA NPs; unpaired Student’s t test.
Si: siRNA.

Additional file 6: Supplementary Figure 6. Raw fluorescence images for
IMARIS figures.

Additional file 7: Supplementary Figure 7. Raw data for western blot.
Additional file 8: Supplementary Table 1. Statistical analyses.

Additional file 9: Supplementary Table 2. Top 5 gene ontology
terms involved with the 418 increased and 375 decreased differentially
expressed genes in amyloid-p42-positive microglia from old mice com-
pared with young mice.

Acknowledgements
Not applicable.

Page 20 of 22

Authors’ contributions

HJS conceptualized and performed the study and wrote the manuscript; ISK
analyzed Gene Expression Omnibus data sets; SGC, KYL, HP, JS and DK per-
formed experiments; JB and YY analyzed data; CJL and WSC provided experi-
mental material; DWK supervised the study and reviewed the manuscript; all
authors read and approved the manuscript.

Funding

All authors are grateful for financial support from the National Research
Foundation of Korea funded by the Ministry of Science and ICT, Republic of
Korea (NRF-2022R1A2B5B02001886, NRF-2020R11TATA0105309611, NRF-
2021R1C1C2007218, and NRF-2022R1A4A1018963) and by research fund of
Chungnam National Univeristy.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article (and its supplementary information files).

Declarations

Ethics approval and consent to participate

Human tissue experiments were approved by the Bioethics Committee, Insti-
tutional Review Board, Chungnam National University Hospital Industry Foun-
dation, Republic of Korea (Institutional Review Board No. CNUH-2020-10-085).

Consent for publication
Not applicable.

Competing interests
The authors declare that there is no conflict of interest.

Author details

'Department of Anatomy and Cell Biology, Chungnam National University
College of Medicine, Daejeon, Republic of Korea. 2Brain Research Institute,
Chungnam National University College of Medicine, Daejeon, Republic

of Korea. *Department of Medical Science, Chungnam National University
College of Medicine, Daejeon, Republic of Korea. *Department of Pharmacol-
ogy, Chungnam National University College of Medicine, Daejeon, Republic
of Korea. *Department of Rehabilitation Medicine, Seoul National University
College of Medicine, Seoul National University Bundang Hospital, Seongnam,
Republic of Korea. ®Department of Pediatrics, College of Medicine, Soonchun-
hyang University Bucheon Hospital, Bucheon, Republic of Korea. ’Department
of Medicine, College of Medicine, Catholic Kwandong University, Gangneung,
Gangwon-Do, Republic of Korea. #Translational Brain Research Center, Inter-
national St. Mary’s Hospital, Catholic Kwandong University, Incheon, Republic
of Korea. °Department of Biological Sciences, Korea Advanced Institute

of Science and Technology (KAIST), Daejeon, Republic of Korea. '°Center

for Glia-Neuron Interaction, Korea Institute of Science and Technology

(KIST), Seoul, Republic of Korea. ' Center for Cognition and Sociality, Institute
for Basic Science, Daejeon, Republic of Korea. '?Department of Oral Anatomy
and Developmental Biology, College of Dentistry Kyung Hee University, Seoul,
Republic of Korea.

Received: 25 September 2023 Accepted: 27 February 2024
Published online: 16 March 2024

References

1.

Madhavan A, Schwarz CG, Duffy JR, Strand EA, Machulda MM, Drubach
DA, Kantarci K, Przybelski SA, Reid RI, Senjem ML, et al. Characterizing
White Matter Tract Degeneration in Syndromic Variants of Alzhei-

mer’s Disease: A Diffusion Tensor Imaging Study. J Alzheimers Dis.
2016;49:633-43.

Gold CA, Budson AE. Memory loss in Alzheimer’s disease: implications for
development of therapeutics. Expert Rev Neurother. 2008;8:1879-91.
Ahn HJ, Zamolodchikov D, Cortes-Canteli M, Norris EH, Glickman JF,
Strickland S. Alzheimer’s disease peptide beta-amyloid interacts with



Shin et al. Molecular Neurodegeneration

20.

21.

22.

23.

24.

25.

(2024) 19:25

fibrinogen and induces its oligomerization. Proc Natl Acad Sci U S A.
2010;107:21812-7.

Yuan HF, Li X, Quan QK, Wang NN, Li Y, Li M. Effects of Naoerkang on
expressions of beta-amyloid peptide 1-42 and neprilysin in hippocam-
pus in a rat model of Alzheimer’s disease. Zhong Xi Yi Jie He Xue Bao.
2010;8:152-7.

Singh SK, Srivastav S, Yadav AK, Srikrishna S, Perry G. Overview of Alzhei-
mer’s Disease and Some Therapeutic Approaches Targeting A beta by
Using Several Synthetic and Herbal Compounds. Oxid Med Cell Longev.
2016;2016:7361613.

Fakhoury M. Microglia and Astrocytes in Alzheimer’s Disease: Implications
for Therapy. Curr Neuropharmacol. 2018;16:508-18.

Saido TC. Alzheimer's disease as proteolytic disorders: anabolism and
catabolism of beta-amyloid. Neurobiol Aging. 1998;19:569-75.
Mawuenyega KG, Sigurdson W, Ovod V, Munsell L, Kasten T, Morris JC,
Yarasheski KE, Bateman RJ. Decreased clearance of CNS beta-amyloid in
Alzheimer’s disease. Science. 2010;330:1774.

Derecki NC, Cronk JC, Kipnis J. The role of microglia in brain maintenance:
implications for Rett syndrome. Trends Immunol. 2013;34:144-50.

Fu R, Shen Q, Xu P, Luo JJ, Tang Y. Phagocytosis of microglia in the central
nervous system diseases. Mol Neurobiol. 2014;49:1422-34.

. Bolmont T, Haiss F, Eicke D, Radde R, Mathis CA, Klunk WE, Kohsaka S,

Jucker M, Calhoun ME. Dynamics of the microglial/amyloid interaction
indicate a role in plague maintenance. J Neurosci. 2008;28:4283-92.
Shi'Y, Manis M, Long J, Wang K, Sullivan PM, Remolina Serrano J, Hoyle R,
Holtzman DM. Microglia drive APOE-dependent neurodegeneration in a
tauopathy mouse model. J Exp Med. 2019;216:2546-61.

Streit WJ, Sammons NW, Kuhns AJ, Sparks DL. Dystrophic microglia in the
aging human brain. Glia. 2004;45:208-12.

Li JW, Zong Y, Cao XP, Tan L, Tan L. Microglial priming in Alzheimer’s
disease. Ann Transl Med. 2018;6:176.

Grubman A, Choo XY, Chew G, Ouyang JF, Sun G, Croft NP, Rossello FJ,
Simmons R, Buckberry S, Landin DV, et al. Transcriptional signature in
microglia associated with Abeta plague phagocytosis. Nat Commun.
2021;12:3015.

Maes ME, Colombo G, Schulz R, Siegert S. Targeting microglia with lenti-
virus and AAV: Recent advances and remaining challenges. Neurosci Lett.
2019;707:134310.

Ellert-Miklaszewska A, Ochocka N, Maleszewska M, Ding L, Laurini E, Jiang
Y, Roura AJ, Giorgio S, Gielniewski B, Pricl S, et al. Efficient and innocu-
ous delivery of small interfering RNA to microglia using an amphiphilic
dendrimer nanovector. Nanomedicine (Lond). 2019;14:2441-58.

Cai Q Wang L, Deng G, Liu J, Chen Q, Chen Z. Systemic delivery to central
nervous system by engineered PLGA nanoparticles. Am J Trans| Res.
2016;8:749-64.

Kargaard A, Sluijter JPG, Klumperman B. Polymeric siRNA gene

delivery - transfection efficiency versus cytotoxicity. J Control Release.
2019;316:263-91.

Tran Q, Pham TL, Shin HJ, Shin J, Shin N, Kwon HH, Park H, Kim SI, Choi SG,
Wu J, et al. Targeting spinal microglia with fexofenadine-loaded nanopar-
ticles prolongs pain relief in a rat model of neuropathic pain. Nanomedi-
cine. 2022;44:102576.

Shin J,Yin'Y, Park H, Park S, Triantafillu UL, Kim Y, Kim SR, Lee SY, Kim DK,
Hong J, Kim DW. p38 siRNA-encapsulated PLGA nanoparticles alleviate
neuropathic pain behavior in rats by inhibiting microglia activation.
Nanomedicine. 2018;13:1607-21.

Shin HJ, Park H, Shin N, Shin J, Gwon DH, Kwon HH, YinY, Hwang JA,
Hong J, Heo JY, et al. p66shc siRNA Nanoparticles Ameliorate Chon-
drocytic Mitochondrial Dysfunction in Osteoarthritis. Int J Nanomed.
2020;15:2379-90.

Shin N, Shin HJ, YiY, Beom J, Lee W, Lee CH, Kim DW. p66shc siRNA-
Encapsulated PLGA Nanoparticles Ameliorate Neuropathic Pain Follow-
ing Spinal Nerve Ligation. Polymers-Basel. 2020;12(5):1014.

Kim SI, Shin J, Tran Q, Park H, Kwon HH, Shin N, Hwang JA, Shin HJ, Lee

J, Lee WH, et al. Application of PLGA nanoparticles to enhance the

action of duloxetine on microglia in neuropathic pain. Biomater Sci.
2021;9:6295-307.

Shin HJ, Choi SG, Qu F, Yi MH, Lee CH, Kim SR, Kim HG, Beom J, YiY,

Kim DK, et al. Peptide-mediated targeted delivery of SOX9 nanopar-
ticles into astrocytes ameliorates ischemic brain injury. Nanoscale.
2024;16(2):833-47.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

Page 21 of 22

Choi JW, Ju YH, Choi Y, Hyeon SJ, Gadhe CG, Park JH, Kim MS, Baek S, Kim
Y, Park KD, et al. PyrPeg, a Blood-Brain-Barrier-Penetrating Two-Photon
Imaging Probe, Selectively Detects Neuritic Plaques. Not Tau Aggregates
ACS Chem Neurosci. 2020;11:1801-10.

LuY, Sareddy GR, Wang J, Wang R, Li Y, Dong Y, Zhang Q, Liu J, O'Connor
JC, Xu J, et al. Neuron-Derived Estrogen Regulates Synaptic Plasticity and
Memory. J Neurosci. 2019;39:2792-809.

Ding RT, Li YN, Du A, Yu H, He BL, Shen RP, Zhou JC, Li L, Cui W, Zhang GH,
et al. Changes in hippocampal AMPA receptors and cognitive impair-
ments in chronic ketamine addiction models: another understanding of
ketamine CNS toxicity. Sci Rep-Uk. 2016;6:38771.

YiYY, Shin HJ, Choi SG, Kang JW, Song HJ, Kim SK, Kim DW. Preventive
Effects of Neuroprotective Agents in a Neonatal Rat of Photothrombotic
Stroke Model. Int J Mol Sci. 2020;21:3703.

Tripathi M, Yen PM, Singh BK. Protocol to Generate Senescent Cells from
the Mouse Hepatic Cell Line AML12 to Study Hepatic Aging. STAR Protoc.
2020;1: 100064.

Zeitvogel F, Schmid G, Hao L, Ingino P, Obst M. ScatterJ: An Image)
plugin for the evaluation of analytical microscopy datasets. J Microsc.
2016;261:148-56.

Clement S, Chen W, Deng W, Goldys EM. X-ray radiation-induced and
targeted photodynamic therapy with folic acid-conjugated biodegrad-
able nanoconstructs. Int J Nanomedicine. 2018;13:3553-70.

Shin HJ, Lee KY, Kang JW, Choi SG, Kim DW, Yi YY. Perampanel Reduces
Brain Damage via Induction of M2 Microglia in a Neonatal Rat Stroke
Model. Int J Nanomed. 2022;17:2791-804.

Zimmermann HR, Yang W, Kasica NP, Zhou X, Wang X, Beckelman BC, Lee
J, Furdui CM, Keene CD, Ma T. Brain-specific repression of AMPKalpha1l
alleviates pathophysiology in Alzheimer's model mice. J Clin Invest.
2020;130:3511-27.

Lee S, Shin HJ, Noh C, Kim S|, Ko YK, Lee SY, Lim C, Hong B, Yang SY, Kim
DW, et al. IKBKB siRNA-Encapsulated Poly (Lactic-co-Glycolic Acid) Nano-
particles Diminish Neuropathic Pain by Inhibiting Microglial Activation.
Int J Mol Sci. 2021,22:5657.

Shin HJ, Park H, Shin N, Kwon HH, Yin Y, Hwang JA, Kim SI, Kim SR, Kim
S,JooYY, et al. p47phox siRNA-Loaded PLGA Nanoparticles Suppress
ROS/Oxidative Stress-Induced Chondrocyte Damage in Osteoarthritis.
Polymers-Basel. 2020;12:443.

Thomas AL, Lehn MA, Janssen EM, Hildeman DA, Chougnet CA. Naturally-
aged microglia exhibit phagocytic dysfunction accompanied by gene
expression changes reflective of underlying neurologic disease. Sci Rep.
2022;12:19471.

Mi H, Ebert D, Muruganujan A, Mills C, Albou LP, Mushayamaha T, Thomas
PD. PANTHER version 16: a revised family classification, tree-based clas-
sification tool, enhancer regions and extensive API. Nucleic Acids Res.
2021,49:0394-403.

Kim YS, Jung HM, Yoon BE. Exploring glia to better understand Alzhei-
mer’s disease. Anim Cells Syst (Seoul). 2018;22:213-8.

Chun H, Marriott I, Lee CJ, Cho H. Elucidating the Interactive Roles of Glia
in Alzheimer’s Disease Using Established and Newly Developed Experi-
mental Models. Front Neurol. 2018;9:797.

Frost GR, Li YM. The role of astrocytes in amyloid production and Alzhei-
mer’s disease. Open Biol. 2017,7:170228.

LiuY, Sanoff HK, Cho H, Burd CE, Torrice C, Ibrahim JG, Thomas NE,
Sharpless NE. Expression of p16(INK4a) in peripheral blood T-cells is a
biomarker of human aging. Aging Cell. 2009;8:439-48.

Sherr CJ, Roberts JM. Living with or without cyclins and cyclin-dependent
kinases. Genes Dev. 2004;18:2699-711.

Russo AA, Tong L, Lee JO, Jeffrey PD, Pavletich NP. Structural basis for inhi-
bition of the cyclin-dependent kinase Cdké by the tumour suppressor
p16INK4a. Nature. 1998;395:237-43.

Hu Y, Fryatt GL, Ghorbani M, Obst J, Menassa DA, Martin-Estebane M,
Muntslag TAO, Olmos-Alonso A, Guerrero-Carrasco M, Thomas D, et al.
Replicative senescence dictates the emergence of disease-associated
microglia and contributes to Abeta pathology. Cell Rep. 2021;35: 109228.
Coppe JP, Patil CK, Rodier F, Sun'Y, Munoz DP, Goldstein J, Nelson PS,
Desprez PY, Campisi J. Senescence-associated secretory phenotypes
reveal cell-nonautonomous functions of oncogenic RAS and the p53
tumor suppressor. PLoS Biol. 2008;6:2853-68.

Campisi J. d’Adda di Fagagna F: Cellular senescence: when bad things
happen to good cells. Nat Rev Mol Cell Biol. 2007;8:729-40.



Shin et al. Molecular Neurodegeneration (2024) 19:25 Page 22 of 22

48. Antignano |, LiuY, Offermann N, Capasso M. Aging microglia. Cell Mol Life Publisher’s Note
5¢i. 2023;80:126. Springer Nature remains neutral with regard to jurisdictional claims in pub-

49. Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld lished maps and institutional affiliations.
R, Ulland TK, David E, Baruch K, Lara-Astaiso D, Toth B, et al. A Unique
Microglia Type Associated with Restricting Development of Alzheimer’s
Disease. Cell. 2017;169(1276-1290): 1217.

50. Solito E, Sastre M. Microglia function in Alzheimer’s disease. Front Phar-
macol. 2012;3:14.

51. Zhao S, Chen Z, Han S, Wu H. Effects of the p16/cyclin D1/CDK4/Rb/

E2F1 pathway on aberrant lung fibroblast proliferation in neonatal rats
exposed to hyperoxia. Exp Ther Med. 2021;22:1057.

52. Martin N, Beach D, Gill J. Ageing as developmental decay: insights from
p16(INK4a). Trends Mol Med. 2014;20:667-74.

53. Burton DG, Faragher RG. Cellular senescence: from growth arrest to
immunogenic conversion. Age (Dordr). 2015;37:27.

54. Schosserer M, Grillari J, Breitenbach M. The Dual Role of Cellular Senes-
cence in Developing Tumors and Their Response to Cancer Therapy.
Front Oncol. 2017;7:278.

55. van Deursen JM. The role of senescent cells in ageing. Nature.
2014;509:439-46.

56. Frey N, Venturelli S, Zender L, Bitzer M. Cellular senescence in gastrointes-
tinal diseases: from pathogenesis to therapeutics. Nat Rev Gastroenterol
Hepatol. 2018;15:81-95.

57. LiJ, Poi MJ, Tsai MD. Regulatory mechanisms of tumor suppressor
P16(INK4A) and their relevance to cancer. Biochemistry. 2011;50:5566-82.

58. LaPak KM, Burd CE. The molecular balancing act of p16(INK4a) in cancer
and aging. Mol Cancer Res. 2014;12:167-83.

59. Matsudaira T, Nakano S, Konishi Y, Kawamoto S, Uemura K, Kondo T,
Sakurai K, Ozawa T, Hikida T, Komine O, et al. Cellular senescence in white
matter microglia is induced during ageing in mice and exacerbates the
neuroinflammatory phenotype. Commun Biol. 2023;6:665.

60. Panyam J, Zhou WZ, Prabha S, Sahoo SK, Labhasetwar V. Rapid endo-
lysosomal escape of poly(DL-lactide-co-glycolide) nanoparticles: implica-
tions for drug and gene delivery. FASEB J. 2002;16:1217-26.

61. Vasir JK, Labhasetwar V. Biodegradable nanoparticles for cytosolic deliv-
ery of therapeutics. Adv Drug Deliv Rev. 2007;59:718-28.

62. NavarroV, Sanchez-Mejias E, Jimenez S, Munoz-Castro C, Sanchez-Varo
R, Davila JC, Vizuete M, Gutierrez A, Vitorica J. Microglia in Alzheimer’s
Disease: Activated. Dysfunctional or Degenerative Front Aging Neurosci.
2018;10:140.

63. Swanson A, WolfT, Sitzmann A, Willette AA. Neuroinflammation in Alz-
heimer’s disease: Pleiotropic roles for cytokines and neuronal pentraxins.
Behav Brain Res. 2018;347:49-56.

64. Daria A, Colombo A, Llovera G, Hampel H, Willem M, Liesz A, Haass C,
Tahirovic S. Young microglia restore amyloid plaque clearance of aged
microglia. Embo J. 2017;36:583-603.

65. Floden AM, Combs CK. Microglia demonstrate age-dependent interac-
tion with amyloid-beta fibrils. J Alzheimers Dis. 2011;25:279-93.

66. Perry VH, Holmes C. Microglial priming in neurodegenerative disease. Nat
Rev Neurol. 2014;10:217-24.

67. Damani MR, Zhao L, Fontainhas AM, Amaral J, Fariss RN, Wong WT.
Age-related alterations in the dynamic behavior of microglia. Aging Cell.
2011;10:263-76.

68. Ng PY, McNeely TL, Baker DJ. Untangling senescent and damage-associ-
ated microglia in the aging and diseased brain. FEBS J. 2023;290:1326-39.

69. Hou J, Chen, Grajales-Reyes G, Colonna M. TREM2 dependent and
independent functions of microglia in Alzheimer’s disease. Mol Neurode-
gener. 2022;17:84.

70. Ulland TK, Song WM, Huang SC, Ulrich JD, Sergushichev A, Beatty WL,
Loboda AA, Zhou Y, Cairns NJ, Kambal A, et al. TREM2 Maintains Microglial
Metabolic Fitness in Alzheimer’s Disease. Cell. 2017;170:649-663 e613.

71. Spangenberg E, Severson PL, Hohsfield LA, Crapser J, Zhang J, Burton EA,
Zhang Y, Spevak W, Lin J, Phan NY, et al. Sustained microglial depletion
with CSF1R inhibitor impairs parenchymal plaque development in an
Alzheimer’s disease model. Nat Commun. 2019;10:3758.

72. Casali BT, MacPherson KP, Reed-Geaghan EG, Landreth GE. Microglia
depletion rapidly and reversibly alters amyloid pathology by modifica-
tion of plaque compaction and morphologies. Neurobiol Dis. 2020;142:
104956.



	Rejuvenating aged microglia by p16ink4a-siRNA-loaded nanoparticles increases amyloid-β clearance in animal models of Alzheimer’s disease
	Abstract 
	Background
	Materials and methods
	Animals
	Human brain tissues and ethics approval
	Intrathecal injection and intravenous injection
	Behavior tests
	Mouse brain section preparation and immunofluorescence staining
	Cellular senescence assay and 3,3′-diaminobenzidine staining
	Western blotting
	Quantitative Real-Time PCR
	Amyloid beta 42 Mouse ELISA assay
	Poly (D,L-lactic-co-glycolic acid) nanoparticle production and characterization
	siRNA loading efficiency and release assay
	BV2 cell culture, transfection and cell viability assay
	Phagocytosis assay and fluorescence-activated cell sorting
	Data acquisition and bioinformatics analysis
	Illustrations
	Statistical analysis

	Results
	Microglial cells are activated near and co-localize with amyloid-β plaques in the 5XFAD mouse model of Alzheimer’s disease
	P16ink4a expression increases around amyloid plaques and in microglia in postmortem brains of patients with Alzheimer’s disease and 5XFAD mice.
	P16ink4a siRNA-loaded poly(D,L-lactic-co-glycolic acid) nanoparticle characterization and delivery to microglia in vitro and in vivo
	Reduction of p16ink4a expression in microglia using p16ink4a siRNA-loaded nanoparticles reverses spatial memory and learning deficits in 5XFAD mice.
	P16ink4a knockdown reduces amyloid-β plaque formation and peri-plaque microglia, positively regulates the G1 specific cell cycle
	Replacing aged microglia to young microglia using p16.ink4a siRNA increases lysosomal activity and reduces ineffective disease- associated microglia (DAM)
	Reduction in p16ink4a expression in microglial BV2 cells enhances amyloid-β phagocytosis by stimulating cell cycle re-entry

	Discussion
	Conclusion
	Acknowledgements
	References


