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Chemokine-complement cascade in glial- i

vascular units protects neurons from non-

biogenic nanoparticles
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Abstract

mitigates NP-induced brain injury.

Non-biogenic nanoparticles (NPs), including silica and polystyrene, are major components of environmental
particulate pollution and can accumulate in the brain, especially during development when the blood-brain barrier
is immature, leading to neurotoxicity. However, protective responses within the brain to these NPs remain poorly
understood. Here, using a developing mouse model, we show that microglia phagocytose non-biogenic NPs
through a complement-dependent mechanism involving C3 tagging. This process is regulated by a chemokine
cascade in which vascular endothelial cells release CCL17, activating CCR4 on perivascular astrocytes to promote
astrocytic C3 production. Inhibition of CCR4 signaling suppresses C3 production, impairs microglial phagocytosis,
increases neuronal loss, and exacerbates anxiety-like behaviors. Our data establish a protective role for the vascular-
glial chemokine—complement axis in limiting neurotoxicity during brain development. These findings reveal a
coordinated immune response to non-biogenic environmental NPs and uncover a vascular—glial mechanism that
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Introduction

Environmental particulate matter 2.5 (PM,;), including
Asian dust and microplastics, has emerged as a major
environmental concern due to its potential health risks.
These particles primarily comprise non-biogenic sub-
stances such as silica and polystyrene, the major compo-
nents of Asian dust and microplastics, respectively [1-3].
Among them, the nanometer-sized particles can enter
the body through inhalation or ingestion and accumu-
late in multiple organs, including the brain, where they
elicit harmful responses such as inflammation, blood
coagulation, and even early mortality [4—7]. While most
inhaled particles are eliminated by respiratory defenses,
including cilia and alveolar macrophages, nanoparticles
(NPs) can bypass these mechanisms due to their small
size, enter the bloodstream, and reach the brain. The
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developing brain, with its immature blood-brain barrier
(BBB), is especially vulnerable to such exposure [8—11].

Several studies have linked childhood PM exposure to
increased risk of anxiety and cognitive impairments [10,
12]. In parallel, recent studies have revealed progres-
sive accumulation of microplastics and other NPs in the
brain, raising concerns about their potential neurotox-
icity [13-15]. For instance, polystyrene NPs as small as
20 nm can cross the BBB, suggesting that non-biogenic
NPs can readily access the brain parenchyma [16]. Fur-
thermore, nanoparticulate pollutants may exacerbate
BBB permeability by disrupting tight junction proteins
and upregulating matrix metalloproteinase activity [17,
18]. Circulating polystyrene particles can also obstruct
cerebral vessels, resulting in behavioral deficits [19].
Despite these concerns, it remains unclear whether the
brain mounts defense mechanisms against non-biogenic
NPs, and how such responses are regulated at the cellular
and molecular levels.

To address this gap, we investigated how brain immune
mechanisms respond to non-biogenic NPs, using purified
silica and polystyrene as model NPs. These were chosen
for their environmental relevance and chemically defined
properties, enabling controlled comparison of individual
effects. In environmental contexts, pollutants consist of
complex mixtures of biogenic and non-biogenic sub-
stances that may act synergistically or antagonistically.
Biogenic components, such as bacterial lipopolysac-
charide (LPS) and fungal p-glucan, are well known for
activating immune pathways [20-23]. In contrast, non-
biogenic substances like silica or polystyrene lack intrin-
sic biological activity yet can still pose risks. Isolating
each component is thus essential to delineate their dis-
tinct contributions to brain immune activation.

Using a developmental mouse model, we traced the
distribution and cellular interactions of these NPs, cap-
turing the events following their entry into the brain
parenchyma via the vasculature. Our findings reveal a
vascular—glial interface that senses NP infiltration and
orchestrates a neuroprotective phagocytic response via
chemokine signaling and complement activation, shed-
ding light on innate defense mechanisms that limit NP-
induced neurotoxicity.

Materials and methods

Mice

All experimental procedures were approved by the Ani-
mal Experiment Ethics Committee at the University of
Tokyo (approval numbers: P29-10, P29-11, and P4-4) and
conducted in accordance with the University of Tokyo’s
guidelines for the care and use of laboratory animals.
C57BL/6] mice, CR3KO mice, and Aldhlll-gfp mice
were used in the experiments, which were conducted
on postnatal days 1, 7, 11, and 14 (P1, P7, P11, and P14).
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C57BL/6] mice were obtained from Japan SLC. CR3KO
mice were originally obtained from The Jackson Labo-
ratory (JAX strain #003991). Frozen sperm from the
MMRRC (MMRRC stock # 011015-UCD) was obtained,
and Aldhlll-gfp mice were bred by the University of
Tokyo Developmental Engineering Service. All the mice
were maintained in a temperature-controlled (23-25 °C)
and light-controlled (12-hour light/dark cycle) environ-
ment with ad libitum access to food and water. For the
behavioral experiments, only male mice were used. For
other experiments, both male and female mice were
used. Different experimental groups of pups were housed
together in the same cage until weaning at P21, and indi-
vidual identification was achieved using a combination of
left and right ear notches.

Primary cortical glial culture and astrocyte isolation
Primary glial cultures were prepared from P1 male and
female C57BL/6] wild-type mice as previously described
[24]. Mice were anesthetized on ice, and brains were
quickly removed and transferred into ice-cold Hank’s
balanced salt solution (HBSS). Cortices were separated
from the meninges under a dissection microscope, col-
lected in HBSS, and kept on ice. The tissue was minced
with scalpels and incubated in 0.25% trypsin (Nacalai,
#35555-54) and 0.01% DNase I (Roche, #10104159001)
at 37 °C for 40 min. Trypsinization was stopped by add-
ing fetal bovine serum (FBS; Gibco, #10437028), and
the suspension was centrifuged at 136 x g for 10 min
at room temperature. Cells were dissociated in culture
medium containing 10% FBS and 1% penicillin—strepto-
mycin (Nacalai, #09367-34) in Dulbecco’s Modified Eagle
Medium (DMEM; Gibco, #10569010), filtered through a
100-pm-pore cell strainer, and plated into poly-D-lysine
(PDL; 10 pug/mL, Sigma, #P6407)-coated T75 flasks (Fal-
con, #353136). Cultures were maintained at 35 °C in 5%
CO,, with the medium changed the day after plating and
every 3 days thereafter.

Astrocyte isolation was performed from cortical glial
cultures at DIV14. Cultures were rinsed twice with 10 mL
of pre-warmed Phosphate-buffered saline (PBS) (35 °C),
followed by gentle agitation in 10 mL PBS for 3 min to
loosen adherent cells. After PBS removal, fresh culture
medium was added, and the flasks were returned to the
incubator. To detach astrocytes, 5 mL of trypsin-EDTA
was added and incubated for 5 min at 35 °C. Cells were
then gently scraped, and 5 mL of medium was added to
stop trypsinization. The cell suspension was centrifuged
at 1,000 rpm for 5 min, and the pellet was resuspended in
medium and replated into PDL-coated T75 flasks using
the same medium composition as for the glial culture.
The astrocyte cultures were maintained at 35 °C in 5%
CO, for 24 h.
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Injection of non-biogenic NPs

To investigate the effects of non-biogenic NPs on brain
cells, we used fluorescent silica NPs (25 nm ultrasoni-
cable fluorescent silica nanobeads, lyophilized, Sigma-
Aldrich, #797901) and fluorescent polystyrene NPs
(30 nm, Thermo Fisher Scientific, #G25) for immuno-
histochemical analysis. Additionally, silica NPs (30 nm,
Micromod Partikeltechnologie GmbH, #43-00-301) were
employed in behavioral experiments. These NPs were
suspended in saline (for silica) or Milli-Q water (for poly-
styrene) at a concentration of 0.1 mg/mL. To prevent NP
agglomeration, the suspensions were ultrasonicated for
at least 30 min prior to administration.

The selected concentration and duration of NP expo-
sure were based on estimated human environmental
exposure levels. According to the World Health Organi-
zation (2019), the global average concentration of PM, ;
is 32.9 pg/m®. Based on this value and the average respi-
ratory rate of a human infant (approximately 0.6 m®/kg/
day), the estimated daily PM2.5 exposure is 19.74 pg/
kg/day. Over a 5-year period (from ages one to five),
the cumulative exposure would total approximately
36,025.5 pg/kg.

In our study, we administered 0.01 mg/day (1,000 pg/
kg/day) of silica NPs to P14 C57BL/6] wild-type or
CR3KO mice for 7 consecutive days. With an average
body weight of 6.5 g during the P14 to P20 period, this
corresponds to a cumulative dose of 7,000 pg/kg [25].
Although this daily exposure dose in our model exceeds
typical environmental exposure levels in humans, the
total cumulative dose is within the range of long-term
human exposure. Therefore, our exposure paradigm
serves as a relevant model for studying the neuroimmune
consequences of chronic environmental NP exposure.

Furthermore, comparative studies of brain develop-
ment across species suggest that the first two postna-
tal weeks in rodents correspond to the late gestational
and early postnatal period in humans [26]. Given that
key neuronal and glial interactions undergo significant
development during this timeframe, our model provides
insights into early-life NP exposure effects during a criti-
cal neurodevelopmental window.

The NP suspensions were administered using two dif-
ferent methods: subcutaneous injection and transpul-
monary administration. For subcutaneous injection, P14
mice received daily subcutaneous injections of 100 pL for
seven consecutive days. For transpulmonary administra-
tion, designed to simulate real-world pulmonary expo-
sure, 100 pL of the NP suspension was administered daily
at P14 using a fine particle sprayer (FPS-050-A1, TORAY,
Japan).
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Plasmid construction and design of single guide RNAs
(sgRNA)

CC chemokine receptor 4 (CCR4) was knocked out
via a single adeno-associated virus (AAV) vector con-
taining Cas9 and a sgRNA [27]. A plasmid expressing
SaCas9 downstream of an astrocyte-specific promoter
(GfaABC1D-SaCas9-U6-sgRNA) was generated from
the template pAAV-FLEX-SaCas9-U6-sgRNA (Addgene;
#124844). The plasmid was digested with Xhol and Kpnl
to remove CMV-FLEX-SaCas9. The GfaABC1D pro-
moter and SV40 polyA were amplified via polymerase
chain reaction (PCR) using GfaABC1D-hM3D-mCherry
(Addgene; #92284). SaCas9 was amplified from pAAV-
FLEX-SaCas9-U6-sgRNA via PCR. PCR amplicons were
cloned at the Xhol and Kpnl cleavage sites via In-Fusion®
Snap Assembly Master Mix (TaKaRa Bio, Inc.; #638947)
to obtain the target plasmids. The sgRNA targeting CCR4
was designed according to Hunker et al. [27]. The exon
2 sequence was uploaded to CHOPCHOP (crispor.tefor.
net) as the most upstream coding exon of CCR4. We
tested the CCR4 knockout efficiency in primary cultured
astrocytes for three candidate sgRNAs, and the sgRNA
sequences were as follows: CCR4 sgRNA#15’-cggagcgce-
gacgattccaaag-3, CCR4 sgRNA#2 5’-gggctactacgcegec-
gacca-3, CCR4 sgRNA#3 5’-cgtcgtcgagttgaccgagta-3. To
integrate CCR4 sgRNA#1, which had the highest KO effi-
ciency, into the plasmid, GfaABC1D-SaCas9-U6-sgRNA
was cleaved with Kpnl and Notl to remove the U6 pro-
moter and scaffold sequence. The U6-sgCCR4 scaffold
with additional sgRNA was amplified via PCR, and in-
fusion cloning was performed at the Notl and KpnlI cleav-
age sites to obtain GfaABC1D-SaCas9-U6-sgCCR4.

AAV production and virus injection

Recombinant AAVs were prepared according to Mori-
kawa et al. [28]. Briefly, AAVdj-cap, pHelper (Cell
Biolabs, Inc.; #VPK-400-DJ), and a transfer plasmid
(GfaABC1D-SaCas9-U6-sgRNA or GfaABC1D-SaCas9-
U6-sgCCR4) were triple transfected into the AAV293
cell line (Cell Biolabs, Inc.; #AAV-100) using PEI-MAX
(Polysciences, Inc.; #24765). AAV was purified using the
AAVpro Purification Kit All Serotypes (Takara Bio, Inc.;
#6666). Virus titers were measured using pAAV2 ITR
primers (forward: 5’-ggaacccctagtgatggagtt-3, reverse:
5’-cggcctcagtgagega-3’), Luna Universal qPCR Master
Mix (New England Biolabs; #M3003S), and the LightCy-
cler qPCR 2.0 system (Roche; #DX400;). For intracere-
broventricular (i.c.v.) injections, P7 C57BL/6] wild-type
mice were cryoanesthetized for 1-2 min. A 1 uL volume
of AAV (AAVDJ-GfaABC1D-SaCas9-U6-CCR4 sgRNA,
1.3x 10" vg/mL; AAVDJ-GfaABC1D-SaCas9-U6 control
sgRNA, 1.9 x 10'? vg/mL) was administered via a micro-
syringe coupled to a Hamilton syringe. The syringe was
then withdrawn slowly after injection.
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Administration of reagents

To inhibit CCR4 activation, C-021 dihydrochloride
(Tocris, #3581) was administered to P11 C57BL/6]
wild-type via subcutaneous injection once daily for 10
consecutive days. The compound was prepared at a con-
centration of 0.1 mg/mL in sterile saline, and 100 pL of
the solution was injected per day.

Sample Preparation and immunostaining

The mice were anesthetized with isoflurane and perfused
with cold 0.1 M phosphate-buffered saline (PBS) followed
by 4% paraformaldehyde (PFA). The brains were subse-
quently postfixed in 4% PFA for 24 h at 4 °C. Coronal
Sect. (100 pm thick) were cut with a Zero-1 vibratome
(Dosaka). The sections were washed three times with
PBS and blocked in PBS with 0.3% Triton X-100 and 10%
goat serum or bovine serum albumin (BSA) for 30 min at
room temperature. They were then incubated with pri-
mary antibodies in PBS containing 0.3% Triton X-100
and 10% goat or BSA at room temperature overnight.
After primary antibody incubation, the sections were
washed and incubated with secondary antibodies in PBS
containing 0.3% Triton X-100 and 5% goat serum or BSA
for 24 h. Finally, the sections were washed and imaged
using a Spin SR10 confocal microscope (Olympus).

For C-C motif chemokine 17 (CCL17) and CCR4
immunostaining, the procedure was similar until sec-
ondary antibody incubation. Biotin-labeled secondary
antibodies were used, followed by incubation in PBS
with 3.3% H,O, and 30% methanol to block endogenous
peroxidases. After washing, the sections were incubated
in a mixture of reagents A and B in PBS (Vector, #PK-
4001), followed by washes with PBS and Tris HCl. The
sections were then incubated with fluorescein tyramide
(Tocris, #6456/1) or cyanine 3 amplification reagent (Per-
kin Elmer, #FP1170) in amplification diluent and imaged
using a Spin SR10 confocal microscope (Olympus).

For C3 immunostaining, antibody buffer (150 mM
NaCl, 50 mM Tris base, 1% BSA, 100 mM L-lysine, 0.04%
azide, pH 7.4) and blocking buffer (antibody buffer con-
taining 0.2% Triton-X and 5% BSA) were prepared. The
sections were first incubated in blocking buffer, followed
by overnight incubation with primary antibodies in a
mixture of antibody and blocking buffer. After washing,
the sections were incubated with secondary antibodies
and imaged as described above.

Antibodies forimmunohistochemistry

The following primary antibodies were used: rabbit
anti-Ibal (1:500; Wako, #019-19741), guinea pig anti-
Ibal (1:500; Synaptic Systems, #234004), chicken anti-
Iabl (1:500; Synaptic Systems, #234009), rat anti-CD68
(1:500; Bio-Rad, #MCA1957GA), rabbit anti-C3d (1:200;
Dako, #A0063), mouse anti-S100p (1:500; Sigma-Aldrich,
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#S2532), rat anti-CD31 (1:300; BD Pharmigen, #550274),
rabbit anti-CCL17 (1:500; Invitrogen, #PA5-34515),
goat anti-CCR4 (1:500; Abcam, #1669), chicken anti-
GFP (1:1000; Abcam, #ab13970), mouse anti-tyrosine
hydroxylase (1:500; EMD Millipore, #MAB318), rabbit
anti-cleaved caspase3 (1:500; Cell Signaling Technology,
#9661), and rabbit anti-phospho-p44/42 MAPK (Erk1/2)
(1:250; Cell Signaling Technology, #9101S), mouse anti-
HA (1:500; Nacalai Tesque, #06340-96), and rabbit anti-
LAMP1 (1:500; Abcam, #ab24170).

The secondary antibodies used included goat anti-
rabbit IgG (H+L) Alexa Fluor 488 (1:500; Thermo Fisher
Scientific, #A11034), goat anti-rat IgG (H+L) Alexa
Fluor 647 (1:500; Thermo Fisher Scientific, #A21247),
goat anti-rat IgG (H+L) Alexa Fluor plus 405 (1:500;
Thermo Fisher Scientific, #A48261), goat anti-guinea pig
IgG (H+L) Alexa Fluor 647 (1:500; Thermo Fisher Scien-
tific, #A21450), goat anti-mouse IgG (H+L) Alexa Fluor
plus 647 (1:500; Thermo Fisher Scientific, #A21236), and
goat anti-mouse IgG (H+L) Alexa Fluor plus 405 (1:500;
Thermo Fisher Scientific, #A48255).

Image acquisition and analysis

Sagittal section images were captured with a BZ-X810
(Keyence) at 10x (NA =0.45), and other images were cap-
tured with a SpinSR10 (Olympus) confocal system at 40x
(NA=0.95), 60x (NA=1.3), and 100x (NA =1.35) objec-
tives. Images of sagittal brain sections were captured with
a BZ-X810 microscope. Z-series images were acquired at
0.25 pm intervals for a total of 21 sections for C3 analysis,
at 0.33 pm intervals for 31 sections for CCR4 expression
analysis, and at 0.25 pum intervals for 41 sections for other
analyses. For silica detection with SpinSR10, a super reso-
lution disc SoRa was used. C3 tagging was manually veri-
fied. The number of NeuN cells was manually counted.
Perivascular astrocytes and perivascular microglia were
manually defined as astrocytes or microglia in direct con-
tact with CD31" blood vessels. When assessing CCL17
levels, the area from the vessel circumference to its
periphery, equidistant from the vessel diameter, was clas-
sified as the perivascular area, and the remaining areas
were designated non-perivascular areas. The silica, Ibal,
C3, CCL17, CCR4, and pERK1/2 levels were analyzed via
Sync Measure 3D in Image] software (NIH) after image
thresholding. Images were processed and analyzed via
Image]. 3D reconstruction images of microglia and astro-
cytes in surface generation mode were generated using
Imaris software (Carl Zeiss Vision GmbH).

Cytokine array

A Mouse XL Cytokine Array Kit (R&D Systems, #
ARY028) precoated with 111 cytokine/chemokine anti-
bodies was used. Each assay was performed according to
the manufacturer’s instructions using a mixture of 100 pL
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of protein samples extracted from the whole brain of one
mouse from six control, silica NP-, or polystyrene NP-
treated mice. The samples were homogenized in lysis buf-
fer containing protease and phosphatase inhibitors and
centrifuged at 13,500 x g for 15 min at 4 °C, after which
the supernatants were collected. Protein concentrations
were determined using the Bradford method.

CCL17 treatment and C3 ELISA

Isolated astrocyte cultures were treated with CCL17 (5
ng/mL) for 24 h. The supernatants were collected for
C3 quantification using a mouse C3 ELISA kit (Abcam,
#ab263884) according to the manufacturer’s instructions.

Western blotting

Western blotting was performed using the Jess Simple
Western System (Protein Simple, #004-650) with the
Anti-Rabbit Detection Module for Jess, Wes, Peggy Sue
or Sally Sue (Protein Simple, DM-001) and Anti-Goat
Detection Module for Jess, Wes, Peggy Sue or Sally Sue
(Protein Simple, DM-006). The total protein concentra-
tion was determined by the BCA method. The primary
antibodies used included rabbit anti-GAPDH (1;500;
Sigma-Aldrich, #G9545), rabbit anti-Ibal (1:500; Wako,
#019-19741), rabbit anti-GFAP (1:500; Sigma-Aldrich,
#G9269), and goat anti-CCR4 (1:10; Abcam, #1669) anti-
bodies, and the secondary antibody used was the one
supplied with the kit.

Open field test (OFT)

The OFT was conducted using a square white polysty-
rene box (W30 x D30 x H34.5 cm) with an open top. The
arena included a center zone measuring 18 x 18 cm. Each
mouse was placed in the arena for 15 min, and movement
was recorded at 2 frames per second (FPS). All tested
mice were C57BL/6] wild-type, regardless of injection
or treatment conditions. Total travel distance and time
spent in the center zone were calculated using the origi-
nal macro in Image] (NIH, Bethesda, MD, USA).

Elevated plus maze (EPM)

C57BL/6] wild-type mice that did not undergo the OFT
were subjected to the elevated plus maze (EPM) test.
Each mouse was placed at the center of a plus-shaped
maze consisting of two open and two closed arms (25 cm
x 8 cm), elevated 25 cm above the floor, and allowed to
explore freely for 15 min. The floorboard was made of
white plastic, and the walls were made of opaque gray
plastic. The movements of the mice during a period
of 15 min were recorded by a camera positioned above
the center of the maze. Manual scoring was performed
to quantify protected (body in the closed arm) versus
unprotected (body in the open arm) areas as a measure of
risk assessment.

Page 5 of 15

Quantification and statistical analysis

Data were subjected to parametric or nonparametric
tests and are presented as the means t standard devia-
tions (SDs). MATLAB, Imaris, and Prism software were
used for analysis and graph generation. The data are pre-
sented as the means + SDs and were analyzed in a blinded
manner to the experimental conditions, with statistical
details, including the specific analyses used, described in
each figure legend. For unpaired Student’s t tests, p values
are noted for two-tailed tests.

Results

Preferential phagocytosis of non-biogenic NPs by
microglia

To investigate neuroimmune responses to non-biogenic
NPs in vivo, we established a mouse model by subcuta-
neously administering fluorescence-labeled silica NPs
(25 nm in diameter) from P14 to P21. This administration
route was selected to enable controlled systemic delivery
and to directly assess responses within the brain paren-
chyma following vascular entry, independent of respira-
tory variability. One day after the final administration,
the mice were perfused to assess NP infiltration into the
brain (Fig. 1A). Silica NPs were widely distributed, with
notable accumulation in the thalamus and hypothalamus
(Fig. 1B, C). Given its significant NP retention, its role in
sensory and emotional processing, and its experimental
accessibility, the thalamus was selected for further analy-
sis [29, 30].

To examine glial responses to silica NPs in the brain, we
analyzed the interactions of infiltrated NPs with microg-
lia, the primary immune cells of the brain, and astro-
cytes, a general glial cell type with immunomodulatory
functions. To examine glial responses to silica NPs in the
brain, we analyzed the interactions of infiltrated NPs with
microglia—the primary immune cells of the brain, and
astrocytes, a general glial cell type with immunomodula-
tory functions. Microglia near silica NP deposition sites
exhibited increased cell size (Fig. 1D, E), and phagocy-
tosis was confirmed by the presence of NPs encapsu-
lated within lysosomes (Fig. 1F, arrows). Quantification
revealed that microglia phagocytosed approximately
26.5% of the silica NPs in the brain (Fig. 1H). Astrocytes,
another phagocytic cell type, also internalized silica NPs,
accounting for 9.5% of total uptake (Fig. 1G, arrows; 1H).

To determine whether microglial phagocytosis extends
to other non-biogenic NPs, we administered polysty-
rene NPs (30 nm in diameter) using the same protocol.
Microglia similarly internalized these NPs (Fig. SIA-C).
These findings suggest that microglia serve as the pri-
mary phagocytic cells for non-biogenic NPs entering the
brain via the vasculature.
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Fig. 1 Silica NPs infiltrate the brain, and the glial cells respond to silica
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(A) Experimental design. Abbreviations: s.c,, subcutaneous; IHC, immunohistochemistry

(B) Sagittal brain section of control (left) and silica NP-treated (right) mice. Nuclei (DAPI, blue); silica NPs (intrinsic fluorescence, magenta)

(C) Top: distribution of silica NPs in brain regions (cerebellum, cortex, hippocampus, hypothalamus, midbrain, olfactory bulb, pons, striatum, and thala-
mus). Bottom: quantification of NP density across regions. Tukey test after one-way ANOVA; n=4 mice (24 areas each). Means + SDs

(D) Microglia near silica deposition sites in silica NP-treated mice. Iba1 (cyan), silica (magenta, intrinsic fluorescence)

(E) Quantification of Iba1 intensity in the thalamus of control and silica-treated mice. Student’s t test; n=4 mice (24 areas each). Means + SDs

(F) Microglial engulfment of silica NPs (left) and 3D reconstruction (right). Iba1 (cyan), CD68 (ochre), silica (magenta). Arrows indicate internalized NPs
(G) Astrocytic engulfment of silica NPs (left) and 3D reconstruction (right). Astrocytes: ST00( (white), LAMP1 (ochre, lysosome). Silica (magenta). Arrows

indicate engulfed NPs

(H) Quantification of silica NPs engulfed by microglia and astrocytes. Remaining NPs were engulfed by other cell types or remained unengulfed. Student’s

t test; n=4 mice (2-4 areas each). Means+SDs

C3 as an “eat-me” signal for non-biogenic NP phagocytosis
To investigate the mechanism underlying microglial
uptake of non-biogenic NPs, we focused on the comple-
ment molecule C3, which is a well-established “eat-me”
signal for microglial phagocytosis of biogenic substrates
[31]. Immunostaining revealed that silica NPs bound
to C3 were preferentially phagocytosed by microglia
(Fig. 2A, arrow, 2D). Similar uptake was observed for
C3-positive polystyrene NPs (Fig. S1B, C, arrows). Given
that biogenic C3-tagged substrates are phagocytosed via

complement receptor 3 (CR3), which is highly expressed
in microglia [32, 33], we examined its role in non-bio-
genic NP clearance.

CR3-deficient (CR3KO) mice (Fig. 2B) showed a sig-
nificant reduction in microglial silica NP uptake com-
pared to wild-type (WT) mice (Fig. 2C). Further analysis
distinguished between C3-positive (Fig. 2A, B, arrows)
and C3-negative (Fig. 2A, B, arrowheads) silica NPs.
WT microglia preferentially phagocytosed C3-positive
NPs (Fig. 2D), whereas this selectivity was abolished
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Fig. 2 Microglial phagocytosis of silica NPs is mediated by C3-CR3

(A, B) Microglial engulfment of C3-negative (arrowheads: | and lll) and C3-positive (arrows: Il and V) silica NPs in WT (A) and CR3KO (B) mice. Iba1 (cyan),
CD68 (ochre), C3 (green), silica (magenta). 3D reconstructions show C3-negative (second left and center) and C3-positive (second right and far right) NPs
engulfed by microglia in magnified regions (a—d)

(€) Quantification of silica NPs phagocytosed by microglia in WT and CR3KO mice. Mann-Whitney rank sum test; n=53 cells (WT, 4 mice), 54 cells (CR3KO,
3 mice). Means +SDs

(D, E) Quantification of C3-negative and C3-positive silica NPs engulfed by microglia in WT (D) and CR3KO (E) mice. Paired t test, n=53 53 (WT) and 54
(CR3KO) cells. Means +SDs

(F, G) Comparison of C3-negative and C3-positive silica NPs not-engulfed by microglia in WT (F) and CR3KO (G) mice. Paired t test, n=4 (WT) and 3
(CR3KO) mice. Means+SDs

in CR3KO mice, with no difference in uptake between  polystyrene NPs penetrated the brain and were phago-
C3-positive and C3-negative NPs (Fig. 2E). To further cytosed by microglia (Fig. S2B, C). Notably, the phago-
analyze silica NPs that were not engulfed by microglia, cytosed NPs were tagged with C3, suggesting that the
we compared the ratio of C3-positive to C3-negative NPs.  complement-mediated clearance mechanism operates
In both WT and CR3KO mice, C3-positive NPs were similarly for non-biogenic NPs entering via the respira-
more abundant than C3-negative ones (Fig. 2F, G), sug-  tory route and those delivered through the vasculature.
gesting that many unphagocytosed particles had already These findings highlight the essential role of the
been tagged with C3. This may reflect limited microglial = C3-CR3 pathway in microglial phagocytosis of non-bio-
capacity to promptly clear all infiltrating particles at the  genic NPs, demonstrating that C3 serves as a key “eat-
analyzed time point. me” signal facilitating their clearance from the brain.

To mimic real-world exposure, we performed transpul-
monary administration of NPs (Fig. S2A). Both silica and
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Perivascular CCL17-CCR4 signaling and its role in astrocytic
C3 upregulation

To investigate how microglia preferentially phagocy-
tose non-biogenic NPs, we examined C3 expression in
silica NP-treated mice. Comprehensive cytokine and
chemokine ELISA revealed increased C5/C5a, which is
the downstream complement component of C3, in both
silica and polystyrene NP-treated mice (Fig. 3A, Fig. S3,
S4, arrowheads). Immunostaining further confirmed
increased C3 expression in their brains compared to con-
trols (Fig. 3B).

Analysis of C3-expressing cells showed that C3 expres-
sion was particularly elevated in astrocytes near blood
vessels (perivascular astrocytes), compared to astro-
cytes located farther from vessels (non-perivascular
astrocytes) (Fig. 3D-F). A similar perivascular astrocytic
response was observed in polystyrene NP-treated mice
(Fig. S1D, E), suggesting that exposure to different non-
biogenic NPs induces a common perivascular response.

To explore the regulatory mechanism of this increase,
we performed cytokine and chemokine profiling in sil-
ica NP-treated mice (Fig. S3). Among the upregulated

A B c3
ELISA (whole brain)

Benitol Control

Silica

IGFBP-5
CCL17 <
C5/C5a <
IL-1B
IL-5
IFN-y
CCL2
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molecules, CCL17 was identified as a key factor (Fig. 3A,
S2, arrows). CCL17, produced by various cells including
endothelial cells, plays a role in immune cell maturation
and migration [34, 35]. Its expression also increased fol-
lowing polystyrene NP administration (Fig. S4, arrows).
Immunostaining confirmed increased CCL17 expression
in the vascular endothelial cells of silica NP-treated mice,
further supporting the findings from cytokine profiling
(Fig. 4A, B).

We next examined the expression of the CCL17 recep-
tor CCR4 and found that it was preferentially expressed
in perivascular astrocytes [36] (Fig. 4C, D). Although
CCR4 is broadly expressed in brain cells [37, 38], its
strong expression in perivascular astrocytes had not
been previously documented. To assess its function, we
examined the effect of CCL17 on C3 secretion in primary
astrocytic cultures (Fig. S5A). CCR4 expression in cul-
tured astrocytes was confirmed (Fig. S5B), and 24-hour
CCL17 treatment significantly increased C3 secretion
(Fig. S5C).

To determine the in vivo role of astrocytic CCR4, we
used CRISPR-Cas9 to knock out CCR4 in astrocytes
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Fig. 3 High expression of C3 in perivascular astrocytes of silica-treated mice

Non-perivascular Perivascular
astrocyte astrocyte

(A) Heatmap of six cytokines/chemokines in control (left) and silica NP-treated (right) mice measured by ELISA. Arrow, CCL17; arrowhead, C5/C5a. Color

scale indicates signal intensity. n=1; samples from 6 pooled brains

(B) C3 expression (green) in control (left) and silica NP-treated (right) mice. Silica NPs are shown in magenta
(C) Quantification of C3 levels in control and silica-treated mice. Student’s t test; n=4 mice (5 areas each). Means +SDs
(D, E) C3 expression in non-perivascular (D) and perivascular astrocytes (E) in control (top) and silica NP-treated (bottom) mice. S1000 (white), CD31 (blue),

and C3 (green)

(F) Quantification of C3 levels in non-perivascular and perivascular astrocytes from control and silica-treated mice. Tukey test after two-way ANOVA, n=56
(non-perivascular) and 50 (perivascular) cells from 4 control mice, 59 (non-perivascular) and 67 (perivascular) cells from 4 silica-treated mice. Means + SDs
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Fig.4 CCL17-CCR4 signaling is upregulated in the perivascular area of silica-treated mice
(A) CCL17 expression in non-perivascular and perivascular areas of control (top) and silica-treated (bottom) mice. CD31 (blue), CCL17 (yellow), silica

magenta)

(
(
(

B) Quantification of CCL17 density in perivascular areas. Mann-Whitney rank sum test, n =33 areas (control), 35 areas (silica); 3 mice per group. Means + SDs
C) CCR4 expression in non-perivascular (top) and perivascular (bottom) astrocytes from Aldh111-gfp mice. GFP (white), CD31 (blue), CCR4 (red)

D) Quantification of CCR4 expression in non-perivascular and perivascular astrocytes. Student’s t test; n=7 (non-perivascular) and 14 (perivascular) as-

(
trocytes from 3 mice. Means+SDs

under the astrocyte-specific GfaABC1D promoter [27]
(Fig. 5A, B). Western blot analysis confirmed a 61%
reduction in CCR4 expression in primary astrocytic cul-
tures. In CCR4 knockout (CCR4KO) mice, HA expres-
sion was observed in astrocytes (Fig. 5B, right), and
astrocytic CCR4 expression was reduced (Fig. 5C, D).
Moreover, silica NP-induced upregulation of astrocytic
C3 was suppressed in CCR4KO mice (Fig. 5E, F). These
findings demonstrate that CCR4 activation in perivascu-
lar astrocytes, triggered by non-biogenic NP entry into
the brain, drives C3 expression.

Enhanced microglial phagocytosis of non-biogenic NPs by
C3 tagging and CCR4 activation
We examined how CCR4-induced C3 upregulation in
perivascular astrocytes influences microglial phagocy-
tosis of non-biogenic NPs. Silica NP phagocytosis was
significantly reduced in CCR4KO mice compared to
controls (Fig. 5G, H). To determine whether this effect
was mediated by C3, we analyzed microglial engulfment
of C3-positive versus C3-negative silica NPs (Fig. 51, ] ).
While control mice exhibited preferential phagocytosis
of C3-positive NPs, CCR4KO mice showed increased
uptake of C3-negative silica, likely due to reduced C3
secretion and the resulting lower availability of C3-tagged
NPs (Fig. 51, J). The reduction in astrocytic C3 secretion
observed in CCR4KO mice led to decreased extracellular
C3 tagging of silica NPs, resulting in a higher proportion
of C3-negative NPs among those not engulfed by microg-
lia (Fig. 5K). This pattern is consistent with the observed
reduction in C3 levels in CCR4KO mice.

To further assess the role of astrocytic CCR4, we phar-
macologically inhibited CCR4 using C-021, a selective

antagonist, administered subcutaneously from P11
for 10 days (Fig. 6A). CCR4 inhibition was confirmed
by reduced phosphorylated ERK levels, a downstream
marker of CCR4 signaling [39] (Fig. S6). C-021 treatment
suppressed the silica NP-induced upregulation of astro-
cytic C3, particularly in perivascular astrocytes (Fig. 6B,
C). Microglial phagocytosis of silica NPs was also
reduced following C-021 administration (Fig. 6D, E), mir-
roring the effects observed in CCR4KO mice (Fig. 5H).
Moreover, C-021-treated mice exhibited a shift toward
engulfing more C3-negative silica NPs (Fig. 6F, G). As
observed in CCR4KO mice, the reduction in astrocytic
C3 production following C-021 treatment led to a higher
proportion of C3-negative NPs among those not engulfed
by microglia (Fig. 6H). In addition, when comparing silica
NP uptake between perivascular and non-perivascular
microglia, classified based on their contact with CD31*
blood vessels, perivascular microglia tended to accumu-
late a greater amount of silica NPs (p=0.0800, Fig. S7).
This supports the possibility that in the perivascular
region, the blood vessels, astrocytes, and microglia work
synergistically in the phagocytosis of silica NPs. That
indicates that CCR4 signaling is required for efficient
C3-tagging of these NPs. These findings suggest that
CCR4 activation in perivascular astrocytes enhances C3
tagging of non-biogenic NPs, thereby facilitating microg-
lial uptake.

Impact of microglial phagocytosis on neuronal cell death and
anxiety-like behaviors

We examined how microglial phagocytosis of non-
biogenic NPs influences neuronal survival and anxiety-
like behaviors. To suppress microglial phagocytosis, we
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Fig.5 Astrocytic CCR4 knockout reduces astrocytic C3 expression and impairs microglial clearance of silica NPs

(A) Experimental design. Abbreviations: i.c.v,, intracerebroventricular administration; s.c, subcutaneous administration; IHC, immunohistochemistry

(B) Schematic of viral vector construction (left) and HA expression in astrocytes (right). ST008 (white), HA (red)

(C) CCR4 expression in astrocytes from control AAV +silica-treated (right) and CCR4KO AAV +silica-treated mice (left). ST00B (white), CCR4 (red)

(D) Quantification of CCR4 expression in astrocytes from control AAV + silica-treated and CCR4KO AAV + silica-treated mice. Mann-Whitney rank sum test;
n=4 mice per group, 5 areas each. Means + SDs

(E) C3 expression in perivascular astrocytes from control AAV +silica-treated (top) and CCR4KO AAV +silica-treated (bottom) mice. S1003 (white), C3
(green)

(F) Quantification of C3 expression in the astrocytes from control AAV +silica-treated and CCR4KO AAV +silica-treated mice. Student’s t test; n=4 mice
per group (3-5 areas each). Means + SDs

(G) Microglial engulfment of silica NPs in control AAV +silica-treated (left) and CCR4KO AAV +silica-treated mice (right). Ibal (cyan), CD68 (ochre), C3
(green), silica (magenta). 3D reconstructions in yellow boxes correspond to regions indicated by arrows in the main images

(H) Quantification of microglial phagocytosis of silica NPs in control AAV-treated and CCR4KO AAV-treated mice. Mann-Whitney rank sum test; n=73
control cells and 77 CCR4KO (4 mice) cells. Means +SDs

(I, J) Quantification of C3-negative and C3-positive silica NPs phagocytosed by microglia in control AAV + silica-treated (1) and CCR4KO AAV +silica-treated
mice (J). Paired t test; n=73 control cells and 77 CCR4KO cells from 4 mice per group

(K) Comparison of C3-negative and C3-positive silica NPs not-engulfed by microglia in CCR4KO AAV +silica (G) mice. Paired t test, n=4 mice. Means + SDs

administered C-021 and assessed neuronal cell density
and behavioral outcomes (Fig. 7A). Immunohistochem-
istry at P21 revealed a significant reduction in neuronal
density in C-021 +silica NP co-treated mice, in which
phagocytosis was inhibited (Fig. 7B, C). In contrast, neu-
ronal loss was partially mitigated in mice administered
silica NPs alone, though the neuronal density remained

lower than in controls (Fig. 7C). In both the C-021 +sil-
ica and silica-only treated groups, a higher number
of shrunken neuronal nuclei, which are indicative of
neuronal damage, was observed, with this effect being
more prominent in the C-021+silica group (Fig. 7B,
arrows). This protective effect implies that microglial
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Fig.6 C-021 treatment reduces astrocytic C3 expression and microglial uptake of silica NPs

(A) Experimental design. Abbreviations: s.c,, subcutaneous administration; IHC, immunohistochemistry

(B) C3 expression in perivascular astrocytes from silica-treated (top) and C-021 + silica-treated (bottom) mice. ST00( (white), C3 (green), silica (magenta)

(C) Quantification of astrocytic C3 volume. Student's t test; n=4 mice per group (4 areas each). Means +SDs

(D) Microglial engulfment of silica NPs in silica-treated (left) and C-021 +silica-treated mice (right), with 3D reconstructions shown in yellow boxes cor-
responding to regions indicated by arrows. Iba1 (cyan), CD68 (ochre), C3 (green), silica (magenta)

(E) Quantification of microglial phagocytosis of silica NPs in silica NP-treated and C-021 +silica NP-treated mice. Mann-Whitney rank sum test; n=83

(silica) and 77 (C-021 +silica) cells from 4 mice. Means +SDs

(F, G) Quantification of C3-negative and C3-positive silica NPs engulfed by microglia in silica-treated (F) and C-021 +silica-treated mice (G). Paired t test;
n=83 cells (silica group) and 77 cells (C-021 +silica group) from 4 mice. Means + SDs
(H) Comparison of C3-negative and C3-positive silica NPs not-engulfed by microglia in C-021 +silica (G) mice. Paired t test, n=4 mice. Means+SDs

phagocytosis plays a key role in counteracting silica NP-
induced neurotoxicity.

To assess behavioral effects, we conducted the OFT
and EPM at 6-7 weeks of age (Fig. 7A). Mice treated with
C-021 exhibited decreased time spent in the center of the
field in the OFT and reduced time in the open arms of
the EPM, indicating heightened anxiety-like behaviors
(Fig. 7D, E). Mice exposed only to silica NPs showed a
partial alleviation of these behavioral changes, but anxi-
ety-like behaviors remained more pronounced compared
to controls. These findings suggest that neuronal loss
induced by silica NP exposure contributes to anxiety-
like behaviors and that microglial phagocytosis via CCR4
activation serves a neuroprotective role against silica
NP-induced toxicity (Fig. S8). This highlights a critical
vascular-glial CCR4-mediated mechanism that mitigates
the harmful effects of non-biogenic NPs on brain health.

Discussion

This study identifies a coordinated vascular—glial
immune mechanism that protects the brain from neu-
rotoxicity induced by non-biogenic NPs (Fig. S8). We
demonstrate that microglia eliminate silica and polysty-
rene NPs through complement-dependent phagocyto-
sis, facilitated by endothelial-astrocytic signaling. These
findings define a neuroprotective role for glial and vascu-
lar elements in processing synthetic environmental NPs,
thereby addressing a previously uncharacterized aspect
of neuroimmune defense.

Although our study did not directly assess the mecha-
nism of complement deposition, we hypothesize that
non-biogenic NPs acquire a protein corona in the blood-
stream, composed of serum proteins such as albumin and
fibrinogen [40, 41], potentially facilitating the subsequent
deposition of astrocyte-derived C3 upon entry into the
brain parenchyma. This C3 tagging facilitates recognition
and uptake by microglia via CR3. Our study highlights
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Fig. 7 CCR4 inhibition exacerbates neuronal loss and anxiety-like behaviors following silica NP exposure
(R) Overview of the experimental design. Abbreviations: s.c,, subcutaneous administration; IHC, immunohistochemistry; OFT, open field test; EPM, el-

evated plus maze

(B) Images of neuronal cells from control (left), silica NP-treated (middle), and C-021 +silica NP-treated (right) mice. NeuN (blue). Arrows indicate shrunken

neuronal nuclei

(C) NeuN* cell density in the thalamus of control, silica NP-treated, and C-021
NP-treated, and C-021 +silica NP-treated mice (4 areas each). Means=+SDs
(D) Representative movement traces (left) and time spent in the center zo

+silica NP-treated mice. Tukey test after one-way ANOVA; n=4 control, silica

ne (right) of the open field test for control, silica NP-, and C-021 +silica NP-

treated mice (right). Bootstrap test, n=25 control mice, 29 silica NP-treated mice, and 12 C-021 + silica NP-treated mice. Means+SDs
(E) Time spent in the open arms of the elevated plus maze (EPM) by control, silica NP-, and C-021 +silica NP-treated mice. Bootstrap test; n=14 control
mice, 20 silica NP-treated mice, and 7 C-021 + silica NP-treated mice. Means +SDs

the C3-CR3 pathway in microglia as a key mechanism for
phagocytosing non-biogenic NPs, but scavenger recep-
tors like SR-A1l, MARCO, and SR-B1 also likely play a
role in this process [42-47].

Unlike natural PM, 5, which contains biogenic compo-
nents such as LPS and p-glucan that directly stimulate
inflammatory pathways [20, 21], non-biogenic NPs lack
such immunostimulatory signals. By isolating silica and
polystyrene as defined, non-biogenic NPs, we uncov-
ered distinct immune mechanisms that differ from those
induced by microbial stimuli. Notably, exposure to non-
biogenic NPs resulted in decreased expression of inflam-
matory cytokines such as IL-1p, IL-5, and CCL2 (Fig. S3,
S4), in contrast to the upregulation these cytokines typi-
cally observed following PM, ; exposure. This highlights
the importance of studying component-specific immune
responses.

The vascular—glial chemokine—complement axis we
identified may represent a conserved neuroimmune
pathway that responds to diverse exogenous insults,
including viruses. For example, SARS-CoV-2 has been

reported to activate complement pathways and down-
regulate CCL17, both associated with neurotoxicity and
worse clinical outcomes [48, 49]. Further studies should
explore how such shared mechanisms are modulated in
different disease contexts, including neurodevelopmental
or neurodegenerative diseases.

Non-biogenic NPs primarily accumulated in the thala-
mus and hypothalamus (Fig. 1C), regions associated with
anxiety-like behaviors [30, 50]. Neuronal loss in the thala-
mus, which connects to the amygdala and prefrontal cor-
tex, may disrupt emotional regulation and contribute to
anxiety-like behaviors. The hypothalamus, a key regulator
of anxiety through the hypothalamus-pituitary-adrenal
(HPA) axis [51], also exhibited significant accumulation,
potentially contributing to anxiety-like behavior.

By investigating how different immune pathways con-
tribute to defense mechanisms within the brain, future
research can further clarify the effects of environmental
non-biogenic NPs on brain health and guide the devel-
opment of strategies to mitigate their potential risks.
Our findings highlight a complement-mediated immune
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mechanism responsive to non-biogenic NPs, underscor-
ing the interplay between environmental pollutants and
brain health. Understanding this mechanism provides
a foundation for developing strategies to mitigate neu-
rotoxic effects and emphasizes the need to clarify how
environmental factors shape neuroimmune interactions.
These insights not only advance our understanding of
brain-immune interactions in the context of environmen-
tal exposure but may also guide future public health poli-
cies aimed at minimizing the neurological impact of air
pollution.

While our study provides mechanistic insights into
brain’s immune responses to environmental NPs, several
limitations should be noted. First, fluorescence-based NP
tracking can be affected by signal loss due to fading or
material degradation. However, the silica NP used in this
study contain chemically bound fluorescent dyes within
their silica matrix, reducing the likelihood of significant
signal loss and supporting particle clearance as a more
plausible explanation for reduced detectability. Possible
clearance mechanisms include dissolution into silicates
or glymphatic removal [52-54]. In addition, whether
microglia directly degrade or digest non-biogenic NPs
remains unclear and warrants further investigation. Sec-
ond, although subcutaneous NP administration allowed
precise dosage control and avoided confounding respi-
ratory variables, it does not fully replicate real-world
inhalation exposure. While both routes ultimately allow
NPs to enter the circulation and reach the brain, future
studies using respiratory exposure models will be impor-
tant for elucidating how route-specific factors influence
neuroimmune responses under environmentally relevant
conditions. Lastly, while tissue analyses included both
male and female mice, behavioral experiments were con-
ducted exclusively in males. Prior studies have reported
sex-dependent differences in immune responses and
behavioral outcomes [55-57], and such differences can-
not be excluded in the present study. Future research
should address these potential sex effects to gain a more
comprehensive understanding of how environmental
NPs influence brain function across sexes.

Abbreviations

NP(s) Nanoparticle(s)

HBSS Hank’s balanced salt solution
DMEM  Dulbecco’s modified eagle medium
PDL Poly-D-lysine

PBS Phosphate-buffered saline
CCL17  C-C motif chemokine 17
CCR4 CC chemokine receptor 4
PM, 5 Particulate matter 2.5

BBB Blood-brain barrier

LPS Lipopolysaccharide

a Complement molecule 3
CR3 Complement receptor 3

WT Wild-type

OFT Open field test
EPM Elevated plus maze
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