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ABSTRACT

Elucidation of blood-brain barrier disruption mechanism by
peripheral inflammation

The blood-brain barrier (BBB) plays crucial roles in maintaining brain homeostasis by
protecting it from peripheral toxins and inflammation. BBB disruption is a key factor that drives
neuropathological conditions by enhancing neuroinflammation, yet the biological processes
involved in its breakdown under physiological conditions remain poorly understood. In this study,
we elucidate the involvement of the NLRP3 inflammasome in peripheral inflammation-induced
BBB disruption. Repeated lipopolysaccharide (LPS) administration led to an NLRP3-dependent
impairment of BBB integrity and an increase in myeloid cell infiltration into the brain. Using a
mouse model with cell-specific hyperactivation of NLRP3, we demonstrate that microglial NLRP3
inflammasome activation plays a pivotal role in exacerbating peripheral inflammation-induced BBB
disruption. Consistently, NLRP3 and microglial gasdermin D (GSDMD) deficiencies attenuated
LPS-induced BBB breakdown, suggesting importance of microglial NLRP3-GSDMD axis in BBB
disruption. Interestingly, IL-1p was not required for NLRP3-GSDMD-mediated BBB disruption.
Instead, the microglial NLRP3-GSDMD axis results in the release of GDF-15 that subsequently
promotes the production of CXCL chemokines in the brain, thus facilitating the recruitment of
matrix metalloproteinases (MMPs)-expressing neutrophils to the brain parenchyma. Collectively,
our findings highlight the critical role of microglial NLRP3-driven chemokine production which
critically promotes the BBB impairment, thus suggesting potential therapeutic targets to alleviate

neuroinflammation.

Key words: Blood-brain barrier, NLRP3 inflammasome, Microglial NLRP3-GSDMD axis,
peripheral inflammation

Vi



1. Introduction

The brain serves as the control center of the body, essential for nearly every function. With its
complex network of neurons, the brain coordinates movement, emotions, cognitions, and all
fundamental physiological functions. The brain is supported by abundant glial cells to ensure the
proper neuronal function. These cells help maintain the brain’s homeostasis and protect it from
external threats, making it a so-called “immune-privileged” organ. One of the key factors
contributing to this unique immunological property is the presence of the blood-brain barrier (BBB).
The BBB is a highly specialized vascular structure that protects the central nervous system (CNS)
by restricting the entry of circulating immune cells and potentially harmful substances, while
allowing the selective passage of specific essential nutrients and ions necessary for brain
homeostasis!. The proper functioning of the BBB is critical for maintaining CNS homeostasis.

The structural integrity of the BBB is governed by a dynamic interplay between endothelial
cells, pericytes, and astrocytes, which cooperatively regulate barrier permeability?. Endothelial cells
form a continuous monolayer with tight junction proteins that reinforce the barrier function. The
tight junctions formed by brain endothelial cells are significantly more robust than those in other
organs, contributing to the highly selective permeability of the BBB3. The limited expression of
adhesion molecules on BBB endothelial cells serves to restrict immune cell entry into the CNS*.
However, during neuroinflammation, the expression of these molecules is upregulated, facilitating
the recruitment and transmigration of immune cells®. In addition to regulating immune cell
infiltration, BBB endothelial cells actively mediate the transport of essential nutrients, metabolites,
and ions via specific transporters and receptor-mediated mechanisms®. Through these transport
processes and strict barrier properties, the BBB contributes significantly to CNS homeostasis
through its regulation of the brain’s microenvironment. Pericytes play a crucial role in the
maintenance of the BBB by regulating tight junction integrity in endothelial cells, suppressing
transcytosis, and promoting vascular stability. They also engage in bidirectional signaling with
endothelial cells and glial cells, thereby contributing to CNS homeostasis and modulating
inflammatory responses’®. Astrocytes contribute to the maintenance of BBB integrity by releasing
various soluble factors that reinforce endothelial barrier properties. Their perivascular end-feet

regulates ionic and metabolic homeostasis and plays a key role in neurovascular coupling®. Under



pathological conditions, reactive astrocytes can influence BBB permeability and neuroinflammatory
processes' 11,

Disruption of BBB integrity is a hallmark feature of various neuropathological conditions,
including ischemic stroke, neurodegenerative and neurological diseases such as Alzheimer’s disease
(AD) and Parkinson’s disease (PD), epilepsy, and brain tumors'>'4. BBB breakdown is associated
with various detrimental factors, including oxidative stress, pro-inflammatory cytokines, aberrant
protein aggregation, and pathogenic infiltration, which collectively exacerbate neuroinflammation

and disease progression!3!6

. For example, several magnetic resonance imaging (MRI)-based
neuroimaging studies have revealed that the BBB disruption in the hippocampus is observed before
hippocampal atrophy, which is typically implicated in early AD patients'”'®. These studies suggest
the possibility that BBB breakdown might be an initiating factor that critically drives
neurodegeneration. Damages in BBB also cause cerebral microbleeds in the brain, which is
positively correlated with amyloid deposition in the brain in patients with mild cognitive impairment
and AD, as determined by 18F-florbetapir positron emission tomography (PET)!>?°. The post-
mortem fixed brain tissues of PD patients demonstrated a significant loss in BBB integrity and
subsequent extravasation of serum proteins such as albumin and fibrinogen in the brain, and
infiltrations of lymphocytes were also observed?!-?2, In addition, brain MRI imaging of patients with
temporal lobe epilepsy exhibits BBB leakage and its negative correlation with expressions of tight
junction molecule Claudin 5 in the hippocampus®. In line with this, conditional knockdown of
Claudin 5 expression in the hippocampus aggravates epilepsy pathogenesis in mice, collectively
suggesting a correlation between BBB stabilization and epilepsy disease progression?*. Despite
mounting evidence implicating BBB dysfunction in neurological disorders, the precise molecular
mechanisms governing BBB permeability under pathological conditions remain poorly understood.

Despite its tightly regulated structure, accumulating evidence suggests that the BBB is highly
susceptible to various external challenges, including systemic inflammation, microbial toxins, and
metabolic disturbances??’. Among these, systemic inflammation is a particularly potent disruptor,
as it triggers a cascade of immunological and physiological events that act on the neurovascular unit.
Recent studies have reported that systemic inflammatory conditions such as COVID-19%-39,
systemic lupus erythematosus (SLE)*!, and sepsis’? are associated with compromised BBB integrity,
characterized by increased vascular permeability and neurovascular dysfunction. Although the exact

mechanisms underlying these clinical observations remain unclear, studies using experimental



models of systemic inflammation have identified several contributing factors, including the release
of circulating inflammatory mediators, enhanced leukocyte activation and recruitment, and
hemodynamic alterations?*33, The BBB’s reaction to systemic inflammatory stimuli can be
categorized into a spectrum of changes, ranging from altered endothelial signaling and increased
cellular trafficking to elevated solute permeability and structural damage involving endothelial cells,

t25,34

the basement membrane, pericytes, and astrocytic end-fee . This progressive disruption

underscores the dynamic interplay between peripheral immune activation and central nervous

system vulnerability3>3°,

Various studies have reported BBB alterations under systemic inflammatory conditions33-37-,
Given the brain’s status as an immune-privileged organ, many early investigations highlighted
structural changes in endothelial cells following peripheral immune activation. There are several
characteristic mechanisms by which peripheral inflammation leads to BBB dysfunction, each
involving distinct yet interrelated molecular and cellular responses. Peripheral inflammation exerts
multifaceted effects on the BBB, altering both its structural integrity and functional properties. These
effects can be broadly categorized into five major mechanisms*’. First, tight junction proteins
including claudin-5, occludin, junctional adhesion molecules (JAMs), and zonula occludens (ZO)-1
are particularly sensitive to inflammatory signals. Exposure to cytokines such as IL-1f, TNF-a, IL-
17, and IL-6 often leads to their downregulation, redistribution, or degradation, thereby weakening
the tight junction of endothelial cells and thus increasing BBB permeability*!. Second, endothelial
cells themselves undergo a range of stress responses under inflammatory conditions. These include
apoptosis, altered expression of transporters, and increased expression of adhesion molecules such
as VCAM-1 and ICAM-1, which promote leukocyte adhesion and transendothelial migration into
the parenchymal region®. Third, glial cells, especially astrocytes and microglia, modulate BBB
function upon peripheral inflammation. Astrocyte and pericyte-derived factors such as vascular
endothelial growth factor (VEGF) can reduce tight junction protein expression in neighboring
endothelial cells, while activated microglia releases proinflammatory mediators and reactive oxygen
species that contribute to barrier disruption*#3, Finally, peripheral immune cells infiltrate the CNS
and exacerbate BBB breakdown. T cells, B cells, neutrophils, and monocytes produce cytokines and
matrix metalloproteinases (MMPs) that further compromise endothelial integrity and promote local

inflammation**.



Accumulating evidence indicates that inflammatory stimuli, such as circulating cytokines,
preferentially localize to the luminal surface of brain endothelial cells, where they can directly
impair endothelial function and compromise the integrity of the BBB**. As a result, studies on
BBB were mostly focused on endothelial cells regardless of multicellular structure of the BBB.
Several studies have demonstrated that the treatment of lipopolysaccharide or cytokine such as IL-
1B, and TNFa to brain endothelial cell lines results in a substantial reduction in the expression of
tight junction molecules and a robust increase in BBB permeability, indirectly suggesting that
inflammation can indeed induce endothelial cell death and impair the BBB*“°. However, the
interplay between brain-resident cells and peripheral immune components in the context of systemic
inflammation-induced BBB disruption remains to be fully elucidated. Few recent studies have
demonstrated that peripheral inflammation induced by intraperitoneal injections of LPS can activate
microglia and trigger their migration towards BBB. These studies also demonstrate that the
administration of minocycline, which inhibits microglial activity, effectively reduces BBB
permeability®®. However, the mechanisms by which microglia influence BBB integrity remain to be
fully elucidated.

Microglia, the resident macrophages of the CNS, continuously surveil the brain
microenvironment and serve as the primary responders to pathological insults by detecting damage-
associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs)
through pattern recognition receptors such as Toll-like receptors (TLRs) and Nod-like receptors
(NLRs)’!. Inflammasome is a multi-protein complex that activates caspase-1. Five receptor proteins
are known as inflammasome components, including NLR family pyrin domain-containing 1, 3
(NLRP1, NLRP3) and NLR family CARD domain-containing protein 4 (NLRC4), as well as the
proteins absent in melanoma 2 (AIM2) and pyrin®>**, Among them, NLRP3 inflammasome responds
to diverse stimulus, including crystalline and particulate matter (such as MSU, silica, asbestos and
alum), extracellular ATP, nigericin and several viral, bacterial, fungal and protozoan pathogens.
Extracellular ATP or crystalline stimuli can cause potassium efflux and lysosomal rupture,
respectively. NLRP3 inflammasome activation requires priming step that involves the transcription
of pro-IL-1B and NLRP3. Subsequent to the priming step, extracellular ATP or crystalline
stimulation activates NLRP3 inflammasome that assembles oligomerization of NLRP3, apoptosis-
associated speck-like protein containing a caspase recruitment domain (ASC) and pro-caspase-1°*.

The assembly of the inflammasome acts as a critical regulator of innate immunity by sensing cellular



stress and triggering the activation of caspase-1, leading to the cleavage of gasdermin D (GSDMD)
and the subsequent release of pro-inflammatory cytokines IL-1B and IL-18%. Upon activation,
microglia mediate inflammatory responses through cytokine secretion, peripheral immune cells
recruitment, and extensive interactions with astrocytes or neurons, thereby playing a pivotal role in
driving neuroinflammation and brain disorders. In line with this, the cleavage of caspase-1, IL-1p,
and IL-18 were elevated in postmortem brain tissue of stroke patients, and pharmacological
inhibitors of NLRP3 inflammasome components, such as MCC950 or Anakinra treatment,
effectively ameliorated injuries in experimental mouse models of stroke. Moreover, in the transgenic
APP/PS1 model used to study AD, the deficiency in NLRP3 indeed alleviated spatial memory
impairment and significantly reduced the AP plaque deposition and inflammation in the
hippocampus®’. Although aberrant activation of the NLRP3 inflammasome has been associated with
the development of various neuroinflammatory and neurodegenerative diseases, its direct
contribution to BBB permeability regulation remains unclear.

The BBB comprises a highly specialized multicellular structure mainly made up of endothelial
cells, pericytes, astrocytic end-feet, and the extracellular matrix3®, Despite this complexity, much of
the current research on BBB disruption, particularly under inflammatory conditions, has relied
heavily on in vitro models using brain endothelial cells only**>. While these simplified systems
offer mechanistic insights into endothelial cell-specific responses, they fail to recapitulate the
physiology of intricate cellular interactions and dynamic microenvironment. Therefore, to fully
understand the pathophysiology of BBB dysfunction and the contribution of non-endothelial
components—such as astrocytes, pericytes, and microglia—it is essential to employ in vivo models.
These systems allow for the investigation of context-dependent signaling, cell-cell communication,
and systemic influences that are indispensable for delineating the multifactorial mechanisms
underlying BBB impairment.

In the present study, we examine the impact of peripheral inflammation on BBB integrity by
examining the cellular and molecular responses of brain-resident glial cells upon systemic
lipopolysaccharide (LPS) challenge in a murine model. Our findings reveal that LPS-induced
systemic inflammation triggers microglial NLRP3 inflammasome activation. We demonstrate that
the microglial NLRP3-GSDMD axis plays a crucial role in BBB disruption in an IL-1f or IL-18-
independent manner, suggesting an alternative inflammatory mechanism governing BBB

permeability under systemic inflammatory conditions. Notably, rather than vascular-derived



molecules directly compromising brain endothelial integrity, microglial activation is a necessary
precursor to BBB disruption. Additionally, we identify neutrophil recruitment to the brain
vasculature as a critical event following microglial NLRP3 inflammasome activation. Upon arriving
at the vascular site, neutrophils release MMPs that degrade the extracellular matrix and contribute
to BBB breakdown. This further underscores the importance of cellular interactions in the regulation
of BBB integrity. Given that BBB integrity is tightly maintained by multiple cellular components, it
can effectively resist external molecules in the absence of microglial activation and neutrophil
recruitment. By delineating cellular interactions and molecular pathways contributing to BBB
compromise, our study provides novel perspectives on the mechanisms underlying neurovascular
dysfunction and highlights potential therapeutic targets for preserving BBB integrity in

inflammatory diseases.



2. MATERIAL & METHODS

2.1. Mice

C56BL/6, NLRP3P30INneoR  I]_ 131+~ Gsdmd”", Ccr2”, CX3crl-creERT2, Tmeml119-creERT?2,
and Aldhlll-creERT2 mice were obtained from The Jackson Laboratory and bred at Yonsei
University College of Medicine. All mice were maintained under specific pathogen-free
conditions. Male and female mice at the age of 8 — 12 weeks were used for the experiments.
Protocols for the animal experiments were approved by and were performed in accordance with
the Institutional Ethical Committee of Yonsei University College of Medicine. NLRP3P30/NneoR
mice were bred with CX3cri-creERT, Tmemlil19-creERT, or Aldhlll-cre/ERT2 to generate
transgenic mice that express NLRP3 (D301N) mutant form specifically in myeloid cells,
microglia, and astrocytes, respectively. To induce Cre recombinase expression, tamoxifen was
given intraperitoneally at 75 mg/kg once per day for fice successive days. All experiments were
done after having 1 week of resting phase following the last tamoxifen injection to avoid any

tamoxifen-dependent side effects in these mice®%0!,

2.2, Peripheral inflammation-induced BBB disruption model in vivo

To establish a mouse model of peripheral inflammation-induced BBB disruption, mice were
intraperitoneally administered LPS (sigma, L3012) at dose of 0.8 mg/kg, either one or two times
with a 24-hour intervals®?. A cytokine cocktail consisting of IL-1B at a dose of 10 pg/kg body
weight, IL-6 at 35 pg/kg body weight, and TNF-a at35 pg/kg body weight was injected into mice
via the tail vein three times at 6 h or 18 h intervals®. Serum cytokine levels were measured to
determine the peripheral inflammation, and BBB permeability assays were employed to evaluate

BBB disruption in this model.

2.3. In vivo experimental procedure
For NLRP3 inhibitor experiments, mice were given an intraperitoneal injection of MCC950
(Sigma, PZ0280) 30 minutes prior to the LPS injection at a dose of 10 mg/kg. Anakinra (Prospec,

cyt-203), the IL-1 receptor antagonist, was administered at 10 mg/kg via intraperitoneal injection,



30 minutes prior to the LPS injection®. llomastat, the pan-MMP inhibitor, was injected at a dose
of 50 mg/kg 6 hours after the final LPS injection via intraperitoneal injection. For GDF-15
administration, mice received a retro-orbital injection of GDF-15 at a dose of 2 pug per mouse, and

the animals were sacrificed 6 hours post-injection for subsequent analysis®.

2.4. BBB permeability assay

To evaluate BBB permeability, the extravasation of tail vein-injected Evans blue dye or
sodium fluorescein in brain parenchyma was quantified. Evans blue (Sigma, E2129) or sodium
fluorescein was intravenously injected at a dose of 0.2 mg/kg or 11 mg/kg, respectively, via the
tail vein®-1-%* After 1 hour, following deep anesthesia, mice were perfused through the heart with
cold PBS. Brain tissues were collected after removing the skull and the meninges. The weight of
the brain tissue was measured and then homogenized in saline by means of a dounce grinder. The
Evans blue was extracted in the supernatants using tricholoracetic acid (Sigma, T6399)
precipitation method. Then, the Evans blue fluorescence was measured using Varioskan Flash
3001 microplate fluorometer (Thermo Fisher) at 620 nm excitation and 680 nm emission®'. For
sodium fluorescein quantification, brain tissues were homogenized in Triton X-100 (1%) in PBS
solution, and the fluorescence in the resulting supernatant was measured at 492 nm excitation/

525 nm emission®’.

2.5. Single cell suspension preparation

Mice were transcardially perfused with ice-cold PBS under deep isoflurane anesthesia. Brain
tissue was carefully isolated and homogenized at RPMI-1640 supplemented with collagenase [V
(Sigma, C5138) and DNase I (Biolabs M303s) using dounce grinder. Olfactory bulbs, brainstems,
and meninges were excluded from all analysis. The tissue homogenates were subjected to
incubation at 37°C for 40 minutes for dissociation, and then further filtered using sterile 70 micron
cell strainers to acquire single cell suspension. The cells were subjected to 30% Percoll (Sigma,
P1644) diluted in 1X HBSS solution for myelin debris removal and were centrifuged at 700g for
25 minutes at 20°C with no acceleration or deceleration brake to avoid disrupting the gradient.
After centrifugation, the myelin and debris present in the top and interphase layers were aspirated,

and the remaining cell pellet was resuspended in PBS containing 5% fetal bovine serum (FBS).



All steps were done at 4°C unless otherwise mentioned to ensure the cell viability and purity®%°!,

To prepare single cells for scRNA-sequencing, the brain tissues collected from mice were
enzymatically dissociated using the Adult Brain Dissociation kit (Miltenyi Biotec, 130-107-677)
following the supplier’s guidelines. The debris removal solution was used to eliminate myelin and
debris, and red blood cells were lysed with RBC remonal reagent included in the kit. For
preparation of each experimental group (PBS, LPS x1, LPS x2), brain hemispheres from two

males and one female were pooled into a single replicate®.

2.6. Flow cytometry

Brain cells were resuspended in FACS staining buffer, consisting of 5% FBS diluted in PBS,
and subsequently incubated with fluorochrome-conjugated antibodies targeting CD45, CD11b,
Ly6G, and Ly6C (Biolegend; 103116, Invitrogen; 12-0112-82, Invitrogen; 17-9668-82, Invitrogen;
53-5932-82, respectively). To exclude dead cells, samples were counterstained with DAPI
(Invitrogen, D1306). Flow cytometry analysis was performed using FACS Verse (BD

Biosciences), and the resulting data were analyzed using Flowjo software (TreeStar)®¢!,

2.7. Immunohistochemistry

Under deep anesthesia using isoflurane, transcardial perfusion of mice was performed using
cold PBS, followed by 4% paraformaldehyde (PFA) for tissue fixation. The whole brain tissue
was carefully collected and further fixed at 4% PFA overnight at 4°C. Then, the fixed brain tissue
was transferred to 30% sucrose prepared in PBS and incubated at 4°C for approximately 48 hours
for complete dehydration. After the tissue sank to the bottom, it is embedded in Optimal Cutting
Temperature (OCT) compound to preserve the tissue in a fresh frozen block, which is then
cryosectioned into fresh frozen slices using a Leica CM1860 cryostat at -20°C. The brain is
coronally sectioned into 30 pm thick slices and transferred onto charged glass slides.

For intracellular staining, the slides were incubated in 0.3% Triton-X (in PBS) for 30 minutes
for permeabilization. After washing the slides using PBS supplemented with Tween 20 (PBST),
the slides were then subjected to blocking solution (4% BSA in PBS) for 1 hour at room
temperature (RT). Then, the primary antibodies, anti-GFAP (Invitrogen, PA1-10004, 1:2000) and
anti-Ibal (Wako, 019-19741, 1:500), diluted in 1% BSA, were applied to the slides and incubated



overnight at 4°C. The slides were washed 5-6 times using PBST, and subsequently incubated with
secondary antibodies for 3 hours at RT. To visualize nuclei, the slides were stained with DAPI and
mounted with a mounting solution (Invitrogen, P36934) for tissue perseverance. Then, the slides
were carefully covered with coverslip. Using the LSM980 confocal microscope (Carl Zeiss), 20

images were acquired in Z-stack format at 1 um intervals and analyzed with Zen Blue software.

2.8. Ex vivo active caspase-1 detection

To detect active caspase-1 activity in brain and peripheral organs, mice were given
intravenous injection of the caspase-1-specific probe (100 pg/ mouse) via the tail vein. Following
a 1-hour period, mice were anesthetized with isoflurane, followed by transcardial perfusion with
cold PBS. Brain, lung, and spleen were subsequently harvested for ex vivo imaging with an IVIS
spectrum In Vivo imaging system (PerkinElmer). The presence of caspase-1 was required for

Cy5.5 fluorescence to be detected®.

2.9. Neutrophil depletion

Mice were administered with intraperitoneal injections of 50 pg of anti-mouse Ly6G (Bio X
Cell, BE0O075-1) antibody targeting mouse neutrophils or isotype control IgG (Bio X Cell,
BEO0089) antibody 1 hour before the first LPS injection only. The populations of neutrophils in
the blood samples were analyzed using flow cytometry to confirm the neutrophil depletion (data

not shown).

2.10. Immunoblot analysis
The brain tissues were lysed in TEN buffer consist of 10 mM Tris-Cl (pH 7.4), 2 mM EDTA,

150 mM NaCl, and protease inhibitors. The soluble protein lysates were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred
onto polyvinylidene difluoride (PVDF) membranes. The membranes were then incubated with
appropriate primary antibodies followed by horseradish peroxidase (HRP)-conjugated secondary

antibodies®®. All blots are representative of at least three independent experiments.
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2.11. Enzyme-linked immunosorbent assay (ELISA)

Whole blood was collected from the orbital sinus of mice using capillary tubes and stored at
4°C for 1-2 hours to allow clot formation. Then, the samples were centrifuged at 2000g for 17
minutes at 4°C, in which the serum is obtained from the supernatant layer. The serum samples
were diluted for ELISA assay. Brain tissues were homogenized in TEN buffer supplemented with
protease inhibitors using a Dounce homogenizer to prepare tissue lysates. The resulting
homogenates were centrifuged, and the supernatants were collected for protein quantification
using Bradford assay. The concentrations of IL-1p, IL-6, IL-18, CXCL1, CXCL2, and MMP9
were determined by ELISA using DuoSets kit (R&D systems), following the manufacturer’s

instructions.

2.12. Quantitative real-time PCR

Total RNA was extracted from brain tissues and cultured cells using TRIzol reagent
(Invitrogen). Reverse transcription was carried out with a primer mix (Takara) to synthesize
complementary DNA (cDNA). Quantitative real-time PCR was performed using SYBR Green
reagents (Takara, ABclonal) to assess gene expression levels, with Rn/8s serving as internal

control.

2.13. Cell cultures

Primary mixed glial culture was obtained from whole brains of mouse pup on postnatal days
0-3. Brains were placed in ice-cold 2X HBSS, and the meninges and cerebellum were carefully
removed. The tissues were then dissociated using a fire-polished Pasteur pipette, and the resulting
cell suspension was passed through a 70 pm cell strainer to remove debris and aggregates. The
cells were then cultured at Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F12) supplemented with 10% FBS and 1% penicillin/streptomycin (p/s) into poly-D-
lysin-coated T75 flasks for 14 days. After 7 days when a confluent mixed glial layer is formed,
medium was changed every 2-3 days. For microglia enrichment, the flask was shaken at 180 rpm
for 4 hours, so that the microglia were detached. The media were collected and plated onto well
plates for experiments.

For bone marrow-derived macrophages (BMDMs) culture, the femur of adult mice was
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isolated and flushed using 5 ml syringes with cold PBS. The bone marrow cells were obtained
and filtered through 70 pm strainer and were cultured in L929-conditioned DMEM supplemented
with 10% FBS and 1% p/s for 5 days for BMDM differentiations®.

2.14. Secretome analysis by mass spectrometry

The primary microglia cultures were plated onto 6 well plates and were treated either with
LPS (0.25 pg/ml, 3h), followed by ATP (2.5 mM, 20 min), or with ATP alone. The cell-free
supernatants from WT and Gsdmd-deficient microglia were collected and subjected to mass
spectrometry analysis. For protein digestion, 140 pl of each supernatant was combined with 60
ul of 100 mM triethylammonium bicarbonate (TEAB) buffer at pH 8.5. The sample were reduced
with 200 mM Tris 2-carboxyethyl phosphine (TCEP) at 55°C for 1 hour and subsequently
alkylated with 375 mM iodoacetamide (IAA) for 30 minutes in the dark. Proteins were
precipitated with acetone, then reconstituted in 100 mM TEAB buffer and enzymatically digested
with trypsin at 37°C for 16 hours. The resulting peptides were labeled using the TMT 10plex™
isobaric tagging reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions
for relative quantification. After vacuum concentration, the peptides were desalted using spin
columns (Thermo Fisher Scientific), dried again, and resuspended in 0.1% formic acid. Mass
spectrometry analysis was carried out with a Dionex Ultimate 3000 RSLC nano-HPLC system
coupled to an Orbitrap Q Exactive mass spectrometer (Thermo Fisher Scientific). Protein
quantification and normalization were performed using Proteome Discoverer 2.3 software

(Thermo Fisher Scientific).

2.15. Single-cell transcriptomic analysis

Single-cell libraries were constructed using the Chromium Controller following the 10X
Chromium Next GEM Single Cell 3’ v3.1 protocol (CG000315). Initially, single-cell suspensions
were prepared by diluting cells in nuclease-free water to achieve a target cell number of around
10,000 per sample. Equal volumes of the suspensions were transferred onto the Chromium Next
GEM chip at equal cell concentrations, enabling capture, unique barcoding, and reverse
transcription of RNA from individual cells. The resulting complementary DNA was subjected to

purification and amplification via polymerase chain reaction (PCR), producing the final library.
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Library quantification was performed using qPCR following the qPCR Quantification Protocol
Guide, while library quality was evaluated using an Agilent 4200 Technologies TapeStation
system. Sequencing of the prepared libraries was performed on the Illumina HiSeq platform
following the manufacturer’s recommended read length parameters.

For single-cell transcriptomic analysis, raw sequencing reads were processed using Cell
Ranger software version 7.1.0 (10x Genomics). Initially, BCL files obtained from the Illumina
platform were demultiplexed into FASTQ format using ‘cellranger mkfastq.” These FASTQ files
were subsequently analyzed with ‘cellranger count,” which involved alignment to the mm10-
2020-A mouse reference genome, quantification of gene expression based on unique molecular
identifiers (UMIs), and identification of cell clusters. Differentially expressed genes (DEGs) were
identified through statistical analysis. To integrate data from multiple independent samples, the
‘cellranger aggr’ function was utilized. Downstream bioinformatics analyses were carried out
using the Scanpy package in Python. Principa component analysis (PCA) served as the basis for
cell clustering and UMAP visualization. DEGs between experimental and control groups were
identified using the Wilcoxon rank-sum test implemented through the ‘FindMarkers’ function in
Scanpy, with multiple testing corrections applied using adjusted p-values and Bonferroni
adjustments to control the false discovery rate (FDR). Functional enrichment and pathway
analyses of the significantly regulated genes were performed using g:Profiler

(https://biit.cs.ut.ee/gprofiler/).

2.16. Image processing and analysis

The Z-stack images were merged and processed using “orthogonal projections” methods in
Zen blue software. Cell number quantification and measurement of mean fluorescence intensity
(MFT) were conducted using ImagelJ software. All parameters were uniformly applied across both
control and experimental groups. The cell numbers and MFI of astrocytes and microglia-identified
as GFAP" and Ibal™ cells, respectively-were quantified and subsequently normalized to the total

number of DAPI" nuclei.

2.17. Statistical analysis

DATA are expressed as the mean + standard error of the mean (SEM). Statistical significance
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was assessed using an unpaired two-tailed Student’s t-test, one-way ANOVA followed by
Dunnett’s post hoc correction, or two-way ANOVA with Bonferroni post hoc correction, as
appropriate. A P-value of <0.05 was considered statistically significant. GraphPad Prism software

version 8.0 was utilized for performing all statistical analyses.
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Table 1. Primer sequence for PCR

Gene Primer sequence

Forward: 5'- GCT GGG ATT CAC CTC AAG AA -3’

Mouse Cxcll Reverse: 5'- TGG GGA CAC CTT TTA GCA TC -3'

Forward: 5'- GTT TCT GGG GAG AGG GTG GAG -3’

Mouse Cxci2 Reverse: 5'- TGT TCT ACT CTC CTC GGT GC -3’

Forward: 5'- AGA CCA TCC AGA GCT TGA CG -3’

Mouse Cxcl3 Reverse: 5'- GGA CTT GCC GCT CTT CAG TA -3’

Forward: 5'- TTC CTC AGT CAT AGC CGC AA -3’

Mouse Cxel3 Reverse: 5'- TGG ATC CAG ACA GAC CTC CT -3’

Forward: 5'- AGG TGT CCC AAA GAA GCT GT -3’

Mouse Cri2 Reverse: 5'- ACA GAA GTG CTT GAG GTG GT -3

Forward: 5'- GCC ATA GTC TTC AAG ACC AAG CTT -3’

Mouse Celll Reverse: 5'- TGG CAT CCT GGA CCC ACT T -3’

Forward: 5'- CAA ACT GGG CAA GGA GAT CTG -3’

Mouse Cell3 Reverse: 5'- GGC CCA GGT GTT TCA TAT AAT TCT -3

Forward: 5'- GCA GAT CCC CAG AAA CTG AG -3’

Mouse Cx3crl Reverse: 5'- GGC ACC AGG ACG TAT GAG TT -3’

Forward: 5'- GAC ATC ACT AGG CCC CTG AA -3’

Mouse Gdf15 Reverse: 5'- TTC AAG AGT TGC CTG CAC AG -3’
Forward: 5'- TCG CCT GAA GAC ACT TCC AT -3’
Mouse Mimp& Reverse: 5'- GCG CTG CAT CTC TTT AAG CT -3’
Forward: 5'- CTT CTG GCG TGT GAG TTT CCA -3’
Mouse Mimp9 Reverse: 5'- ACT GCA CGG TTG AAG CAA AGA -3’
Forward: 5'- CGC GGTTCTATT TTG TTG GT -3’
Mouse Rnl8s

Reverse: 5'- AGT CGG CAT CGT TTA TGG TC -3’
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3. Results

3.1. Peripheral LPS stimulation induces neuroinflammation and BBB

disruption

To explore the impact of peripheral inflammation on BBB integrity and immune responses,
we first adopted lipopolysaccharide (LPS)-administration method to induce peripheral
inflammation in mice®?. Considering that LPS is a potent endotoxin capable of inducing robust
inflammation, we selected a sublethal LPS dose of 0.8 mg/kg to minimize its extreme side effects
on brain environment. Mice received intraperitoneal injections of LPS either once or twice at 24-
hour intervals, and the BBB permeability was examined 6 hours after the final LPS injections
(Fig. 1 a). Evans blue dye was intravenously injected into mice 5 hours after the last LPS injection.
We observed a significant deposition of the Evans blue dye into the peripheral organs such as
spleen and lung following both single and double LPS injections (Fig. 1 b). By contrast, BBB
remained intact upon a single LPS injection, while a robust Evans blue dye extravasation into the
brain was observed following two repeated LPS injections (Fig. 1 b, ¢). Likewise, we detected a
marked increase in NaF leakage in the brain upon repeated LPS injections, indicating the loss in
BBB integrity upon peripheral inflammation (Fig. 1 d).

Next, to further evaluate the brain’s inflammatory status following peripheral inflammation,
we measured proinflammatory cytokine levels in the brain (Fig. 2a). Repeated LPS injection led
to increased concentrations of IL-6 and IL-1p, indicating both BBB disruption and the initiation
of inflammatory responses within the brain (Fig. 2 b, c). Western blot analysis further
demonstrated a marked elevation in the processing of pro-IL-1p to its bioactive form in the brain
upon repeated LPS injections (Fig. 2 d). Since IL-1p cleavage is normally associated with NLRP3
inflammasome activation®, an increase in NLRP3 levels was also detected following LPS
injections, along with the IL-1p cleavage (Fig. 2 d). Consistent with our previous data showing
the BBB remains unaffected upon a single LPS injection (Fig. 1), proinflammatory cytokines
were also not observed following a single LPS injection (Fig. 2 b, ¢, d). Meanwhile, we did not
observe any changes in brain IL-18 levels, another cytokine associated with NLRP3

inflammasome activation (Fig. 2 e).
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To further examine the impact of peripheral inflammation on the brain, we analyzed immune
cell populations using flow cytometry (Fig. 3 a, b). In addition to the observed BBB disruption
upon repeated LPS injections, we observed marked increase in CD45" overall immune cells and
CD45"CD11b" infiltrating myeloid populations within the brain, while the population of brain-
resident microglial remained unaffected (Fig. 3 c, d, ). Among the infiltrating cells, the majority
were neutrophils (Ly6G*, Ly6C™"'), with a smaller proportion being monocytes (Ly6G-, Ly6C")
(Fig. 3 f, g). Since the significant BBB disruption was observed following peripheral
inflammation with twice-daily LPS injections, this protocol was used for the rest of the study to

unravel the mechanism unless otherwise mentioned.
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Fig 1. Repeated intraperitoneal LPS injections induce BBB disruption. (a) Schematic of the
experimental design for LPS-induced brain inflammation in wild-type (WT) mice. Mice
administered either a single or two intraperitoneal injections of LPS (0.8 mg/kg; 24-hour interval).
BBB permeability was assessed 6 hours after the final LPS injection. Evans blue or sodium
fluorescein (NaF) was administered via tail vein 1 hour prior to anesthesia. All animals were
perfused to eliminate contamination of intravascular Evans blue dye. (b) Representative organ
images from the Evans blue assay in mice injected with PBS or LPS, collected 6 hours after the final
injection. “LPS x1” indicates a single LPS injection, and “LPS x2” indicates two LPS injections in
an interval of 24 h. Scale bars = 0.5 cm. (c) Quantification of Evans blue deposition per gram of

brain tissue from (b). (n =4 (PBS), 7 (LPS x1), 8 (LPS x2)). (d) Quantification of NaF leakage per
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gram of brain tissue from mice at 6 hours post- PBS or LPS injections (n = 3 per group). Differences
among groups were performed through one-way ANOVA, subsequently analyzed using Dunnett’s
post hoc analysis, asterisk used to denote statistically significant differences. Data is expressed as

means = SEM (c, d). **P <0.01, ***P < 0.001, n.s. not significant.
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Fig 2. Repeated intraperitoneal LPS injections induce brain inflammation. (a) Schematic of the
experimental design for LPS-induced brain inflammation in WT mice. Mice administered either a
single or two intraperitoneal injections of LPS (0.8 mg/kg; 24-hour interval). Brain Tissue lysates

were collected for ELISA and Immunoblot analysis to assess brain inflammation in response to
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peripheral inflammation. (b, ¢) Quantitative analysis of IL-6 (b) and IL-1p (c) protein concentrations
in the brain lysates (6 hours after the final injection). “LPS x1” indicates a single LPS injection, and
“LPS x2” indicates two LPS injections in an interval of 24 h. (n =4 or 6 (PBS), 3 or 5 (LPS x1), 4
or 6 (LPS x2)). (d) Immunoblot analysis of brain lysates from WT mice treated with PBS or LPS,
detecting pro-IL-1p, mature IL-13, NLRP3, and B-actin. (e¢) Quantitative measurement of IL-18
protein level in the lysates of mouse brain using ELISA. (n = 4 (PBS), 8 (LPS x1), 6 (LPS x2)).
Differences among groups were performed through one-way ANOVA, subsequently analyzed using
Dunnett’s post hoc analysis, asterisk used to denote statistically significant differences. Results are

shown as means = SEM (b, ¢, ¢). ***P < 0.001, ****P < (0.0001, n.s. not significant.
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Fig 3. Repeated intraperitoneal LPS injections lead to robust myeloid cell infiltrations into the
brain. (a) Schematic representation of protocol for inducing brain inflammation by LPS
administration in WT mice. Mice administered either a single or two intraperitoneal injections of
LPS (0.8 mg/kg; 24-hour interval). Fresh brain tissues were collected for flow cytometry analysis.
(b) Flow cytometry gating strategy illustrating the identification of total immune cells (CD45%),
microglia (CD45™, CD11bi"), infiltrating myeloid populations (CD45", CD11b"), neutrophils
(CD45" CD11b" Ly6C™, Ly6G*), and monocytes (CD45", CD11b", Ly6C*, Ly6G") in the brain
samples from PBS, LPS x1, and LPS x2 injected groups. “LPS x1” indicates a single LPS injection,
and “LPS x2” indicates two LPS injections in an interval of 24 h. (c, d, e, f, g) Flow cytometry
quantification of immune populations in the brain, including total immune cells (c), microglia (d),
infiltrating cells (e), neutrophils (f), and monocytes (g), following PBS- or LPS-administration (6 h
post last injection). (n = 6 (PBS), 7 (LPS x1), 6 (LPS x2)). Differences among groups were
performed through one-way ANOVA, subsequently analyzed using Dunnett’s post hoc analysis,
asterisk used to denote statistically significant differences. Results are shown as means + SEM (c,

d, e, f, g). ***P <0.001, ****P <(0.0001, n.s. not significant.
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3.2. Brain inflammation occurs at an earlier time point than BBB

disruption following peripheral inflammation

To understand the progression of BBB disruption, we examined BBB permeability at various
time points around when BBB disruption is observed following peripheral inflammation. We
observed a slight increase in BBB permeability starting 3 hours after the final LPS injection, with
evident BBB disruption observed at 6 hours post-injection. The BBB damage persisted for
approximately 24 hours (Fig. 4 a, b).

Furthermore, we observed IL-1p cleavage in the brain lysates beginning at 3 hours following
repeated LPS stimulation (Fig. 5 a, b). Similarly, IL-1p and IL-6 brain protein levels started to
elevate from 3 hours after the LPS challenge (Fig. 5 ¢, d).

In contrast, myeloid cell infiltrations into the brain began at 5 hours post-LPS stimulation,
with more robust infiltration occurring at 6 hours post-injection (Fig. 6 a, b). Consistent with our
previous findings, we confirmed that the majority of these infiltrated cells were neutrophils (Fig
6 c). Collectively, these findings suggest that peripheral inflammation first triggers brain

inflammation, followed by BBB disruption and immune cell infiltration.
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Fig 4. Peripheral inflammation-induced BBB disruption persists for up to 24 hours. (a)

Schematic of experimental design to assess the duration of BBB disruption following LPS-induced
brain inflammation in WT mice. Mice administered two intraperitoneal injections of LPS (0.8 mg/kg)
in a 24 h interval. Evans blue dye was administered intravenously 1 h prior to sacrifice, and brain
tissues were obtaianed at selected time points of 3, 6,9, 12, and 24 hours after the final LPS injection.
Quantification of Evans blue deposition per gram of brain tissue is shown. (n =4 (PBS), 4 (3 h), 4
(6 h), 9 (9 h), 8 (12 h), 4 (24 h)). (b) Representative brain images from the Evans blue assay
corresponding to (a). All animals were perfused to eliminate contamination of intravascular Evans
blue dye. Scale bars = 0.5 cm. Differences among groups were performed through one-way ANOVA,
subsequently analyzed using Dunnett’s post hoc analysis, asterisk used to denote statistically
significant differences. Results are shown as means = SEM (a). **P < 0.01, ****P < 0.0001, n.s.

not significant.
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Fig 5. Brain inflammation precedes BBB disruption in response to peripheral inflammation.
(a) Schematic of the experimental design to assess the temporal progression of brain inflammation
following peripheral LPS administration. WT mice administered two intraperitoneal injections of
LPS (0.8 mg/kg) in a 24 h interval. Brain tissues were harvested at multiple time points (0-6 h) upon
the final LPS challenge. (b) Representative Immunoblot depicting the levels of pro-IL-1B, mature
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IL-1B, NLRP3, and B-actin in lysates obtained from mouse brain treated as described in (a). (c, d)
Quantitative measurement of IL-1B (c) and IL-6 (d) protein concentrations in brain lysates from
mice injected with PBS or LPS, collected at 3 or 6 hours after the final injection measured by ELISA.
(n =4 (PBS), 5 (LPS 3 h), 6 (LPS 6 h)). Differences among groups were performed through one-
way ANOVA, subsequently analyzed using Dunnett’s post hoc analysis, asterisk used to denote
statistically significant differences. Results are shown as means + SEM (c, d). *P <0.05, **P<0.01,

*A%xx P < (0.0001, n.s. not significant.
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Fig 6. Immune cell infiltration following repeated LPS injection begins at 5 hours post
injection. (a) Schematic of the experimental design to assess the temporal progression of brain
immune cell infiltrations following peripheral LPS administration. WT mice administered two
intraperitoneal injections of LPS (0.8 mg/kg) in a 24 h interval. Fresh brain tissues were collected
for flow cytometry analyses at different time intervals (0-6 h). (b) Representative gating strategy
illustrating the identification of total immune cells (CD45"), microglia (CD45™, CD11b™),
infiltrating myeloid populations (CD45", CD11b"), neutrophils (CD45", CD11b", Ly6C™, Ly6G*),
and monocytes (CD45", CD11b", Ly6C*, Ly6G") in the brains of WT mice at different time intervals

(0-6 hours post injection) is shown. (b, c) Quantitative measurement of infiltrating cells (b) and
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neutrophils (c) in the brains of WT mice following LPS injections at different time points as
described in (a). (b, ¢, n =5 (PBS), 6 (3 h), 5 (4 h), 4 (all other group)). Differences among groups
were performed through one-way ANOVA, subsequently analyzed using Dunnett’s post hoc
analysis, asterisk used to denote statistically significant differences. Results are shown as means +

SEM (b, ¢). ¥*P < 0.01, ****P < (0.0001, n.s. not significant.
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3.3. The neutrophil-derived matrix metalloproteinases promote BBB

disruption

Having identified neutrophils as the predominant infiltrating cells in the brain upon repeated
LPS stimulation, we next determined their involvement in BBB disruption. Significant
upregulation in mRNA levels of Cxcl/l, Cxcl2, and Cxcl3 chemokines in the brain were observed
as early as 3 hours after the second LPS injection, indicating that the chemokine production occurs
simultaneously with the onset of brain inflammation before the BBB disruption (Fig. 7 a-d).

To further investigate the direct roles of recruited neutrophils in influencing BBB integrity,
we pretreated mice with CXCR2 antagonists or anti-Ly6G neutralizing antibodies before the LPS
injection. As a result, both anti-Ly6G antibodies and CXCR2 antagonist treatment significantly
attenuated BBB disruption following peripheral inflammation (Fig. 8 a, b). Next, we used Ccr2”
mouse to investigate the potential role of recruited monocytes in driving BBB disruption.
However, BBB integrity was unaffected in Ccr2”" mice compared to the WT mice following
peripheral inflammation (Fig. 8 c). Together, this data suggests that neutrophils, rather than
monocytes, play indispensable roles in driving BBB disruption.

As it is previously reported that the matrix metalloproteinases (MMPs) can promote BBB
disruption by directly degrading tight junction molecules or extracellular matrix (ECM)

components®%

, we observed the expression levels of mmp8 and mmp9 in brain tissue upon LPS
stimulation (Fig. 9 a). Both mmp8 and mmp9 were significantly upregulated in the brain following
LPS injection starting at 6 hours after the last LPS injection, and, consistently, MMP9 protein
levels were significantly increased at the same time point (Fig. 9 b-d).

Additionally, the pretreatment of pan-MMP inhibitor, Ilomastat, before the second LPS
injection significantly alleviated the BBB disruption as determined in Evans blue and NaF assay
(Fig 10 a-c). Collectively, these findings demonstrate that neutrophil-derived MMPs are key
molecules that promote BBB disruption.

These findings suggest that BBB disruption is not a direct consequence of inflammasome
activation, but rather a result of a multistep process wherein microglial NLRP3 activation triggers
the production of CXCL-related chemokines, which subsequently promote neutrophil recruitment
and the adhesion to brain vasculature. Neutrophil-derived factors and upregulated extracellular

matrix-modifying enzymes may contribute to the ultimate structural compromise of the BBB.
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Fig 7. Peripheral inflammation triggers chemokine expressions in the brain at earlier time
point. (a) Schematic of the experimental design to assess the comparative mRNA levels of
chemokine expressions in the brain following peripheral LPS administration. WT mice administered

two intraperitoneal injections of LPS (0.8 mg/kg) in a 24 h interval. Brain tissues were isolated at 3
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h and 6 h after the final LPS challenge. (b, ¢, d) Measurement of transcript abundance of Cxcl/ (b),
Cxcl2 (c), and Cxcl3 (d) mRNA expression in the brain following repeated LPS injections (3 or 6
hours post last LPS injection) by quantitative RT-PCR. Rnl8s was used as a control gene. (b, ¢, n =
3 (PBS),6 (3h),5(6h);d,n=5 (PBS), 7 (3 h), 8 (6 h)). Differences among groups were performed
through one-way ANOVA, subsequently analyzed using Dunnett’s post hoc analysis, asterisk used
to denote statistically significant differences. Results are shown as means + SEM (b, ¢, d). ***P <

0.001, ****P < (0.0001, n.s. not significant.
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Fig 8. Neutrophil recruitment is critical in peripheral inflammation-driven BBB disruption.
(a) Schematic of the experimental design of neutrophil depletion and LPS injections is shown. WT
mice were pre-administered with intraperitoneal injections of anti-Ly6G antibody (50 mg/kg) or

control IgG 1 h before the LPS injection. After 6 hours of two intraperitoneal injections of LPS (0.8
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mg/kg; 24 h interval), brain tissues were collected for Evans blue assay. Evans blue dye was
administered intravenously 1 h before tissue collection. Quantification of Evans blue deposition per
gram of brain tissues pretreated with IgG or anti-Ly6G antibodies following repeated LPS injections
is shown. (n = 4 (IgG), 6 (anti-Ly6G)). (b) Schematic of the experimental design of CXCR2
antagonist (SB225002; SB) administration and LPS injection is shown. WT mice were pre-
administered with intraperitoneal injections of SB (2 mg/kg) or vehicle (Veh) before each LPS
injection, and brain tissues were harvested for Evans blue assay. Quantification of Evans blue
deposition per gram of brain tissues of Veh or SB-pretreated mice following repeated LPS injections
is shown. (n= 6 (Veh), 8 (SB)). (¢) Schematic of the experimental design of LPS injection in WT
and Ccr2” mice is shown. WT and Ccr2” mice administered two intraperitoneal injections of LPS
(0.8 mg/kg) in a 24 h-interval, and brain tissues were collected for Evans blue assay at 6 h post final
LPS injection. Measurement of Evans blue leakage in brain tissues of WT and Ccr2” mice following
repeated LPS injection is shown (n= 5 (WT), 3 (CCR27)). Differences among groups were
performed through a two-tailed t-test assuming unequal group pairing, asterisk used to denote
statistically significant differences. Results are shown as means +£ SEM (a, b, ¢). ¥**P < 0.01. ***P<

0.001, n.s. not significant.
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Fig 9. Peripheral inflammation triggers matrix metalloproteinases expressions in the brain
followed by BBB disruption. (a) Schematic of the experimental design to assess the MMP levels
in the brain following peripheral LPS administration. WT mice administered two intraperitoneal
injections of LPS (0.8 mg/kg) in a 24 h interval. Brain tissues were harvested at 3 h and 6 h after the
final LPS administration. (b, ¢) Quantitative measurement of comparative Mmp9 (b) and Mmp8 (c)

mRNA levels in the brain following repeated LPS injections in WT mice using qRT-PCR (3 or 6
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hours post last LPS injection). (d) Quantification of MMP9 protein levels in the brain lysates 6 hours
following repeated LPS injection in WT mice using ELISA. (b, n=4 (PBS), 4 (3h),4 (6 h); c,n=
5 (PBS), 8 3 h), 3 (6 h); d, n = 5). Differences among groups were performed through one-way
ANOVA, subsequently analyzed using Dunnett’s post hoc analysis or a two-tailed t-test assuming
unequal group pairing, asterisk used to denote statistically significant differences. Results are shown

as means = SEM (b, c, d). *P < 0.05, **P < 0.01, ****P < 0.0001, n.s. not significant.
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Fig 10. Matrix metalloproteinases inhibition alleviates peripheral inflammation-induced BBB
disruption. (a) Schematic of the experimental design to assess the administration of pan-MMP
inhibitor (Ilomastat) and LPS injections is shown. Ilomastat is intraperitoneally injected 30 min prior
to the second LPS (0.8 mg/kg) injection, and tissues were harvested at 6 h after the final LPS

administration. (b) Quantification of Evans blue deposition per gram of brain tissue in WT mice pre-
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treated with Ilomastat following repeated LPS injections is shown. (n = 8 (Veh), 7 (Ilomastat)). (¢)
Representative brain images from the Evans blue assay corresponding to (b). Scale bars = 0.5 cm.
(n =8 (Veh), 7 (llomastat)). (d) Quantification of NaF leakage per gram of brain tissue in WT mice
pre-treated with [lomastat following repeated LPS injections. Evans blue or NaF were intravenously
injected 1 h before sacrifice, and all animals were perfused to eliminate the contamination of
intravascular Evans blue dye or NaF. (n =4 (Veh), 3 (Ilomastat)). Differences among groups were
performed through a two-tailed t-test assuming unequal group pairing, asterisk used to denote
statistically significant differences. Results are shown as means = SEM (a, b, ¢). *P < 0.05, **P <

0.01, n.s. not significant.
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3.4. BBB disruption upon peripheral inflammation occurs in an

NLRP3-dependent manner

To elucidate the molecular mechanism underlying BBB impairment induced by peripheral
inflammation, we performed single-cell RNA sequencing on mouse brain tissue (Fig. 11 a). We
identified 16 clusters in mouse brain as determined in the Uniform Manifold Approximation and
Projection (UMAP) (Fig. 11 b). Remarkably, brain-resident microglia, infiltrating neutrophils,
and monocyte-derived macrophages (Mo-Mac) within the brain showed increased levels of
inflammasome components (Fig. 11 c, d).

Given that repeated LPS stimulation might activate NLRP3 inflammasome in the mouse
brain, we analyzed BBB permeability, brain inflammation, immune cell infiltration, and glial cell
activation in Nlrp3” mice. As a result, repeated LPS administration resulted in significantly
reduced Evans blue and NaF leakage into the brain in Nlrp3”~ mice (Fig. 12 a-d). It is previously
demonstrated that cytokine treatment, such as TNFa, IL-1f, or IL-6 can promote loss in tight
junction molecules or cellular damages in vitro**’°. Therefore, we next evaluated whether
peripheral cytokine productions in the plasma serve as contributing factors to the peripheral
inflammation-induced BBB disruption. We administered the cytokine cocktail (IL-1p, IL-6, and
TNFa) intravenously in WT and Nlrp3” mice to mimic the peripheral cytokine productions
instead of LPS administration. As a result, we observed a dramatic increase in BBB permeability
following cytokine injections; however, this effect is abolished in Nlrp3”~ mice. This suggests that
NLRP3 inflammasome activation, rather than systemic cytokine production alone, plays a more
direct and critical role in triggering BBB disruption.

Also, repeated LPS injections induced IL-13 maturation in the brain in an NLRP3-dependent
mechanism (Fig. 13 a, b). To confirm the involvement of NLRP3 inflammasome in BBB
permeability induced by peripheral inflammation, we utilized a caspase-1 activatable fluorescent
probe®. Caspase-1 activation was observed in peripheral tissues, including the lung and spleen,
following a single LPS injection. In contrast, activation of caspase-1 in the brain occurred only
after two repeated LPS injections, but not after a single LPS injection (Fig 13 e, f). Collectively,
we observed NLRP3 inflammasome activation in the brain upon peripheral inflammation-induced

BBB disruption. Furthermore, in response to LPS exposure, Nlrp3” mice exhibited diminished

39



brain pro-inflammatory cytokines levels compared to WT mice following peripheral LPS
challenge (Fig. 13 c, d).

Consistently, Nlrp3 deficiency markedly attenuated the increase of brain-infiltrating myeloid
populations induced by peripheral LPS administration (Fig. 14 a-f). Importantly, the infiltration
of neutrophils, which were determined to promote BBB disruption by MMP productions, was
significantly reduced in Nlrp3” mice following repeated LPS injections (Fig. 14 ¢).

To further investigate changes in the reactivity of brain resident glial cells, we performed
immunohistochemistry (IHC)-based image analyses on astrocytes and microglia of hippocampal
regions from WT and Nlrp3” mice following repeated LPS injections (Fig. 15 a). We observed
an increase in GFAP and Ibal fluorescence intensity in WT mice upon peripheral inflammation,
each indicating profound gliosis in astrocytes and microglia, respectively; however, the glial cell
reactivity was markedly alleviated in Nlrp3” mice (Fig. 15 b, c, €). In WT mice, the number in
astrocytes was elevated in response to LPS injections, which was abrogated in Nlrp3” mice (Fig.
15 d). The cell number of microglia was not affected by LPS injections in both WT and Nlrp3”
mice in consistent with the flow cytometry analysis (Fig. 15 f). Therefore, we concluded that
NLRP3 inflammasome activation plays a crucial role in driving the peripheral inflammation-

induced BBB impairment.
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Fig 11. Single-cell transcriptomic analysis reveals upregulation of inflammasome-associated
gene expressions in mouse brain following LPS stimulation. (a) Experimental design schematic
procedure for single-cell RNA sequencing (scRNA-seq). WT mice were administered PBS or LPS
intraperitoneally at 0.8 mg/kg, one or two times with a 24 h interval. Brain tissues were isolated 6 h
post-final challenge and processed for scRNA-seq analysis. (b) UMAP plots showing distinct
clusters in the mouse brain based on scRNA-seq data, encompassing 105,838 gene expression
profiles. (c¢) Heatmap displaying the inflammasome-associated gene expression profiles across
individual cell cluster with color intensity reflecting the scaled average expression. (d) VISION-
based scoring of inflammasome genes set across all cell clusters, represented by a violin plot

showing the distribution of inflammasome score.
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Fig 12. BBB disruption following repeated LPS injection is NLRP3-dependent. (a) Schematic
of the experimental design for BBB permeability assay in WT and Nlrp3”- mice following repeated
LPS injection. WT and Nl»p3~- mice were intraperitoneally injected with LPS twice in a 24 h interval,
and Evans blue or NaF assay were performed at 6 h post LPS injections. (b) Quantitative
measurement of Evans blue deposition per gram of brain tissue from WT and Nlrp3~- mice following
repeated LPS injection. (n =5 (WT PBS), 7 (WT LPS x2), 9 (Nirp3 KO)). (c) Representative brain
image of Evans blue assay done in (b). Scale bars = 0.5 cm. (d) Quantification of NaF leakage per
gram of brain tissues from WT and Nlrp3” mice following repeated LPS injection. (n =5 per group).
(e) Schematic of the experimental design for BBB permeability assay in WT and Nlrp3”" mice
following cytokine injection. f) Quantification of Evans blue deposition per gram of brain tissues
from WT and Nlrp3” mice following intravenous injection of cytokine cocktail containing IL-1p at
10 pg/kg, TNF-a at 35 pg/kg, and IL-6 at 35 pg/kg. (n = 4 per group). Differences among groups
were performed through two-way ANOVA, subsequently analyzed using Bonferroni multiple
comparisons test, asterisk used to denote statistically significant differences. Results are shown as

means + SEM (b, d, e). *P < 0.05, ***P < 0.007, ****P < 0.0001.
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Fig 13. NLRP3 inflammasome is activated in the brain following repeated LPS injection. (a)
Schematic of experimental design for LPS-induced brain inflammation in WT and Nlrp3~ mice.
Mice administered two intraperitoneal injections of LPS (0.8 mg/kg; 24 h interval). Brain tissues
were isolated 6 h after the final LPS treatment for ELISA and Immunoblot analysis to assess NLRP3
inflammasome activity. (b) Representative immunoblots of brain lysates detecting pro-IL-1f, mature
IL-1B, NLRP3, ASC, and B-actin from WT and Nlrp3” mice following PBS or LPS injection (6 h
post last injection). (¢, d) Quantitative measurement of IL-1 (c) and IL-6 (d) protein expressions in
brain lysates from WT and Nlrp3”- mice following PBS or LPS injection (6 h post last injection)
using ELISA. (c,n=6 (WT PBS), 7 (WT LPS x2), 9 (KO, PBS), 10 (KO, LPS x2); d,n=7 (WT
PBS), 8 (WT LPS x2), 8 (KO, PBS), 11 (KO, LPS x2)). (¢) Schematic of experimental design for in
vivo detection of active caspase-1 in WT mice in response to peripheral inflammation. Mice
administered two intraperitoneal injections of LPS (0.8 mg/kg; 24 h interval), followed by
intravenous administration of a fluorescence-conjugated active caspase-1 probe 1 h before tissue
collection. Brain, spleen, and lung tissues were harvested for ex vivo imaging. (f) Ex vivo images
showing active caspase-1 detection in the brain (low and high exposure), spleen, and lung tissues as
described in (e). Differences among groups were performed through two-way ANOVA,
subsequently analyzed using Bonferroni multiple comparisons test, asterisk used to denote

statistically significant differences. Results are shown as means + SEM (c, d). ****P < 0.0001.
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Fig 14. Immune cell infiltrations in the brain following repeated LPS injection is highly
NLRP3-dependent. (a) Schematic of the experimental design for LPS-induced brain inflammation
in WT and Nlrp3” mice. Mice administered two intraperitoneal injections of LPS (0.8 mg/kg; 24 h
interval). Fresh brain tissues were harvested 6 h post the final LPS injection for flow cytometry
analysis. (b) Representative gating strategy illustrating the identification of immune cells (CD45%),
microglia (CD45™, CD11bi), infiltrating myeloid cells (CD45", CD11b"), neutrophils (CD45",
CD11b", Ly6C™, Ly6G"), and monocytes (CD45", CD11b", Ly6C*, Ly6G-) in WT or Nlrp3” mouse
brains after PBS or LPS injections. (c, d, e, f) Quantification by flow cytometry of immune
populations (c), infiltrating populations (d), neutrophils (e), and microglia (f) in WT and Nlrp3™
mouse brain as described in (a). (n =15 (WT PBS), 6 (WT LPS x2), 6 (KO PBS), 7 (KO LPS x2)).
Differences among groups were performed through two-way ANOVA, subsequently analyzed using
Bonferroni multiple comparisons test, asterisk used to denote statistically significant differences.

Results are shown as means + SEM (c, d, e, ). *P < 0.05, **P < 0.01, n.s. not significant.
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Fig 15. Gliosis in response to peripheral inflammation occurs in an NLRP3-dependent manner.
(a) Schematic of the experimental design for LPS-induced brain inflammation in WT and Nirp3™
mice. Mice administered two intraperitoneal injections of LPS (0.8 mg/kg; 24 h interval). Brain
tissues were harvested 6 h post the final LPS injection for confocal imaging. (b) Representative [HC
images visualizing astrocytes (GFAP”, green) and microglia (Ibal*, red) from WT or Nirp3” mice
following PBS or LPS injections as described in (a). Images shown are the hippocampal regions of
coronal brain sections. Scale bars= 50 pm. (c, d, e, f) MFI of GFAP (c) and Ibal (e) and
quantification of astrocytes (d) and microglia (f) cell counts normalized to DAPI as described in (a).
(n=6 (WT PBS), 6 (WT LPS x2), 5 (KO PBS), 6 (KO LPS x2)). Differences among groups were
performed through two-way ANOVA, subsequently analyzed using Bonferroni multiple
comparisons test, asterisk used to denote statistically significant differences. Results are shown as

means + SEM (c, d, e, f). *P < 0.05, **P < 0.01, ***P<0.001, n.s. not significant.
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3.5. NLRP3-gasdermin D axis drives peripheral inflammation-induced

BBB disruption in an IL-1p -independent manner

Upon activation of the NLRP3 inflammasome, sensor molecules such as pyrin and NLRP3
assemble into the inflammasome complex’!. This assembly activates caspase-1, subsequently
promoting the gasdermin D (GSDMD) pore formation on the plasma membrane, facilitating the
release of active IL-1B and IL-18 forms®’. Therefore, we used Gsdmd~~ mice to investigate the
role of GSDMD pore formation in peripheral LPS-induced BBB disruption (Fig. 16 a). Notably,
Gsdmd deficiency significantly reduced the leakage of Evans blue and NaF into the brain
following peripheral LPS injection (Fig. 16 b, ¢). This suggests that the GSDMD-mediated release
of inflammatory mediators might trigger the peripheral inflammation-induced BBB disruption.

As shown in previous data, we found that repeated LPS injections induced NLRP3-
dependent IL-1p cleavage in the brain, whereas IL-18 remained unaffected. To further examine
the involvement of GSDMD-derived IL-1B in BBB disruption, we evaluated the BBB
permeability and immune cell infiltrations in /1717 mice (Fig. 17 a). Surprisingly, peripheral
LPS-induced Evans blue leakage in the brain occurred in an IL-1R signaling-independent manner
(Fig. 17 b, ¢). Also, the myeloid cell infiltrations into the brain following peripheral inflammation
were comparable between WT and /1717 mice (Fig. 17 d, e). Collectively, despite IL-1p being
the key component released upon NLRP3 inflammasome activation, IL-1p is not essential in

promoting BBB disruption induced by peripheral inflammation.
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Fig 16. Gsdmd’ abolishes peripheral inflammation-induced BBB disruption. (a) Experimental
design schematic for BBB permeability assay in WT and Gsdmd"~ mice following repeated LPS
injection. WT and Gsdmd’~ mice were intraperitoneally injected with LPS twice in a 24 h interval,
and Evans blue or NaF assay were performed at 6 h post LPS injections. (b) Quantitative
measurement of Evans blue deposition per gram of brain tissue from WT and Gsdmd”’ mice
following repeated LPS injection as described in (a). (n =3 (WT PBS), 6 (WT LPS x2), 7 (KO PBS),
12 (KO LPS x2)). (c) Quantification of NaF leakage per gram of brain tissues from WT and Gsdmd
" mice following repeated LPS injection as described in (a). (n = 5 per group). Differences among
groups were performed through two-way ANOVA, subsequently analyzed using Bonferroni
multiple comparisons test, asterisk used to denote statistically significant differences. Results are

shown as means = SEM (b, ¢). ***P<0.001, ****P<(0.0001, n.s. not significant.
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Fig 17. Peripheral inflammation-induced BBB disruption occurs in an IL-1R signaling-
independent manner. (a) Schematic of the experimental design for peripheral inflammation-
induced BBB disruption in WT and /17" mice following repeated LPS injection. WT and /171"
mice were intraperitoneally injected with LPS twice in a 24 h interval. Fresh brain tissues were
isolated 6 h after the final LPS administration, and Evans blue dye was administered through the tail
vein 1 h prior to sacrifice. (b) Quantification of Evans blue deposition per gram of brain tissue from
WT and /l1r1" mice following repeated LPS injection as described in (a). (n=5 (WT PBS), 9 (WT
LPS x2), 6 (KO PBS), 8 (KO LPS x2)). (c) Representative brain images of Evans blue assay
performed in (b). (d, e) Flow cytometry-based quantification of infiltrating cells (CD45", CD11b")
(d) and neutrophils (CD45", CD11bM, Ly6C™ Ly6G") (e) in WT and I/I1rI”- mouse brain as
described in (a). (n = 5 per group). Differences among groups were performed through two-way
ANOVA, subsequently analyzed using Bonferroni multiple comparisons test, asterisk used to denote

statistically significant differences. Results are shown as means + SEM (b, d, e). n.s. not significant.
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3.6. Microglial NLRP3-gasdermin D axis is critical in triggering BBB

disruption upon peripheral inflammation

To further understand the mechanism underlying NLRP3-GSDMD-mediated BBB
disruption, we generated the transgenic mice expressing various cell type-specific hyperactive
NLRP3 mutant-expressing (D301N) mice, in which the active form of NLRP3 is constitutively
expressed®’. We utilized the Cre-Lox system to generate mice expressing the hyperactive NLRP3
mutant specifically in CX3CR1-positive cells, including most myeloid cells and microglia, upon
tamoxifen administration. Remarkably, these mice showed a notable increase in Evans blue
leakage following peripheral LPS treatment, indicating that NLRP3 in microglia and other
myeloid cells plays a key role in inducing BBB disruption (Fig. 18 a). However, when the
hyperactive NLRP3 mutant was expressed specifically in astrocytes (Aldhll11* cells), no
significant effect on peripheral LPS-induced BBB impairment was observed (Fig. 18 b). To
investigate the contribution of microglial-specific NLRP3 activation to BBB disruption, we used
Tmem119-speicific NLRP3 mutant expressing mice. Tamoxifen injection in these mice led to
exclusive expression of the NLRP3 mutant in microglia, without affecting neutrophils or
monocytes. Importantly, repeated LPS injections lead to markedly elevated Evans blue leakage
in microglial NLRP3 mutant mice, underscoring the roles of microglial NLRP3 inflammasome in
regulation of BBB integrity (Fig. 18 c). Moreover, to investigate the involvement of microglial
GSDMD pore formation in BBB disruption, we established mice with microglial-specific deletion
of Gsdmd (Tmeml19-CreER; Gsdmd fl/fl). After tamoxifen administration, the absence of
GSDMD in microglia significantly attenuated Evans blue extravasation following repeated LPS
injection (Fig. 18 d). These findings indicate that NLRP3-GSDMD signaling within microglia is
a major driver of mediating BBB compromise under conditions of repeated peripheral
inflammation.

To evaluate the changes in Cxc/ chemokine expression, we measured the gene expression of
Cxcll and Cxcl2 in Gsdmd-, Nlrp3-, and 1l1r1-deficient mice (Fig. 19 a). In line with the observed
alterations in BBB integrity in each transgenic mice, upregulations of Cxc/ chemokines were
highly dependent on NLRP3-GSDMD axis but independent of IL-1R signaling (Fig. 19 b, ¢). To

further confirm this, we also observed a marked decrease in the Cxc! chemokine mRNA levels
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following repeated LPS injections in microglial-specific Gsdmd deficient mice, indicating the
involvement of microglial NLRP3-GSDMD axis in inducing chemokine expressions in the brain

following peripheral inflammation (Fig. 19 d, e).
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Fig 18. Microglial NLRP3 inflammasome activation is critical in peripherally induced BBB
disruption. (a) Explanations on NLRP3 levels in Cx3crl™ cells and non-Cx3crl* cells from control
and D301N mutant mice after tamoxifen administration. In mutant mice, D30IN mutant form is
expressed exclusively in Cx3crl* cells (microglia and peripheral myeloid cells). Control and mutant
mice administered two intraperitoneal injections of LPS (0.8 mg/kg) in 24 h intervals, and brain
tissues were collected 6 h post last injection for Evans blue assay. (n= 3 (PBS), 8 (cont LPS x2), 6
(mut LPS x2)). (b) Explanations on NLRP3 levels in Aldhl11* cells and non-Aldh111* cells from
control and D301N mutant mice after tamoxifen administration. In mutant mice, D301N mutant
form is expressed exclusively in Aldh111* cells (astrocytes). Control and mutant mice administered
two intraperitoneal injections of LPS (0.8 mg/kg) in 24 h intervals, and brain tissues were collected
6 h post last injection for Evans blue assay. (n= 3 (PBS), 5 (cont LPS x2), 7 (mut LPS x2)). (c)
Explanations on NLRP3 levels in Tmem119" cells and non-Tmem119* cells from control and
D301IN mutant mice after tamoxifen administration. In mutant mice, D30IN mutant form is
expressed exclusively in Tmem1197 cells (microglia). Control and mutant mice administered two
intraperitoneal injections of LPS (0.8 mg/kg) in 24 h intervals, and brain tissues were collected 6 h
post last injection for Evans blue assay. (n= 3 (cont PBS), 11 (cont LPS x2), 5 (mut PBS), 13 (mut
LPS x2)). (d) Explanations on GSDMD expressions in microglia and other cell types of control and
microglial-specific Gsdmd knockout mouse after tamoxifen treatment. Control and mutant mice
administered two intraperitoneal injections of LPS (0.8 mg/kg) in 24 h intervals, and brain tissues
were collected 6 h after last injection for Evans blue assay. (n =5 (Control), 3 (mutant)). Differences
among groups were performed through two-way ANOV A, subsequently analyzed using Bonferroni
multiple comparisons test or a two-tailed t-test assuming unequal group pairing, asterisk used to
denote statistically significant differences. Results are shown as means = SEM (a, b, ¢) (d). *P<0.05,

*¥*P<0.01, ***P<0.001, n.s. not significant.
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Fig 19. NLRP3-gasdermin D axis mediates chemokine expressions in the brain following
peripheral inflammation in an IL-1R signaling-independent manner. (a) Schematic of the
experimental design to assess comparative mRNA levels in the brain following peripheral LPS
stimulation of WT, Nlrp3”, Gsdmd'", and Il1rI”~ mice. Mice administered two intraperitoneal
injections of LPS (0.8 mg/kg) in a 24 h interval. Brain tissues were collected at 3 h and 6 h after the
final LPS injection. (b, ¢) Quantitative measurement of comparative Cxc// (b) and Cxcl2 (c) mRNA
expression following repeated LPS administrations as described in (a) using qRT-PCR. (b & ¢, n =
3 (WT PBS), 6 (WT 3 h), 5 (WT 6h), 4 (Nlrp3”, PBS, 6 h), 6 (Nlrp3”, 3 h), 3 (Gsdmd", PBS) 4
(Gsdmd™”, 3 h), 6 (Gsdmd”, 6h), 4 (Iliri"-, PBS, 3 h), 6 (IlIrl", 6h)). (d, e) Quantitative
measurement of comparative Cxcll (d) and Cxcl2 (e¢) mRNA levels in the brain following repeated
LPS injections in control and microglia-specific Gsdmd deficient mice. (6 h post last LPS treatment).
(d & e, n = 3 (PBS), 5 (LPS x2)). Differences among groups were performed through two-way
ANOVA, subsequently analyzed using Bonferroni multiple comparisons test, asterisk used to denote
statistically significant differences. Results are shown as means £ SEM (b, c, d, e). *P<0.05, **P<

0.01, ****P<(0.0001, n.s. not significant.
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3.7. Microglial NLRP3-gasdermin D-derived GDF-15 leads to

chemokine productions in brain

We hypothesized that certain molecules released through the microglial NLRP3-GSDMD
axis may contribute to BBB disruption. To identify the molecules released through the microglial
GSDMD pores, we conducted mass spectrometry-based proteomic analysis on the primary
cultured microglia isolated from WT and Gsdmd~’~ mice (Fig. 20 a). Microglia were treated with
LPS and ATP to induce the NLRP3 inflammasome activation in vitro, and the resulting
supernatants were collected and subjected to the proteomic analysis. We first filtered out proteins
that were upregulated independently of inflammasome activation, defined as those showing an
increase of more than 1.3 times higher in the ATP-only condition relative to PBS controls. Then,
by comparing LPS+ATP groups of WT and Gsdmd~ microglia, we identified top 11 candidate
proteins that are secreted via NLRP3-GSDMD axis in microglia (Fig. 20 b).

Among these proteins, GDF15 has been implicated in various brain disorders, including
Alzheimer’s diseases, ischemic stroke, or Parkinson’s disease, and it is recognized as a molecule
that exacerbates cognitive dysfunction by promoting brain inflammation’. Likewise, we observed
an upregulation of Gdf-15 mRNA expression and its protein level in the brain upon repeated LPS
injection, while these effects were abrogated in both Nlrp3” and Gsdmd”- mice (Fig 21 a-c).

To further validate the involvement of GDF-15 in vivo, we intravenously injected the
recombinant GDF-15 in WT mice (Fig. 22 a). We observed a significant elevation in the Cxc/
chemokine productions in brain tissue, which implies that GDF-15 induces upregulation of
neutrophil-recruiting chemokine expressions in the brain (Fig. 22 b, ¢). To confirm this, we treated
primary mixed glial culture with recombinant GDF-15 in vitro (Fig. 22 d). We observed the
significant upregulation in Cxc/ chemokines and Ccl2 expressions upon GDF-15 treatment,
suggesting the potential role of GDF-15 in driving immune cell recruitment into the brain (Fig.
22 e). Collectively, we observed chemokine mRNA levels in brain at 3 hours post LPS injection,
a time point when GDF-15 is released upon NLRP3 inflammasome activation, and this elevation

in chemokine expressions was highly NLRP3-GSDMD axis-dependent and IL-1f-independent.
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Fig 20. Microglial NLRP3-gasdermin D axis-derived molecules contribute to peripheral
inflammation-induced BBB disruption. (a) Experimental scheme of mass spectrometry-based
secretome analysis isolated from WT and Gsdmd”- microglia culture treated either with LPS at 0.25
pg/ml for 3 hours followed by ATP at 2.5 mM for 20 min or ATP treatment alone. (b) Heatmap
showing the relative levels of leading candidate proteins measured in the culture supernatants
collected as described in (a). “L+A” denotes “LPS + ATP”. Color intensity indicates a relative

abundance of candidate proteins.
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Fig 21. GDF-15 production in the brain following peripheral inflammation is NLRP3-
gasdermin D-dependent. (a) Scheme of the experimental design to assess GDF-15 levels in the
brain following peripheral LPS stimulation of WT, Nlrp3”-, and Gsdmd”’" mice. Mice administered
two intraperitoneal injections of LPS (0.8 mg/kg) in a 24 h interval. Brain tissues were isolated at 3
h or 6 h after the final LPS challenge. (b) Quantification of relative mRNA levels of Gdf15 in brain
tissues of WT and Nlrp3”-mice 3 and 6 hours after repeated LPS injections as described in (a) using
qRT-PCR. (n = 4 (WT PBS), 7 (all the other groups)). (¢) Quantitative measurement of protein
expressions of GDF-15 in brain tissues of WT, Nlrp3”, and Gsdmd’ mice 3 hours after repeated
LPS injections (n = 4 per group) as described in (a) using ELISA. Differences among groups were
performed through two-way ANOVA, subsequently analyzed using Bonferroni multiple
comparisons test, asterisk used to denote statistically significant differences. Results are shown as

means = SEM (b, ¢). *P<0.05, ***P<0.001, ****P<(0.0001, n.s. not significant.
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Fig 22. GDF-15 treatment leads to CXCL chemokine expressions in the brain. (a) Experimental
scheme of GDF-15 administration in mice. Mice administered an intravenous injection of
recombinant GDF-15 (2 ug/ mouse), and brain tissues were collected at 6 h post injection for protein
level quantification. (b, c¢) Quantitative measurement of CXCL1 (b) and CXCL2 (c) protein
expression levels in brain tissue lysates as described in (a) using ELISA. (n =4 (PBS), 5 (GDF15)).
(d) Experimental scheme of in vitro GDF-15 treatment in primary mixed glial cell cultures at a dose
of 100 ng/ml. Cells were harvested for quantification of relative mRNA levels 6 h after GDF-15
treatment. (e) Quantification of various CXCL (Cxcll, Cxcl2, Cxcl3, and Cxcl5) and CCL (Ccl2,
Cclll, Ccll3, and Cx3cll) chemokines mRNA levels in primary mixed glial cells as described in
(d). (n = 4 per group). “Unt” denotes “untreated.” Differences among groups were performed
through a two-tailed t-test assuming unequal group pairing, asterisk used to denote statistically
significant differences. Results are shown as means + SEM (b, c, e). *P< 0.05, **P< 0.01, ***P<

0.001, n.s. not significant.
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Fig 23. Summary illustrations on proposed mechanism underlying the central role of
microglial NLRP3-gasdermin D axis in peripheral inflammation-induced BBB disruption. (a)
Peripheral inflammation leads to robust proinflammatory cytokines in blood circulations. (b)
Microglial NLRP3 inflammasome is activated in response to peripheral inflammation, which in turn
leads to microglial GSDMD pore formations. (¢) Microglial NLRP3-GSDMD axis-derived GDF-
15 induces generations of CXCL chemokines (CXCL1 and CXCL2) in the brain. (d) These
chemokine productions further recruit neutrophils into the brain parenchyma. (e) Neutrophils-
derived MMP molecules (MMP8 and MMP9) promotes the disruption of BBB. (f) Microglial
NLRP3 inflammasome activation and subsequent neutrophils infiltrations exacerbate

neuroinflammation and immune cell infiltrations.
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4. DISCUSSION

Previous studies have reported that maintenance of BBB integrity plays crucial roles in
mediating neuroinflammation and neurological disorders!>'4. Therefore, elucidating the cellular
mechanisms governing BBB permeability can effectively prevent the disease progression and thus
contribute to its treatment. While cumulative studies have highlighted the importance of preserving
BBB integrity in the context of neuroinflammatory and neurodegenerative conditions, the precise
mechanisms through which peripheral inflammation compromises the BBB remained elusive. This
study provides new insight into this process by identifying a microglia-specific signaling pathway
that mediates peripheral inflammation-induced BBB disruption independently of classical cytokines.
Importantly, the identification of GDF-15 driven chemokine production and neutrophil chemotaxis
as key contributors to BBB breakdown reveals potential therapeutic targets. By intervening in this
microglia-mediated cascade, it may be possible to prevent the neurovascular changes that precede
or exacerbate neurological disease progression, thereby offering a new approach for treatment of
inflammatory CNS disorders.

Previous reports have relied on in vitro experiments using only endothelial cells, which have
limitations in understanding the complex interactions of the BBB-comprising cell types. To address
these limitations and understand the cellular processes that control BBB integrity, we aimed to
elucidate BBB disruption through direct analysis of changes in brain-resident glial and infiltrating
immune cells. We confirmed that one modest dose of LPS is insufficient to trigger detectable
changes in the brain microenvironment. Although peripheral inflammatory markers were
substantially elevated in the blood, multiple assays consistently demonstrated that brain remained
unaffected. Both Evans blue and sodium fluorescein assays showed that BBB permeability remained
unaffected under LPS x1 treatment conditions (Fig. 1). Additionally, ELISA and western blot
analyses revealed that brain cytokine levels were comparable to those observed in PBS-treated
controls (Fig. 2). Consistent with these findings, flow cytometry analysis indicated no increase in
immune cell infiltration into brain parenchyma upon single LPS treatment (LPS x1) (Fig 3). A recent
study investigating endothelial GSDMD-mediated BBB disruption provides important insights into
the mechanisms by which peripheral inflammation compromises BBB integrity. While it
emphasizes inflammasome activation under lethal conditions, our work particularly aims to explore

the involvement of inflammasome in relatively moderate, non-lethal inflammatory contexts,
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conditions that may better reflect the physiological settings relevant to many neurological disorders.
In non-lethal conditions, where endothelial cells are supported by surrounding astrocytes and
pericytes, we hypothesize that microglia are more readily activated than endothelial cells in response
to peripheral immune challenges. Supporting this, the scRNA-seq data reveal that microglia respond
to LPS stimulus at levels comparable to endothelial cells, underscoring the importance of microglia
as early responders to peripheral inflammatory signals and potential mediators of BBB dysfunction.
Collectively, these findings indicate that the cells comprising the BBB serve as an effective first-
line defense, preserving the central nervous system integrity in response to acute peripheral
inflammatory stimuli.

Although IL-1p and IL-18 have been widely recognized as key mediators of neuroinflammation
and neurotoxicity following inflammasome activation, our findings suggest that microglial NLRP3
inflammasome activation induces BBB disruption in an IL-1B-independent manner. Instead, we
identified GDF-15 as a novel secretory factor released via the microglial NLRP3-GSDMD axis in
response to peripheral inflammation. Corroborating these findings, we observed a robust increase in
GDF-15 levels in the brain as early as 3 hours following repeated LPS injection, which is
highlyNLRP3 activation-dependent. This early upregulation of GDF-15 preceded and likely
contributed to the production of CXCL chemokines, thereby facilitating neutrophil recruitment. Our
study highlights GDF-15 as a previously unrecognized effector downstream of microglial
inflammasome activation that plays a critical role in mediating BBB disruption. Previous studies
have firmly established IL-1p as a key pro-inflammatory cytokine in disease pathogenesis, with its
dysregulated expression contributing to tissue damage and inflammation across multiple
conditions’7. The therapeutic efficacy of IL-1 receptor antagonists, such as anakinra, has been
demonstrated in various inflammatory diseases including rheumatoid arthritis, cryopyrin-associated
periodic syndromes, and recurrent pericarditis’®’%. These findings underscore the central role of IL-
1B-mediated inflammation in disease progression and highlight the clinical success of targeting the
IL-1 pathway for therapeutic intervention. However, our current study reveals a distinct mechanistic
pathway whereby GDF-15, rather than IL-1p, plays a pivotal role in BBB disruption. This GDF-15-
mediated BBB disruption mechanism occurs independently of IL-1f, as IL-1p was not required for
NLRP3-GSDMD-mediated barrier dysfunction. Given that GDF-15 has emerged as a promising
therapeutic target with neutralizing antibodies showing clinical efficacy in cancer immunotherapy

and cachexia treatment, GDF-15 inhibition represents a novel and potentially effective therapeutic
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approach for neurological conditions that involve BBB disruption.

Within the central nervous system, GDF-15 plays crucial neuroprotective and homeostatic roles.
GDF-15 promotes neuronal survival and differentiation during embryonic neuronal development
and regulates adult hippocampal neurogenesis by promoting neural stem cell proliferation and
migration. Additionally, GDF-15 has been implicated in enhancing synaptic transmission and
modulating neural circuits involved in functions such as appetite regulation. Given its broad
involvement in maintaining neuronal health and function, systemic inhibition of GDF-15 could lead
to adverse effects by disrupting homeostatic processes essential for neuronal development and
maintenance. Therefore, a more nuanced understanding of context-specific roles of GDF-15 is
essential for developing therapies targeting GDF-15.

It has long been proposed that circulating pro-inflammatory cytokines like IL-1p, IL-6, and
TNFa compromise BBB integrity by directly targeting endothelial cells. This effect is thought to
occur primarily through the downregulation of cell-cell junction components and adhesion
molecules, as demonstrated in various in vitro models. This is mainly attributed to the anatomical
localization of endothelial cells, which are in direct contact with blood-borne inflammatory
mediators within the vascular lumen. However, given the structural complexity and resilience of the
BBB in vivo, we speculated that cytokines alone may not be sufficient to induce significant barrier
disruption. To prove this hypothesis, we intravenously administered a mixture of IL-1p, IL-6, and
TNFa - mimicking the cytokine productions observed during peripheral inflammation - to wild-type
and Nlrp3-deficient mice. While wild-type mice exhibited apparent BBB leakage, Nirp3 knockout
mice retained intact barrier function in response to cytokine exposure. These findings suggest that
circulating cytokines are less likely to directly disrupt the BBB integrity through stimulating
endothelial cells but rather act via a mechanism dependent on NLRP3 inflammasome activation.
Additional experiments using conditional knockout mice further confirmed that microglial NLRP3
inflammasome is a major driver of mediating BBB disruption under inflammatory conditions.
Together, these results challenge the conventional view that cytokine-mediated endothelial injury is
the primary cause of BBB disruption and instead underscore the pivotal role of CNS-resident
immune responses - particularly microglial NLRP3 activation - as key drivers of BBB impairment.

Although the BBB plays the role of a structural and functional barrier that limits the entry of
peripheral substances into the CNS, our findings suggest that BBB disruption is more likely to occur

as a consequence of microglial activation rather than direct damage from circulating cytokines or
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other blood-mediated molecules. However, the precise mechanisms by which peripheral
inflammation leads to microglial NLRP3 inflammasome activation remain unclear. In particular, it
is not yet known which specific factors, probably cytokines or endogenous ligands, act as upstream
ligands to trigger inflammasome activation in microglia. Given the molecular size and limited half-
life of systemically administered LPS, it is unlikely that LPS directly enters the brain parenchyma.
Therefore, we speculate that microglial NLRP3 activation in this context is mediated by unidentified
signals associated with sterile inflammation. Further studies should focus on identifying the
molecular mediators that bridge peripheral inflammation and microglial inflammasome activation.
Elucidating these pathways will be helpful for advancing our understanding of the initial events
occurrence that cause BBB disruption and for developing the upstream-targeted therapeutic
strategies.

Interestingly, we have observed a notable increase in astrocyte numbers in
immunohistochemical analyses. While this finding suggests that astrocytes may respond differently
to inflammatory stimuli, the functional significance of their proliferation or activation in the context
of BBB disruption remains unclear. To explore the potential involvement of astrocytes, we
employed a transgenic mouse where NLRP3 D301N mutant form is expressed specifically in
astrocytes. However, this manipulation did not result in significant differences in BBB integrity
compared to control mice, suggesting that astrocytic NLRP3 is not a major contributor to BBB
breakdown. Nevertheless, it remains possible that astrocytes exert other regulatory roles independent
of NLRP3 activation, such as modulating the inflammatory responses or participating in BBB repair
processes. Further investigation is warranted to delineate the broader functional roles of astrocytes
under peripheral inflammatory conditions.

Repeated LPS administration induced a disruption of the BBB that persisted for at least 24
hours after the second injection. This pattern indicates that the inflammatory insult does not lead to
chronic BBB impairment. It is plausible that endogenous repair mechanisms are activated following
the damage to restore vascular integrity. Further studies will be required to identify the specific
cellular and molecular processes involved in this recovery phase.

While our findings strongly suggest that neutrophil-derived MMPs play a pivotal role in BBB
disruption following peripheral inflammation, several limitations remain in directly validating this
mechanism. Although we observed active infiltration and perivascular accumulation of neutrophils

in the brain using two-photon in vivo imaging after repeated LPS injections, we were unable to
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clearly demonstrate their adhesion to the brain vasculature or the localized secretion of MMPs at 3
to 6 hours post LPS injection, the time point when BBB disruption is observed. Moreover, although
the MMP inhibitor ilomastat effectively alleviated BBB impairment, it remains uncertain whether
this compound sufficiently penetrates the BBB. Therefore, we cannot completely rule out the
possibility that MMP inhibition occurred outside the BBB rather than within the brain parenchyma.
Importantly, the use of a CXCR2 antagonist, which blocks neutrophil chemotaxis, also significantly
rescued BBB integrity, further supporting the critical role of recruited neutrophils in this process.
Despite the lack of direct visualization of MMP release, the convergence of evidence from
neutrophil depletion, CXCR2 blockade, and MMP inhibition strongly supports our conclusion that
neutrophil-derived MMP activity contributes significantly to BBB breakdown. Future studies
employing higher-resolution imaging or reporter systems for MMP activity could provide more

definitive evidence for this proposed mechanism.
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5. CONCLUSION

Peripheral inflammation can affect BBB integrity, yet only little is known about its precise
cellular mechanism. While it is previously known that peripheral inflammation affects BBB-
comprising cells, our study demonstrated novel roles of microglial NLRP3-GSDMD pathway in
BBB disruption triggered by peripheral inflammation and suggested a potential effector mechanism
involving molecules generated by NLRP3 activation and their subsequent effects in this process. In
brief, Peripheral inflammation results in increased productions of proinflammatory cytokines in the
blood. These cytokines and other inflammatory mediators induce microglial NLRP3 inflammasome
activation, and we identified GDF-15 to be the key molecules that are released via GSDMD pores,
stimulating the productions of CXCL-related chemokines in the brain. The resulting CXCL
chemokines act as chemoattractant, guiding circulating neutrophils toward brain blood vessels. Then,
neutrophil-derived MMPs trigger the loss in BBB integrity, allowing their infiltration into the brain
parenchyma. Infiltrated neutrophils further degrade BBB integrity by releasing MMP8 and MMP9,
exacerbating neuroinflammation. Despite our findings on the precise cellular processes underlying
peripheral inflammation-induced BBB disruption, we have yet to uncover the specific ligand that
activates microglial NLRP3 inflammasome in the brain. Nonetheless, our study clearly demonstrates
the pivotal roles of microglia in mediating brain inflammation through the regulation of BBB
integrity. These results offer significant implications for understanding a variety of
neuropathological conditions, such as Alzheimer’s disease, Parkinson’s disease, and epileptic
seizure, wherein neuroinflammation and BBB dysfunction are central pathophysiological factors.
Our study highlights the critical roles of microglia as the primary resident immune cells within the
brain and proposes potential therapeutic targets for mitigating neuroinflammation and BBB

impairment.
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