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Extracellular vesicles in sepsis plasma R

mediate neuronal inflammation in the brain
through miRNAs and innate immune signaling
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Abstract

Background Neuroinflammation reportedly plays a critical role in the pathogenesis of sepsis-associated encepha-
lopathy (SAE). We previously reported that circulating plasma extracellular vesicles (EVs) from septic mice are proin-
flammatory. In the current study, we tested the role of sepsis plasma EVs in neuroinflammation.

Methods To track EVs in cells and tissues, HEK293T cell-derived EVs were labeled with the fluorescent dye PKH26.
Cecal ligation and puncture (CLP) was conducted to model polymicrobial sepsis in mice. Plasma EVs were isolated
by ultracentrifugation and their role in promoting neuronal inflammation was tested following intracerebroven-
tricular (ICV) injection. miRNA inhibitors (anti-miR-146a, -122, -34a, and -145a) were applied to determine the effects
of EV cargo miRNAs in the brain. A cytokine array was performed to profile microglia-released protein media-

tors. TLR7- or MyD88-knockout (KO) mice were utilized to determine the underlying mechanism of EVs-mediated
neuroinflammation.

Results We observed the uptake of fluorescent PKH26-EVs inside the cell bodies of both microglia and neurons.
Sepsis plasma EVs led to a dose-dependent cytokine release in cultured microglia, which was partially attenuated

by miRNA inhibitors against the target miRNAs and in TLR7-KO cells. When administered via the ICV, sepsis plasma
EVs resulted in a marked increase in the accumulation of innate immune cells, including monocyte and neutrophil
and cytokine gene expression, in the brain. Although sepsis plasma EVs had no direct effect on cytokine production
or neuronal injury in vitro, the conditioned media (CM) of microglia treated with sepsis plasma EVs induced neuronal
cell death as evidenced by increased caspase-3 cleavage and Annexin-V staining. Cytokine arrays and bioinformatics
analysis of the microglial CM revealed multiple cytokines/chemokines and other factors functionally linked to leuko-
cyte chemotaxis and migration, TLR signaling, and neuronal death. Moreover, sepsis plasma EV-induced brain inflam-
mation in vivo was significantly dependent on MyD88.

Conclusions Circulating plasma EVs in septic mice cause a microglial proinflammatory response in vitro and a brain
innate immune response in vivo, some of which are in part mediated by TLR7 in vitro and MyD88 signaling in vivo.
These findings highlight the importance of circulating EVs in brain inflammation during sepsis.
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Introduction
Sepsis is a serious clinical syndrome caused by a dys-
functional host response to invading pathogens and is
characterized by marked systemic inflammation, hemo-
dynamic instability, coagulopathy, and multiorgan failure
[1]. Sepsis-induced brain dysfunction, known as sepsis-
associated encephalopathy (SAE), occurs in more than
half of septic patients in the intensive care unit (ICU)
and is considered one of the predominant causes of
encephalopathy in these settings [2]. SAE induces a wide
spectrum of brain dysfunctions, from delirium to coma.
Cognitive impairment and psychological disorders fre-
quently emerge as long-term consequences among sepsis
survivors [2—4]. Moreover, SAE also serves as an inde-
pendent predictor of mortality in sepsis [5]. Despite the
well-documented clinical spectrum of SAE [6], specific
treatments are still lacking in part due to the complex
molecular mechanism leading to SAE.
Neuroinflammation is reportedly the key pathophysi-
ology of SAE and includes activation of central nervous
system (CNS) resident cells such as microglia and astro-
cytes, blood—brain barrier (BBB) disruption, infiltration
of peripheral innate immune cells, and influx of proin-
flammatory damage molecules [7-9]. Proinflammatory
responses by microglia are known to potentiate neuronal
apoptosis and influence synaptic function to contribute
to neuronal dysfunction and cerebral edema in sepsis
[10, 11]. The molecular signaling that controls the CNS
innate inflammation during sepsis is the focus of intense
investigations in the field. We have previously demon-
strated that extracellular microRNAs (ex-miRNAs),
including miR-146a, miR-122, miR-34a, and miR-145a,
are markedly increased in the plasma of septic humans
and animals, where they functions as danger-associated
molecular patterns (DAMP)[12]. These ex-miRNAs are
capable of inducing cytokine and chemokine production,
activating immune cell migration, disrupting cell junc-
tions in the lung [13], and inducing brain inflammation
[14]. Most recently, we identified a critical role of miR-
146a in brain inflammation and neurological dysfunc-
tion in an animal model of SAE, in which it functions
as a host-derived damager molecule and innate immune
activator that acts through Toll-like receptor 7 (TLR7),
a single-stranded RNA (ssRNA) sensor [14]. Moreover,
TLR7 has also been shown to contribute to inflamma-
tion, coagulopathy, organ injury, and mortality in murine
sepsis [13—17]. MyD88, an adaptor molecule essential for

the signal transduction of multiple TLRs including TLR7
but not TLR3, is known to mediate systemic inflamma-
tion, cardiac dysfunction, and mortality in sepsis [18].

Extracellular vesicles (EVs) are heterogeneous mem-
brane-bound particles secreted into the extracellular
space that carry diverse cargo, including biologically
active proteins, lipids, and nucleic acids such as miRNAs
[19]. Since EVs serve as plasma carriers of ex-miRNAs,
it is plausible that EVs may contribute to inflammatory
injury both systemically and locally such as in the brain
of sepsis mice. Alteration of circulating EVs in sepsis has
been suggested to contribute to inflammation, coagu-
lopathy, and delirium [20-24]. We recently characterized
plasma EV dynamics at acute, subacute, and chronic time
points after cecal ligation and puncture (CLP) in young
adult mice and showed that EVs derived from septic mice
can cause an inflammatory response [24]. However, the
function and mechanism of plasma EVs in neuroinflam-
mation and neuronal injury during sepsis are not well
understood.

In the present study, we tested the hypothesis that
sepsis-derived plasma EVs induce microglial activation,
neuronal injury, and brain neuroinflammation through
TLR signaling. To achieve this, we tracked the uptake of
fluorescence-labeled EVs by macrophages, microglia and
in the intact brain after local and intravenous administra-
tion. The effects of sepsis plasma EVs were evaluated in
primary cultures of microglia, astrocytes, and neurons.
In vivo, the impact of circulating EVs derived from septic
mice on the brain was examined in the absence and pres-
ence of the TLR7 or MyD88 genes.

Materials and methods

Animals

Male 9-12-week-old WT (C57BL/6]J, stock no. 000664)
and TLR7™/~ (TIr7™ /), stock no. 008380) mice were
purchased from the Jackson Laboratories (Bar Harbor,
ME), bred, and housed in an animal facility at the Uni-
versity of Maryland School of Medicine (Baltimore, MD).
MyD88~/~ mice were obtained from Kawai and col-
leagues [25]. All mice were housed in a specific patho-
gen-free environment with a 12-h/12-h light—dark cycle
and free access to bacteria-free water and food. The use
of animals was approved by the Institutional Animal Care
and Use Committee of the University of Maryland School
of Medicine (Baltimore, MD) and followed the guidelines
of the National Institutes of Health (Bethesda, MD). All
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mice purchased from Jackson Laboratories were housed
in the animal facility for at least one week before the
experiment.

Labeling and tracking of EVs

EV labeling

To track the localization of EVs in cells and in the brain,
EVs derived from HEK293T cell culture media (293EVs)
[26] were labeled with PKH26 lipophilic dye (PKH26 red
fluorescent cell linker kit, cat. no. NIMI26, Millipore-
Sigma, St. Louis, MO) following the manufacturer’s
instructions. Free PKH26 was cleared with cold DPBS
using a 100 K spin column (Amicon centrifugal filter,
Millipore Sigma), as reported previously [27]. In the con-
trol group, PKH26 dye was prepared following the same
procedure without EVs.

Localization of labeled EVs in cultured cells

The RAW 264.7 (ATCC) macrophages and the primary
cultured microglia were seeded in 8-well glass cham-
ber slides (Lab-Tek II, Nunc) and treated with freshly
labeled PKH26-EVs at 2.5x10° particles/mL at 37 °C
with 5% CO, overnight. The cells were fixed with 4%
PFA for 15 min at room temperature. The slides were
washed with cold-DPBS three times and mounted with
the mounting medium containing DAPI (Shield Medium,
Thermo Fisher Scientific). The cellular localization of
PKH26-EVs was observed under a confocal microscope
(Ti2, Nikon, Japan) and analyzed with the software NIS
Element (Nikon, Japan).

Tracking EVs in the brain

PKH26-EVs were administered to naive mice in vivo
either by intravenous (IV) injection via the tail veins at
a dose of 2x10° particles per mouse based on previous
studies [28] or by intra-cerebroventricular (ICV) injec-
tion at a dose of 8 x 10% particles per mouse in a volume
of 5 pL. Mice were euthanized and perfused with 25 mL
of saline followed by 25 mL of 4% paraformaldehyde
(Thermo Fisher Scientific) through the left ventricle of
the heart 1 h after IV injection or 2 and 18 h after ICV
injection. Brains were collected and fixed in paraformal-
dehyde for 24 h and subsequently soaked in 15% sucrose
followed by 30% sucrose solutions at 4 °C until the tissues
settled at each step. The dehydrated brains were embed-
ded in a medium, frozen on a cryostat chuck inside of the
cryostat, and cryosectioned at 20 um using a Cryostat
CM3050 (Leica biosystems). The brain tissue sections
were stained with the following specific markers: Ibal for
microglia (Wako, Japan), GFAP for astrocytes (Thermo
Fisher Scientific), neuronal nuclear antigen (NeuN) for
neurons (Cell Signaling Technology, Danvers, MA), and
DAPI (Fluoshield with DAPI, Sigma-Aldrich) for nuclei.
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Images were collected using a confocal microscope and
analyzed using the NIS-Element (Nikon, Japan).

Administration of PKH26-EVs via ICV or IV

The mice were anesthetized with an intraperitoneal (IP)
injection of ketamine (120 mg/kg) and xylazine (4 mg/
kg). The ICV administration of EVs was conducted using
a stereotaxic apparatus, as reported previously [14].
Briefly, the stereotactic coordinates were as follows:
from bregma anteroposterior, —0.5 mm; mediolateral,
—1.0 mm; and dorsoventral, —2.0 mm. The injection was
accomplished using a 30-gauge needle adhered to a Ham-
ilton syringe, with 8 x 10% EV particles per brain in a final
volume of 5 puL. IV administration was performed using a
30-gauge needle with 2x 10° particles per mouse via the
tail veins. The EVs were diluted in 200 pL of sterile saline
immediately before the IV injection.

Polymicrobial sepsis model

The cecal ligation and puncture (CLP) model was per-
formed in the morning as previously described [13, 29].
In brief, mice were anesthetized by a IP administration
of ketamine (120 mg/kg) and xylazine (4 mg/kg). After
laparotomy, the cecum was ligated 1.5 cm from the tip
and punctured through with an 18-gauge needle. Feces
2-3 mm in height were squeezed out and the cecum
returned to the abdominal cavity. Sham-operated mice
were subjected to general anesthesia and laparotomy but
without CLP. Postoperatively, mice were subcutaneously
administered with pre-warmed saline (0.3 mL/10 g).
Bupivacaine (3 mg/kg) and buprenorphine (0.1 mg/kg)
were given preemptively by subcutaneous injection to
alleviate pain. Rectal temperature was taken to measure
the sepsis severity, and blood and tissue samples were
collected 24 h after surgery after euthanization using
injectable anesthetics (Ketamine (80-150 mg/kg)/Xyla-
zine (8-15 mg/kg), IP) followed by exsanguination via
cardiac puncture.

Primary cell cultures

Glial cell culture

Cerebral cortex of neonatal mice (1-2 days old) was
used to isolate microglia and astrocytes as previously
described [30]. After euthanasia, the cerebral cortex was
collected in chilled HBSS (Gibco, Waltham, MA) and
gently dissociated using papain and DNase I (Roche,
Sigma, St. Louis, MO). The dissociated single cells were
grown in a T75 flask precoated with poly-D-lysine (PDL)
in the complete glia media (Dulbecco’s modified Eagle’s
medium (DMEM)/F12 supplemented with 10% FBS and
1% penicillin-streptomycin) at 37 °C with 5% CO, for
10-14 days. Once cells had grown to confluence, the
flasks were shaken at 100 rpm for 1 h at 37 °C, and the
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floating microglia were collected and cultured for speci-
fied experiments.

Neuronal cell culture

Mouse cortical neurons were derived from mouse
embryonic (E) 16 to E18 cortices as described previously
[31]. Single neuronal cells were dissociated by enzymatic
reaction with Collagenase/Dispase (40 pg/mL, Roche,
Sigma, St. Louis, MO) and DNase I (0.6 mg/mL, Roche)
and by mechanical force using pipettes. The cells were
seeded into PDL-coated culture plates in a Neuroba-
sal medium including B-27 supplement (Gibco, Thermo
Fisher Scientific). Cell number of 1~2x10° cells/well
(6-well plate) were plated for western blotting. One week
after the seeding, the neuronal cultures were used for
further analysis.

CLP EV isolation and quantification

CLP EVs were isolated from the plasma of sham and
CLP mice by ultracentrifugation, as we described previ-
ously [24]. In brief, EDTA-anticoagulant plasma was pre-
pared by centrifugation, diluted with an equal volume
of sterile, cold DPBS, and then centrifuged at 12,000xg
at 4 °C for 30 min. The supernatant was diluted in cold-
DPBS and transferred to a polycarbonate ultracentrifuge
tube for ultracentrifugation at 110,000xg at 4 °C for 1 h
(Optima MAX-XP ultracentrifuge, Beckmann Coulter
with MLA-80 rotor). Following centrifugation, the super-
natant in the ultracentrifuge tube was discarded carefully,
leaving approx. 100 pl of the solution retained. The pel-
let containing EVs was then resuspended in the remain-
ing solution in the tube. The EVs were quantified using
ViewSizer® 3000 nanoparticle tracking analysis system
(Horiba Instruments, Irvine, CA), aliquoted, and stored
at —80 °C immediately for future experiments. For treat-
ment, EVs were pooled after isolation from the plasma of
5-6 mice within the same group. Notably, the isolation of
EVs was conducted using aseptic techniques.

EV treatment in vitro and in vivo

EV treatment in vitro

Primary microglia, astrocytes, and neurons were incu-
bated with sham or CLP plasma EVs at various con-
centrations at 37 °C with 5% CO, overnight. Following
treatment, the supernatant was collected and ELISAs for
CXCL2, TNFq, and IL-6 (Duo set ELISA kit, R&D sys-
tems, Minneapolis, MN) were performed following the
manufacturer’s instructions. For anti-miRNA treatment
in microglial cultures, miRCURY LNA miRNA Power
Inhibitors (Qiagen) against miR-146a, -122, -34a, and
-145a (200 nM of anti-miRNA mixture with 50 nM each
miRNA) or control oligos (200 nM) were preincubated
with EVs one hour before being administered to the cell
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cultures. LPS (50 ng/mL, Sigma) and R837 (100 ng/mL,
InvivoGen) were used as positive controls.

EV treatment in vivo

Sham and CLP EVs, each with 8x10% particles, were
administered to the brain (13) via ICV injection. The
operators (JH, ZL) for injection were blinded to the rea-
gents and strain information of the mice. Sixteen to 22 h
after injection, the cerebral cortex and hippocampus
were harvested for flow cytometry and qRT-PCR analy-
ses. The operators (LZ, FC, JH, JZ, CP, BR) processing
the brains and performing the experiments were blinded
to both reagents and the mouse strains until all the data
analyses were completed.

Flow cytometry

Mice were euthanized as described above and perfused
with 25 mL of saline at 16—22 h after the administra-
tion of EVs. The isolated cerebral cortex and hippocam-
pus were crushed mechanically using a 1 mL syringe
and enzymatically in DMEM containing 10% EFBS, colla-
genase/dispase (1 mg/mL), papain (12 U/mL), and DNase
I (1 mg/mL) at 37 °C with shaking at 150 rpm for 50 min.
All the enzymes were purchased from Roche, Sigma, St.
Louis, MO. The cell suspension was filtered through a
70 uM cell strainer followed by 30 and 70% Percoll gra-
dient isolation (Percoll Plus, Cytiva, Sigma). The isolated
single cells were stained with a viability dye, Zombie Red
(Invitrogen, Waltham, MA) followed by an Fc receptor
blocker, anti-CD16/32 antibody (cone: 93, Cat#: 14-0161-
85, Invitrogen), prior to staining for cell surface mark-
ers including CD45-efluro 450 (Clone: 30-f11, Cat #:
48-0451-82, Invitrogen), CD11b-BV480 (Clone: M1/70,
Cat #: 566149, BD bioscience, San Jose, CA), Ly6G-
BV421 (Clone: 1A8, Cat #: 562737, BD bioscience), and
Ly6C-PE (Clone:HK1.4, Cat #: 128007, Biolegend, San
Diego, CA) for 20 min at 4 °C. Subsequently, the cells
were fixed and permeabilized with intracellular fixation
and permeabilization buffer (Invitrogen) and subjected
to staining with intracellular cytokine antibodies includ-
ing TNF-a-PE-Cy7 (Clone: MP6-XT22, Cat #: 506323,
Biolegend), IL1-B-PerCP-efluro710 (Clone: NJTEN3, Cat
#: 46-7114-82, Invitrogen), and IL-6-APC (Clone: MP5-
20F3, Cat #: 504508, Biolegend) for 20 min at 4 °C. A
fluorescence minus one (FMO) control was used to deter-
mine the gating strategy for intracellular cytokines. Data
were acquired on a Cytek Aurora (Cytek, Fremont, CA)
flow cytometer and analyzed by FlowJo (BD Biosciences).

RNA isolation and qRT-PCR

RNA was isolated from the cerebral cortex and hip-
pocampus using TRIzol (Sigma) and quantified by
Nanodrop (Thermo Scientific). One microgram of
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RNA was transcribed to cDNA using M-MLV reverse
transcriptase and random hexamer primers per the
manufacturer’s instructions (Promega, Madison, WI).
Quantitative real-time PCR was performed using the
GoTaq SYBR qPCR master mix (Promega, Madison,
WI) in a QuantiStudio3 PCR cycler (Applied Biosys-
tems, ThermoFisher Scientific), as described previously.
Following are the PCR primer sequences: GAPDH
(Forward: 5-AACTTTGGCATTGTGGAAGG-3,
Reverse: 5~ GGATGCAGGGATGATGTTCT-3");
TNFa (Forward: 5'CTGGGACA- GTGACCTGGACT
-3, Reverse: 5 -GCACCTCAGGGAAGAGTCT-G-
3"), IL-1B (Forward: 5 GCCCATCCTCTGTGACTC
AT-3’, Reverse: 5 -AGGCCACAGGTA- TTTTGT
CG-3’), IL-6 (Forward: 5° -AGTTGCCTTCTTGGG
ACTGA-3’, Reverse: 5'-TCCA- CGATTT- CCCAGA
GAAC-3"), CXCL2 (Forward: 5-CCGCTGTTGTGG
CCAGTGAACTGC-G-3’, Reverse: 5 TTAGCCTTG
CCTTTGTTCAGTAT3’). Transcript expression was
calculated using the comparative Ct method normal-
ized to GPDAH (272Ct) and expressed as the fold
change in the treatment group over the control.

Neuronal cell apoptosis

Neuronal treatment and caspase-3 immunoblotting

Primary neuronal cells in 6-well plates were incu-
bated with (1) conditioned media (CM) collected from
microglial cultures treated with sham EVs or CLP EVs
at 2.5x10° particles/mL, (2) sham EVs or CLP EVs
(2.5%x10° particles/mL) alone, and (3) bafilomycin Al
(10 nM, Sigma). Sixteen hours after the treatment, the
neuronal cells were washed with chilled DPBS and
lysed for western blot with NP-40 lysis buffer, contain-
ing 50 mM Tris—HC]I, pH 8.0, 150 mM NaCl, 1% NP-40,
1 mM EDTA, 0.25% Na-deoxycholate, and complete
protease inhibitor cocktail (Roche). Protein concentra-
tion was quantified by a Pierce BCA quantification assay
(Thermo Scientific), and 60 ug of protein lysate was frac-
tionated by SDS-PAGE (4-20% TGX stain-free gel, Bio-
Rad). Proteins were transferred to a PVDF membrane
using a semi-dry transfer unit, Trans-blot Turbo (Bio-
Rad), at the default setting for low molecular weight pro-
teins. Membranes were blocked with 10% nonfat milk
containing 0.1% Tween 20 in Tris-buffered saline and
then blotted with anti-cleaved caspase 3 antibody (Cat.
#: 9664, 1:1,000, Cell Signaling, USA) at 4 °C overnight,
followed by incubation with a HRP-conjugated second-
ary antibody (1:1000, Cell Signaling). Membranes were
developed with Forte Western HRP substrate (Millipore
Sigma), and proteins were visualized using a ChemiDoc
imager (Bio-Rad). The intensity of the images was ana-
lyzed using Fuji Image J.
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Annexin V staining

Primary neuronal cells were seeded in chambered boro-
silicate cover glass (Lab-Tek, Thermo Scientific) and
incubated with conditioned media from microglia treated
with sham EVs or CLP EVs as described above, and
bafilomycin Al (10 nM) for 16 h. Annexin-V (Annexin-
V-FITC Fluorescence microscopy kit, Cat #: 550911, BD
Pharmingen) and Hoechst 33258 (2 ul/mL, Sigma) were
stained at room temperature for 15 min while protected
from light, followed by washing with cold-PBS and cold-
assay buffer provided in the kit. The images were col-
lected using fluorescence microscopy (Ti Eclipse, Nikon)
and analyzed with NIS Element (Nikon).

Cytokine array and pathway enrichment analysis

Proteome Profiler, Mouse XL Cytokine Array Kit (Cat #:
ARY028, R&D Systems) was used to analyze the media
from EVs-treated microglial cultures. The expression
levels were measured by blot density and quantified
using Image]. Proteins with a fold change (CLP-EVs/
Sham-EVs) >1.2 were transformed into corresponding
genes for Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment
analysis using SRplot (https://www.bioinformatics.com.
cn). Metascape analysis (http://metascape.org) was per-
formed to identify gene types, such as the Entrez Gene
ID. Proteins with an expression fold change (CLP-EV/
Sham-EVs) >1.5 were selected for GO membership term
analysis through Metascape. Gene lists from differentially
expressed proteins following the treatment of sham-EVs
and CLP-EVs were subjected to custom analysis. GO
chord plots were analyzed and visualized using SRplot
(https://www.bioinformatics.com.cn). A dot graph
ranked by statistical significance was used to display the
top enrichment clusters.

Luminex analysis

Media from microglia cultures treated with sham or CLP
plasma EVs at 2.5x10° EVs/mL were analyzed using
a Luminex Multiplex Assay from R&D Systems with
Luminex 200 instrument (Luminex xMAP Technology)
following the manufacturer’s instructions. Luminex xPO-
NENT software was used for data analysis.

Statistical analysis

All mice were randomly assigned to each group. All
in vitro analyses were replicated in duplicate or triplicate
with fully independent runs on separate days. The treat-
ment groups in both in vivo and in vitro were blinded.
Unblinding occurred only after all data collection and
data entry had been completed. Statistical analysis was
performed using GraphPad Prism 9 software (GraphPad
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Software, La Jolla, CA, USA). The normality of all numer-
ical data was assessed using the D’Agostino-Pearson test
or Kolmogorov—Smirnov test. A parametric test was
used if the hypothesis of normality was not rejected.
Nonparametric Mann—Whitney U tests were applied to
the data that did not pass the normality test. For multiple
group comparisons, one-way ANOVA with Tukey’s post
hoc test or two-way ANOVA with Bonferroni’s post hoc
test was applied when the data met the two assumptions:
normal population distribution and equal variance. If the
data did not satisfy the assumptions, we performed an
ANOVA analysis after the data were transformed into log
format or the Kruskal-Wallis test. Data were presented
as mean + SEM unless stated otherwise. Differences were
considered significant at a p-value <0.05 according to
two-tailed tests.

Results

EVs uptake by brain cells

To track EVs in cells and tissues, we labeled HEK293T
cell-derived EVs with the lipophilic fluorescent dye
PKH26 and purified PKH26-EVs by removing free
PKH26 dye through filtration (Fig. 1A). The cellular
uptake of EVs was then examined by incubating RAW
macrophages and microglia with fluorescent PKH26-
labeled EVs (Fig. 1A). In both cell types, the PKH26-
293EVs were engulfed and localized in the cytoplasm
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(Fig. 1B, C, top panels). In contrast and as a control, the
red fluorescent signals of PKH26 alone were not nota-
bly distributed inside the cytoplasm (Fig. 1B, C, bot-
tom panels). In vivo, we tested two approaches of EVs
administration—ICV and IV injections—and tested
their brain distribution. PKH26-293EVs (8x10% par-
ticles) were directly injected into naive mouse brains
via the ICV (Fig. 2A, B). EVs signals were assessed at
both 2 and 18 h after injection to capture the dynamic
changes. At 2 h post-injection, F-Actin (purple, com-
ponent of cytoskeleton of cell) and PKH26-293EVs (the
red fluorescence) were co-detected near the injection
site compared to PBS control (Fig. 2A). Eighteen hours
after the ICV injection, immunohistochemistry stain-
ing observed that the cells colocalizing with the EVs
were microglia stained by Iba-1 and neurons stained
by NeuN (Fig. 2B). EVs were in close contact with
astrocytes marked by GFAP (Fig. 2B). To test if EVs
penetrate the brain through BBB and localize in brain
cells, the PKH26-293EVs (2x 10° particles) were sys-
temically injected through tail vein. One hour after the
injection, the solid red signals were detected inside the
Iba-1-positive microglia and NeuN-positive neurons,
as shown in the magnified images (Fig. 2C). Consist-
ent with ICV injection, fluorescence-labeled EVs were
found in close contact with GFAP-positive astrocytes
but rarely inside of cell body (Fig. 2D). To verify that

B Macrophage

A /
EVs from HEK culture PKH26 Macrophage or Microglia . \
(293 EVs) S
N1 Merge [
50 ym \\\

4 PKH26-293EVs

Va

N 7

. 7 C Microglia

PKH26-labelded

293EVs Uptake of EVs

Remove free PKH26

/
/
/
/
\
\
\
\
\
\
50 ym 50 ym

Merge 4
%] .
/
/
\\
\
\
\
\
50 ym ]

Fig. 1 Internalization of PKH26-labeled EVs in RAW macrophages and microglia. A Schematic depicting experimental setup. EVs were isolated
from HEK293T cultures using ultracentrifugation and labeled with PKH26 (PKH26-293EVs). Cells were incubated with either PKH26-293EVs (2.5 x 10°
particles/mL) or the same concentration of PKH26 alone without EVs at 37 °C and imaged using a confocal microscope (Ti2, Nikon, Japan). The
PKH26-labeled EVs (orange-red) were taken up by the RAW macrophages (B) and the primary cultured microglial cells (C). Nuclei were stained

with DAPI



Park et al. Journal of Neuroinflammation (2024) 21:252

A ICV-2h
PKH-EV

Iba-1

DAPI Merge

PKH26-EV PBS

Zoom

o

PKH-EV NeuN DAPI

PKH26-EV

Page 7 of 18

B ICV-18 h

Fig. 2 Localization of PKH26-labeled EVs in brain tissue following different routes of administration. EVs were located in the cytoplasm of microglia
and neurons following ICV (A, B) and IV (C, D) routes. At 2 h (A) and 18 h (B) after the ICV injection and 1 h (C, D) after IV injection of PKH26-293EVs
and control vehicle, brain sections were stained with Iba-1 for microglia, GFAP for astrocytes, NeuN for neurons, and DAPI for the nuclei. The images
were taken and analyzed by a Nikon confocal microscope. Yellow solid filled arrow, EVs colocalized with cells. The magnified neuron and microglia

show the localization of PKH26-293EVs inside the cells. LV left cerebral ventricle, CA3 cornu ammonis 3, cc corpus callosum

the red fluorescence of PKH26-293EVs is not a result
of spillover from other antibody-associated fluores-
cence, an unstained brain section following IV injec-
tion of PKH26-293EVs was displayed in Figure S1. This
figure demonstrates consistent presence of red flores-
cence particles independent of any antibody signaling,
thereby confirming the specific labeling and presence
of PKH26-labeled EVs in brain tissues. Together, these
in vitro and in vivo data suggest that circulating or
locally delivered EVs can pass through BBB and enter
various brain cells including microglia and neurons.

Sepsis plasma EVs cause brain inflammation

when administered via ICV injection

To determine whether circulating sepsis EVs have the
potential to induce an inflammatory response in the brain,
plasma EVs were isolated from sham or CLP mice at 24 h
post-surgery as previously described (24) and CD81 and
CD9 expression was confirmed using Western blotting
(Figure S2). A total of 8 x10% plasma EVs were injected
per mouse via the ICV and brain inflammation was evalu-
ated at 24 h. Flow cytometry analysis revealed a signifi-
cant increase in innate immune cell number in the brains
injected with CLP EVs compared to those with sham EVs
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injections (Fig. 3A). These immune cells included the
CNS resident microglia (50 + 5.7 vs. 40.4 + 4.9x 10* cells,
p<0.05; CLP EVs vs. sham EVs) and infiltrated myeloid-
derived cells (21.7 + 3.7 vs. 11 + 3x10* cells, p<0.01),
such as monocytes (15 + 3 vs. 7.8 + 2.6 x 10* cells, p <0.01)
and neutrophils (20.1 + 4. vs. 9.5 + 2.3x 10? cells, p<0.01)
with the gating strategy shown in Figure S3. Similarly, the
percentage of infiltrated myeloid cells (CD11b*CD45"h)
among total brain cells was increased in the CLP EVs
group than in the sham EVs group. Of note, the relative
percentage of microglia (CD11b"CD45'°") was decreased
in the CLP EV group compared to that of sham group
(Fig. 3B, C) most likely due to the increase in other cell
types such as myeloid cells. Among the immune cells, the
percentage of monocytes (Ly6C*Ly6G ™) was significantly
higher in CLP EV group than sham control (17.9 vs. 14.6%,
p<0.05), and the percentage of neutrophils (Ly6C*Ly6G™)
also increased in CLP EV group (2.9 vs. 1.4%, p<0.05)
(Fig. 3B, C). To examine cytokine gene expression in the
injected brains (Fig. 3D), we extracted total RNA from the
cerebral cortex and hippocampus respectively. In the cor-
tex, qRT-PCR analysis showed that ICV injection of CLP
EVs significantly increased the proinflammatory cytokine/
chemokine gene expressions including TNFa, IL1-B, IL-6,
and CXCL2 compared to sham EVs-treated animals.
However, the increase in the pro-inflammatory cytokines
and chemokines was not observed in the hippocampus
(Fig. S3B). Consistent with cytokine gene expression, the
protein level of IL-1 § and TNFa exhibited a significant
increase in monocyte, neutrophil and microglia in the
mice that receiving CLP EVs (Fig. 3E). Together, these
data indicate the prominent pro-inflammatory effects of
the circulating EVs from septic mice.

Sepsis EVs activate cultured microglia and indirectly
induce neuronal apoptosis

To explore the proinflammatory property of plasma EVs,
we treated various brain cells including microglia, astro-
cytes, and neurons with both sham and CLP plasma EVs
and tested their cytokine/chemokine responses. The
microglia showed a marked dose-dependent increase
in CXCL2 and IL-6 production in response to CLP EVs
but not sham EVs (1x10®~5x10° EVs/mL) (Fig. 4A). In
contrast, astrocytes exhibited no or very mild cytokine
responses when treated with CLP EVs as compared to that

(See figure on next page.)
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of sham control (Fig. 4B). In neurons, the production of
CXCL2 and IL-6 was slightly increased upon treatment of
CLP EVs at a dose of 2.5x 10° EVs/mL (Fig. 4C). Notably,
this increase observed in neurons was only a small frac-
tion of the increase seen in the microglia treated with the
same concentration of CLP EVs (2.5x10° EVs/mL). This
is not surpising because neurons have immune capac-
ity, but we do not anticipate the inflamamtory response
in neurons will be as strong as that in immune cells such
as microglia. However, neuronal cell death plays a pivotal
role in the pathophysiology of SAE [32]. To investigate if
CLP EVs cause any injury to neurons, we treated cultured
neurons with sham and CLP EVs and tested for apoptosis.
As illustrated in Fig. 5A—-C, direct treatment of CLP EVs
to the cultured neurons did not affect cleaved caspase-3
expression (left panel of Fig. 5B, C). In contrast, there
was a twofold increase in cleaved caspase-3 when incu-
bated with CLP EVs-treated microglial CM as compared
with that of sham control (right panel of Fig. 5B, C). Of
note, 10 nM of bafilomycin A1l was included as a positive
control for apoptosis induction through the activation of
caspase-3 [33]. Additionally, we also observed a greater
Annexin V-FITC intensity and Annexin V-positive neu-
rons treated with CM from CLP-EV-treated microglia
(Fig. 5D), however, the increase did not reach statistical
significance (area: 105.9 vs. 60.2, p=0.138, cell number:
43 + 13 vs. 103 + 18, p=0.0755, Figure S4). These data
suggest that CLP EVs can induce microglial activation,
inflammation, and neuronal cell death.

Sepsis EV-associated miRNAs contribute to microglial
activation in part through TLR7

To determine the mechanism by which sepsis-induced
EVs drive microglial activation, we focused on EV-car-
goed miRNAs. Our previous studies have identified a
list of pro-inflammatory miRNAs, such as miR-146a-5p,
miR-122-5p, miR-34a-5p, and miR-145a-5p, in sepsis
plasma and EVs [34] and their role in the neuroinflam-
matory responses [14]. To test the role of these miR-
NAs in sepsis EVs-induced microglial activation, we
treated plasma EVs with anti-miR combo targeting
the above mentioned 4 miRNAs before incubating the
EVs with microglia. As shown in Fig. 6A, treatment of
EVs with the anti-miR combo led to a 52% reduction in
CXCL2 levels compared to the control oligo (209 +17.5

Fig. 3 Sepsis plasma EVs cause neuroinflammation in vivo. CLP EVs were injected into the mouse brain via ICV at a dose of 8 x 10° particles

per brain. Brains were processed 24 h after the injection. The infiltrated immune cells were analyzed by flow cytometry. The cell number (A)

and the percentage (B) of myeloid cells, monocytes, and neutrophils in the brain were displayed and represenative flow cytometry figures (C)

of microglia (CD45'°" CD11b%), monocyte (Ly6CtLy6G™) and neutrophil (Ly6C*Ly6G*) were listed. D Brain cytokine gene expression was assessed
using qRT-PCR at 24 h after injection. n=>5/group. E Cytokine expression in monocyte, neutrophil, and microglia tested by flow cytometry. n=4-7/

group
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Fig. 4 Sepsis plasma EVs selectively activate microglia in vitro.
Primarily cutured microglia and astrocytes were treated with sham
and CLP plasma EVs in various concentrations (5x 106~ 2.5 x 10° EVs/
mL). At 24 h, supernant were collected and cytokine/chemokine
were tested using ELISA. A CXCL2 and IL-6 production in microglia.

B CXCL2 and IL-6 production in astrocyte. C CXCL2 and IL-6

in the media of neurons treated with sham and CLP plasma EVs
(2.5%10% EVs/mL). n=3-10.The experiment was repeated twice

in triplicates with independent runs on separate days

vs. 436 + 12.4 pg/mL, p<0.0013) in the CLP EV-induced
CXCL2 production. Furthermore, since we previously
have demonstrated that miR-146a-5p, miR-122-5p, miR-
34a-5p, and miR-145a-5p can induce microglial activa-
tion via TLR7 [14], we next explored the role of TLR7 in
CLP EVs-activated microglia. As illustrated in Fig. 6B,
CLP EVs-induced CXCL2 production was markedly
reduced in TLR7-KO microglia as compared to that of
WT (173 + 38.9 vs. 762 + 91.9 pg/mL, p<0.0001). In the
two important control groups treated with R837 (TLR7
agonist) and LPS (TLR4 agonist), respectively, TLR7-KO
microglia exhibited no CXCL2 response to R837, whereas
maintained a similar response to LPS as compared with
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WT microglia, demonstrating the specific functional
deficiency of TLR7 in KO microglia. Together, these data
demonstrated that sepsis EV-mediated microglial acti-
vation is in part via its associated miRNAs and TLR7
signaling.

Cytokine profile patterns of conditioned media identified
potential effectors responsible for neuronal injury

To identify the mediators responsible for neuronal injury
in the conditioned media from sepsis EV-treated micro-
glia, we performed cytokine arrays (Fig. 6C). Among the
111 molecules tested, 39 molecules exhibited a >1.5-fold
increase in the conditioned media from CLP EV-treated
microglia as compared to sham group. These include var-
ious cytokines, chemokines, and growth factors (Fig. 6D).
The top 10 upregulated proteins were E-selectin, IL-12
p40, lipocalin2 (neutrophil gelatinase-associated lipoca-
lin; NGAL), MMP9 (matrix metallopeptidase 9), CXCL2
(chemokine C-X-C motif ligand 2), CCL2 (chemokine
C-C motif ligand 2), IGF-BP1 (insulin-like growth fac-
tor binding protein 1), Myeloperoxidase (MPO), Reg3G
(regenerating islet-derived protein 3 gamma), and
Resistin.

Pathway enrichment analysis of all upregulated mol-
ecules revealed enrichement for Gene Ontology (GO)
Biological Process terms including “leukocyte migra-
tion,” “granulocyte chemotaxis,” and “myeloid leuko-
cyte migration.” highlighting the activation of microglia
by sepsis EVs. In terms of Molecular Function, most
of the enriched GO terms, including "cytokine activ-
ity, “receptor ligand activity,” “chemokine activity,” and
“complement Clq binding function,” were associated
with the proinflammatory response of microglia follow-
ing the treatment with sepsis EVs. Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis indi-
cated an upregulation of cytokine/chemokine signal-
ing pathways, including TNFa and IL-17, and Toll-like
receptor signaling pathways with lower counts but sta-
tistically significant. To further investigate the func-
tional profile of these mediators, we analyzed the GO
membership terms of “cell death” “neuron,” “inflam-
matory response,’ and “innate immune response”
in relation to the upregulated mediators and identi-
fied 33 of them as being associated with at least one
GO term(Fig. 6F). In the overlapping area of neuron
(green) and cell death (dark blue), LCN2 (Lipocalin 2),
MMP9 (Matrix metallopeptidase 9), CCL3 (C-C Motif
chemokine ligand 3), IL-10 (Interleukin 10), ADIPOQ
(Adiponectin), and LEP (Leptin) were identified, sug-
gesting these protein as potential effectors mediating
the crosstalk between CLP EV-activated microglia and
neuronal cell death. Finally, we validated part of the
cytokine array findings using Luminex multiplex assays
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on 8 selected cytokines and chemokines related to neu-  Role of TLR7 and MyD88 signaling in sepsis EV-induced

ronal damage. We found a marked increase of these brain inflammation in vivo.

molecules in the media of sepsis EV-treated microglial ~We next examined the signaling pathway by which

cultures (Fig. 6G). CLP EVs induce brain inflammation in vivo using
a loss-of-function approach. Given that TLR7 con-
tributes to sepsis-EVs-induced microglial activation



Park et al. Journal of Neuroinflammation (2024) 21:252

in vitro (Fig. 6B), we anticipate a similar role of TLR7
in response to ICV injection of sepsis-EVs in vivo. Dif-
ferent from our hypothesis, we found that TLR7 defi-
ciency had no effect on the brain immune cell numbers
such as microglia, myeloid cells, monocytes, and neu-
trophils (Fig. 7A, B) as well as their percentage (data
not shown) in the brain following ICV injection of
CLP plasma EVs at a dose of 8x 10%/injection. Con-
sistent with this was the lack to difference of cytokine
gene expression in the cerebral cortex between the
WT and TLR7-KO mice receiving CLP EVs(Fig. 7C).
Interestingly, we observed that systemic deficiency of
MyD88 reduced CLP EV-induced brain inflammation.
As shown in Fig. 8A-C MyD88 KO mice displayed a
markedly reduction in the number of brain innate
immune cells compared to WT mice after ICV injec-
tion of CLP EVs, which include monocytes, and neu-
trophils. This was applied for both the number and
percentage. Regarding brain residential microglia,
there was a statistically significant reduction approxi-
mately 41% in microglial numbers in MyD88 knockout
mice even though the percentage remained unchanged
between groups. Moreover, the number of immune
cells with positive cytokine expression was also
reduced in MyD88-deficient mouse brains (Fig. 8D, E).
These include IL-1B-expressing microglia, monocytes
and neutrophils and TNFa-expressing neutrophils.
Importantly, the cytokine gene expression such as I/-
1B, Tnfa, and Cxcl2 in both cortex and hippocampus
was markedly attenuated in MyD88KO mice as com-
pared to WT mice that receiving CLP EVs (Fig. 8F).

Discussion

There are several main findings in the present study.
Using fluorescence-labeled EVs and confocal microscopy,
we show that EVs enter microglia in vitro and multiple
brain cells in vivo via both ICV and IV routes. Direct ICV
administration of sepsis EVs causes marked brain inflam-
mation as manifested by multiple innate immune cells
accumulations in the brain, such as microglia, monocytes,

(See figure on next page.)
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and neutrophils, as well as cytokine/chemokine gene
expression. While sepsis EVs induce a robust and dose-
dependent cytokine production in microglia, such an
effect was absent in astrocytes and only mild in neurons.
Moreover, the proinflammatory effect of sepsis EVs in
microglia seems in part dependent on cargo miRNAs
and TLR7 signaling as anti-miR inhibitors and genetic
deletion of TLR7 attenuate cytokine production. One of
the important findings is that conditioned media from
the EV-treated microglia causes neuronal cell apopto-
sis as evidenced by increased positive Annexin-V stain-
ing and cleaved caspase-3 in neurons. In contrast, direct
treatment with EVs has no effect on neuronal apoptosis.
Cytokine array and pathway enrichment analysis of the
microglial conditioned media reveals multiple cytokines
and chemokines that are linked to cell chemotaxis, leu-
kocyte migration, and neuronal cell death. Finally, and
somewhat surprisingly, TLR7 deficiency has no impact on
brain inflammation in response to sepsis EV ICV injection,
whereas MyD88 KO mice exhibit a significant reduction in
brain inflammation following sepsis EV administration.

To test the role of sepsis plasma EVs in brain inflam-
mation, we first examined if the circulating EVs could
penetrate BBB and reach brain tissue. Utilizing PKH26
fluoresences-labled HEK293T cell-derived EVs with an
average size of 100 nm, we successfully detected its flu-
oresence signaling in cortex tissue section when admin-
istered intravenously to WT naive mice, suggesting that
EVs can pass through intact BBB. This confirms previ-
ous reports that 30-150 nm of small EVs are capable of
penetrating BBB via nasal, intratracheal, and intravenous
deliveries [35, 36]. When EVs were dispensed directly
into intracerebralventrical space, they reaches basal lam-
ina with 2 h of administration and were detected in the
microglial and neurons 18 h later. Interestingly, EVs were
hardly observed inside of astrocyte after injection of both
IV and ICV route. Instead, some EVs were found in close
proximity to astrocyte processes, which is consistent with
findings from Long et al. [37] that EVs is largely accu-
mulated in microglia and neurons but in close contact

Fig. 6 CLP EVs-mediated microglial activation is partially attributed to miRNAs and TLR7 signaling. A Anti-miRs combo (anti-miR-146a, -122,

-34a, -145a, 200 nM) paritially attenuated CLP EVs-mediated CXCL2 production in the microglia. Prior to applying to microglia culture, sham EVs
and CLP EVs (2.5x10° particles/mL) were treated with PBS, control oligonucleotide,or anti-miR combination (combo) at a concentration of 200 nM,
including anti-miR-146a, -34a, -miR-122, and miR-145a, for 1 h. Microglial media were then collected 24 h after treatment and assayed for CXCL2
using ELISA. Each bar represents triplicate samples with each experiment repeated twice. n=3/group B. Plasma EVs from septic mice induce CXCL2
production in part via TLR7 signaling. Cultured microglia from WT and TLR7 KO mice were treated with sham EVs (2.5x 107 particles/mL), CLP EVs
(2.5% 10 particles/mL), R837 (100 ng/mL), and LPS (50 ng/mL) for 24 h. The supernatant was then collected for CXCL2 analysis using ELISA. n=3-9/
group. Immune blot (C) and quantification of integrated intensity (D) of cytokine array in the conditioned media from EVs-treated microglia. E
Enrichment analysis of GO-biological process, molecular function, and KEGG pathway. F GO chord diagram reflects the differential gene expression
(shown on the left) and enriched functional categories (shown on the right) including inflammatory response, innate immune response, cell death,
and neurons. G Luminex analysis valiated several upregulated molecules in the conditioned media identified from cytokine array and pathway
enrichment analysis including Resistin, MMP-9, IL-10, LDLR, CRP, CXCL10, CCL2, and CCL4. n=3/group
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with astrocytes within CNS tissue. Similialy, Li et al.
revealed that approximately 86.6% of EVs were uptaken
by microglia when intravenously administered followed

by neurons (12.6%) [38] in the CNS. We speculate that
this biased EVs accumulation may be related to differ-
ent EV-cell interaction mechanism [39]. To facilitate the
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Fig. 7 TLR7 is not involved in sepsis plasma EVs-induced brain inflammation in vivo. Plasma EVs (8 x 108 EV particles/brain) were delivered via ICV
to both WT and TLR7 KO mice. Cell population in the brain was analyzed at 16-22 h using flow cytometry. A Cell numbers. B Representative figure
of flow cytometry. Myeloid cells: CD11b7CD45M9", microglia: CD11b¥CD45°% monocyte: Ly6C*Ly6C"9" and neutrophils with Ly6CtLy6GMM. MO:
monocyte, NE: neutrophil. C. IL-13, TNFa, and CXCL2 gene expression in the cortex measured by gRT-PCR. n=4-7/group

transfer the EV contents into the cell, mechanisms such
as plasma membrane fusion or endocytic uptake of EVs
are required. Additionally, EV can also transmit signals
through “Kiss-and-Run” mechanism, where they activate
receptors on interacting cells or form transient nanom-
eter-size fusion pores before detaching from their tar-
get cell [39]. Our observatios of EVs signaling inside the
cell body of microglia both in vitro and in vivo implying
a potential delivery of cargo molecules such as miRNAs
from EVs into the cell, which was later demonstrated by
the inhibition of miRNA reducing sepsis EV-associated
proinflammatory property in microglia.

Microglia are activated during sepsis in the brain of
both mice and human [38, 40] and contribute to neuro-
inflammation and cognitive impairment [40]. In the cur-
rent study, we found that microglia but not astrocytes
nor neurons, exhibited a marked cytokine production
in response to sepsis EVs. In vivo, ICV injection of sep-
sis EVs promoted infiltration of peripheral monocytes
and neutrophils into the brain as well as proinflamma-
tory cytokine TNF-a and IL-1f3, two major cytokines that
are implicated in brain diseases with inflammation and/
or cognitive dysfunction [41, 42]. Chemokine CXCL2, a
key attractant for leukocytes was also elevated in sepsis

EVs treated mice. Complementary to our ICV approach,
Li et al. [38] discovered that intravenously infusion of
EVs isolated from serum of LPS-treated mice increased
microglial activation and brain proinflammatory
cytokines. Together, these facts demonstrate that sepsis
plasma EVs are capable of eliciting CNS inflammation in
part by activating microglia and promoting migration of
blood leukocytes into the brain.

Neuronal dysfunction during sepsis is a significant con-
tributor to cognitive impairment in both survival patients
and animals [3, 6, 7]. Post-mortem brain tissues from
patients who died from sepsis reveal apoptotic neurons in
the amygdala, hypothalamus, and medulla [43]. Addition-
ally, neuronal loss is observed in the hippocampus in ani-
mal models of sepsis-like systemic inflammation [44, 45].
Several underlying mechanisms are reported to contribute
to neuronal cell damage, including Clqg-dependent syn-
aptic pruning by microglia [40] and nitric oxide-mediated
neuronal cell death [46]. In our current study, we identified
a novel mechanism of EVs-initated microglial activation
that induces neuron apoptosis, possibly through released
cytokines and chemokines, as identified by cytokine array
and bioinformatic analysis. GO term analysis suggests that
some of the mediators are related to neuron and neuronal
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Fig. 8 MyD88 contributes to brain inflammation driven by plasma sepsis EVs. CLP plasma EVs (8 x 108 EV particles/brain) were delivered via ICV
to both WT and MyD88 KO mice. Cell population in the brain was analyzed at 16-22 h using flow cytometry. A, B Cell number and percentage
of each population. n=5/group. C. Representative figure of flow cytometry. MO monocyte, NE neutrophil. D Percentage of microglia, monocytes
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sepsis plasma EVs. FMO fluorescence minus one. F Cytokine gene expression in brain tissues measured by gRT-PCR. n=4-5/group

death. For example, Lcn2 is well-studied for its role in
the brain, including neuronal death and neuroinflamma-
tion [47]. It is reported that neuronal death mediated by
Lcn2 relates to oxidative stress and neuroinflammation,
including the recruitment of neutrophils [48]. Among the
upregulated mediators released from sepsis EVs-activated
microglia, IL12-p40, CXCL2, and CCL2 are known for their
involvement in peripheral immune cell infiltration and acti-
vation [49-51] and Mmp9 contributes to BBB breakdown
[52]. Given the ability of small EVs to pass through the
BBB, which was demonstrated in the current and previous
studies [53], these data support the hypothesis that sepsis
plasma EVs contribute to SAE by triggering the microglia
release of soluble proteins into the brain to enhance BBB
disruption and facilitate the entry of peripheral immune

cells into the brain.Among the differential cytokines in the
sepsis EV-activated microglia, Reg3G plays various roles in
immune defense, including a protective role against bacte-
rial infection [54, 55]. Myeloperoxidase (MPO), known as
a major component of neutrophils, is also released in the
microglia in our cytokine array. Chen et al. reported that
microglial MPO exacerbates brain damage in cerebral
ischemia by mediating the neuronal release of HMGBI1
[56]. IGF-BP1 participates in metabolic regulation [57],
possibly contributing to neuronal dysfunction. The path-
way analysis with the differentially expressed cytokines also
indicates that the TNFa pathway and the IL-17 pathway are
noticeable. TNFa has been reportedly involved in neuro-
degeneration promoted by activated microglia [58]. IL-17,
an essential proinflammatory cytokine secreted by CD4+
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helper T cells, has various roles in the brain, including
participating in proinflammatory response and regulation
of immune cells [59]. Future studies to test these specific
molecules will be needed to establish their role in the con-
ditioned media-induced neuron apoptosis and to validate
their effects in vivo.

Another important part of this study involves testing
the role of EV miRNA cargo and the signaling mechanism.
Specifically, the EV cargo miRNAs were targeted based on
our previously published EV miRNA array data that show
an increased loading of miR-146a-5p, miR-122-5p, miR-
34a-5p, and miR-145a-5p in sepsis plasma EVs [24]. The
finding that treatment of sepsis EVs with the anti-miRs
against the above miRNAs leads to attenuated cytokine
production suggests that these cargo miRNAs play a con-
tributory role in sepsis EV-elicited cytokine production
in the microglia. Moreover, absence of TLR7 leads to a
partical reduction of sepsis EV-meidated inflammation
in microglial in vitro but lack of impact on brain inflam-
mation in vivo, suggest the involvement of other yet-to-
be identified signaling pathways. In constrast, MyD88
appears to play a major role in mediating the recruitment
of cytokine-producing immune cells into the brain follow-
ing sepsis EV administration as evidenced by a marked
reduction in neutrophils and monocytes in MyD88-defi-
cient mice. This may be explained by sepsis EV signal-
ing through other DAMPs-TLR pathways. For instance,
EV-encapsulated histones have been shown to promote
inflammatory response via TLR4 [60], and exosomes
released from infected THP-1 cell have induced robust
TNF a production via TLR2 and TLR4 [61]. Given that
MyD88 is the key adaptor of all TLRs except TLR3 and
part of TLR4 signaling, it is not surprising that absence
of MyD88 significantly dampens sepsis EV-induced brain
inflammation in vivo. Additionally, study by Papareddy
et al. [62] demonstrated a significant impact of EVs fusion
on cellular response to inflammatory signaling. Upon
fusion, EVs released from inflammatory cells can equip
their target cells with the molecular machinery including
inflammatory receptors such as IL1R1, a MyD88-depend-
ent receptor for IL-1 «, IL-1P, and the IL-1ra, thereby
activing NF-kB pathway in their target cells through
MyD88 dependent signaling. This mechanism may also
explain our observation that sepsis EVs-mediated neuro-
inflammation was attenuated in MyD88 KO mice.

The current research has several limitations. EVs in the
brain originate from multiple sources, including both
local and systemic origins. Our current research focused
on the role of plasma-derived EVs in neuronal inflam-
mation. However, reseachers have shown the impor-
tance of locally shed EVs by brain cells in inflammation.

Page 16 of 18

For example, EVs released into cerebrospinal fluid by the
choroid plexus epithelium after systemic-induced inflam-
mation contribute to brain damage [63]. Although astro-
cytes did not exhibit proinflammatory response to sepsis
EVs in the current study, they can release EVs to promote
leukocyte recruitment in response to IL-1p, as demon-
strated by Dickens et al. [64]. In the present study, we
focused primarily on the acute inflammatory response
of sepsis EVs, the chronic effects and neurocognitive
outcomes in these mice that received sepsis EVs remain
unclear and warrant further studies in the future.

Conclusion

We demonstrate that circulating EVs in the blood pen-
etrate the normal mouse brain through BBB and induce
neuroinflammation when administered via ICV injection
and partially through their cargo ex-miRNAs. The sepsis
EV-induced brain inflammation involves not only the infil-
tration of monocytes and neutrophils but also the activa-
tion of the residential microglia. In vitro cell experiments
suggest that upon activation by sepsis EVs, microglia
release a number of soluble factors that are proinflamma-
tory and capable of inducing neuronal apoptotic death.
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