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Abstract

Background: Sepsis-associated encephalopathy (SAE) is a common complication of sepsis and is closely
associated with persistent neuroinflammation, neurovascular injury and long-term cognitive impairment.
Myeloid differentiation primary response 88 (MYD88) is a shared signaling adaptor for the Toll-like receptor
family and the interleukin-1 receptor (IL-1R) family, and its expression remains persistently elevated in

microglia and vascular endothelial cells in surviving mice after cecal ligation and puncture (CLP).

Methods: hUCMSC-derived EVs were isolated from serum-free conditioned medium, loaded with MYD88-
targeting siRNA (siMYDS88) or negative-control siRNA by electroporation, and characterized by
nanoparticle tracking analysis, transmission electron microscopy, and EV marker profiling. siRNA
protection and MYD88 knockdown were evaluated in BV2 cells and primary microglia. Therapeutic efficacy
was examined in a CLP survivor model using a rescue intervention initiated 72 h after CLP. Brain delivery,
blood-brain barrier permeability, inflammatory and antioxidant signaling, hippocampal ultrastructure, and

behavioral outcomes were assessed.

Results: siMYD88-loaded hUCMSC-EVs protected siMYD88 from RNase degradation and mediated
functional MY D88 knockdown in microglial cells. After tail-vein administration, siMYD88-EVs entered the
brain and were taken up by microglia. Rescue treatment with siMYD88-EVs at 72 h after CLP reduced
MYDS88 overexpression in vascular endothelial cells and protected against sepsis-induced disruption of
blood-brain barrier integrity. siMYD88-EVs also suppressed hippocampal microglial activation, attenuated
MYDS88/NF-kB/COX2 inflammatory-redox signaling, and restored NRF2/HO-1-associated antioxidant
responses impaired after CLP. MYD8S silencing further enhanced TREM2-associated microglial responses,
preserved hippocampal mitochondrial and synaptic ultrastructure, and improved anxiety-like behavior and

cognitive deficits after CLP.

Conclusions: These findings indicate that sustained MYDS88 signaling is a targetable driver of post-septic
neurovascular injury and neuroinflammatory damage, and support engineered EV-mediated MYD8S8

silencing as a potential cell-free RNA delivery strategy for SAE.

Keywords

Page 2



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

Sepsis-associated encephalopathy, hUCMSC-derived extracellular vesicles; Cell-free therapy;, MYDSS;

Neurovascular injury; Microglia; Immune regulation.

Graphical Abstract
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Background

Sepsis-associated encephalopathy (SAE) is a diffuse brain dysfunction that occurs during systemic
infection without direct evidence of central nervous system invasion [1]. Its clinical spectrum ranges from
delirium to coma and is associated with increased mortality, prolonged intensive care unit stay and poor
functional recovery [1] [2]. SAE is not limited to the acute phase of sepsis; even after apparent control of
systemic infection, many survivors develop persistent cognitive impairment and functional disability that
can last for years [3]. Current clinical management mainly focuses on infection control, haemodynamic
resuscitation, organ support and sedation optimization [4], and no established brain-protective strategy is

available to prevent persistent SAE-related neurocognitive injury [2].

Systemic inflammation is increasingly recognized as an important driver of secondary
neuroinflammation in SAE. Circulating cytokines, complement activation products, damage-associated

molecular patterns and oxidative mediators can act on the cerebral endothelium and neurovascular unit,

Page 3



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

&3

&4

85

86

87

88

&9

90

91

92

increasing blood-brain barrier permeability and disturbing cerebral microvascular function [5]. Persistent
neuroimmune activation is a major biological feature of post-septic brain dysfunction [6]. Clinical data show
that cognitive impairment and functional disability can persist for years after sepsis[7][8], while cecal
ligation and puncture (CLP) survivor models show sustained central myeloid inflammation and cognitive
abnormalities long after the initial insult [6]. Microglia, the principal innate immune cells of the brain, can
amplify inflammatory injury by producing pro-inflammatory cytokines, reactive oxygen species (ROS) and
reactive nitrogen species (RNS), and by responding to damage-associated molecular patterns (DAMPs) [9]
[10]. Excessive microglial activation contributes to aberrant synaptic remodeling, hippocampal dysfunction
and cognitive impairment [11]. In parallel, oxidative stress and impaired antioxidant defense aggravate
neuronal and cerebrovascular injury, suggesting that inflammatory dysregulation and redox imbalance may

jointly sustain SAE pathology [9] [12].

Pattern-recognition receptor pathways provide proximal routes through which infection- and injury-
derived signals are converted into inflammatory transcriptional programs [13]. Myeloid differentiation
primary response 88 (MYDSS8) is a central adaptor for most Toll-like receptors and members of the
interleukin-1 receptor family [14] [15]. Through downstream NF-«B and MAPK activation, MYDS88
signaling promotes the production of inflammatory mediators [14] [15] [16]. In sepsis, MYD88-dependent
signaling may also contribute to mitochondrial stress, ROS generation and oxidative tissue injury [13].
Clinical transcriptomic data have shown increased MYD88, NFKB1 and IL6 expression in neonatal sepsis,
with higher MYD88 expression associated with poorer survival [17]. Targeting sustained MYD88/NF-xB
signaling may therefore offer a rational strategy to interrupt inflammatory, oxidative and neurovascular

injury after sepsis.

Mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) are cell-free nanocarriers capable of
transferring proteins, lipids and nucleic acids to recipient cells [18] [19, 20]. A large body of evidence
indicates that unmodified MSC-EVs have a certain ability to protect the body from sepsis-induced organ
injury [21]. In acute sepsis, adipose-derived MSC small extracellular vesicles (adipose-derived MSC-sEVs)
can downregulate TNF-a expression [22]. MSC-EVs exert protective effects through immunomodulatory
and redox-regulatory mechanisms, including activation of NRF2-dependent anti-ferroptotic pathways and

miR-146b/IRAK1/NF-kB-mediated anti-inflammatory signaling [23] [24]. In addition, engineered MSC-
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derived exosomes have also shown some potential. MSC-EV-mediated delivery of miR-140-3p can improve
CLP-induced cognitive dysfunction by targeting HMGB1 and reducing hippocampal neuroinflammation,
NF-kB activation, inflammasome signaling and pyroptosis [25]. These studies suggest that disease-relevant
RNA cargo can be used to redirect EV function and exert greater effects. Among different MSC sources,
human umbilical cord-derived mesenchymal stem cells (hUCMSCs) provide a readily expandable cell source
for EV engineering. Umbilical cord-derived MSCs have shown immunomodulatory and endothelial-
protective effects in preclinical sepsis models, and hUCMSC-EVs have also shown certain anti-
inflammatory activity [26] [27]. However, whether hUCMSC-derived EVs can be engineered to silence
intracellular targets in microglia and further attenuate persistent post-septic neurovascular injury and
neuroinflammation remains unclear. In this study, we generated hUCMSC-derived EVs loaded with

MYDS88-targeting siRNA and evaluated their therapeutic effects in a CLP survivor model of SAE.

Methods

Animals and ethics statement

Specific pathogen-free male C57BL/6J mice (12 weeks old, 23£2 g; Vital River, China) were housed under
standard conditions with free access to food and water and were acclimatized for 7 days before experiments.
All procedures were approved by the Biological and Medical Ethics Committee, Minzu University of China
(approval no. ECMUC2024015AA; approved 28 May 2024). The individual mouse was the experimental
unit for all in vivo experiments. All animal experiments were conducted and reported in accordance with the
ARRIVE guidelines 2.0. A total of 71 adult mice were used across the in vivo experiments: 12 in the MYD88

time-course experiment, 9 in the EV brain-distribution experiment, and 50 in the treatment experiment.

Sample sizes were determined on the basis of previous CLP studies, preliminary observations, experimental
feasibility and anticipated postoperative mortality; no formal a priori power calculation was performed.
Surviving CLP mice were allocated to treatment groups using a computer-generated random-number
sequence by an investigator not involved in outcome assessment. Treatment administration was performed
with knowledge of group allocation, whereas behavioral assessment, image quantification and data analysis
were conducted using coded group labels, with codes disclosed only after analysis. Animals unable to

complete behavioral testing because of severe postoperative condition or obvious motor impairment were
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prespecified for exclusion; no surviving animal met these criteria. Early deaths and the single later death are
reported below. Treatment and testing were conducted in parallel across groups, and the order of behavioral
testing and sample analysis was balanced across groups. No single primary outcome was prespecified
because this exploratory study assessed complementary neurovascular, molecular, ultrastructural and

behavioral outcomes.

CLP model and experimental design

Sepsis-associated encephalopathy was induced by cecal ligation and puncture. Mice were anesthetized with
sodium pentobarbital (30 mg/kg, intraperitoneally), and the distal 10% of the cecum was ligated and
punctured once with an 18-gauge needle. Sham-operated mice underwent laparotomy and cecal exposure
without ligation or puncture. After surgery, mice received pre-warmed sterile saline (40 mL/kg,
subcutaneously) and were kept on a heating pad until recovery. A total of 50 mice were used for the in vivo
treatment experiment, including 11 sham-operated mice and 39 mice subjected to CLP. At 72 h (day 3) after
CLP, 33 mice survived and were randomly assigned to the CLP, CLP+siNC-EVs, and CLP+siMYD88-EVs
groups (n=11 per group). One mouse in the CLP group died on day 4 before completion of behavioral testing;
therefore, one mouse was randomly excluded from each of the other groups and not included in the
behavioral analyses. Behavioral analyses were performed using 10 mice per group that completed the full
testing protocol. Beginning on day 3 after CLP, mice in the CLP+siMYDS88-EVs and CLP+siNC-EVs groups
received siMYD88-EVs or siNC-EVs by tail-vein injection at 2.5 x 10710 particles/kg/day in 100 pL sterile
PBS once daily from day 3 to day 8 after CLP (six injections in total). CLP mice received an equal volume
of sterile PBS as vehicle control. Behavioral tests were performed between days 20 and 28, followed by
tissue collection. Before tissue collection, mice requiring transcardial perfusion were anesthetized with
sodium pentobarbital (30 mg/kg, intraperitoneally), whereas mice used for fresh-tissue collection without

perfusion were euthanized with an overdose of sodium pentobarbital (150 mg/kg, intraperitoneally).
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EV isolation

Banked human umbilical cord mesenchymal stem cells (WUCMSCs) were supplied at passage 2 by the
Nanhua Stem Cell Bank (China). Cells were expanded in Youkang serum-free medium (Youkang, China)
under standard conditions, and passage 5 hUCMSCs were used for extracellular vesicle (EV) collection.
Conditioned medium was collected when cells reached 70—-80% confluence and sequentially centrifuged to
remove cells and debris, followed by filtration through a 0.22 pum filter (Millipore, USA). EVs were isolated
using the EXODUS H-600 system (Exosome Plus, China) according to the manufacturer’s instructions and

resuspended in sterile PBS.

EV electroporation and siRNA loading

For siRNA loading, purified EVs were mixed with siMYD88 or siNC and subjected to electroporation under
optimized conditions. The protocol was adapted from a previously reported EV electroporation method [28].
Purified hUCMSC-EVs were electroporated with siMYD88 or siNC at a ratio of 1 pg siRNA per 1 x 10° EV
particles in 400 pL electroporation buffer using a Gene Pulser Xcell system (Bio-Rad; 400 V, 125 pF, single
pulse). After a 10 min incubation on ice, the resulting EVs were termed siMYD88-EVs and siNC-EVs. The

siRNA sequences used in this study are listed in Supplementary Table S2.

EV characterization and Dil labeling

EV morphology was examined by transmission electron microscopy (TEM). Briefly, EV suspensions were
applied to carbon-coated copper grids, negatively stained with 2% uranyl acetate for 5 min, gently blotted
with filter paper, rinsed with distilled water to remove excess stain, air-dried, and imaged using a Hitachi
transmission electron microscope (Hitachi, Japan). Particle size distribution and concentration were
measured by nanoparticle tracking analysis using a ZetaView system (Particle Metrix, Germany), calibrated
with 100 nm microspheres before sample measurement. EV marker proteins, including CD9, CD63, TSG101
and ALIX, together with the negative marker Calnexin, were analyzed by Western blotting. For EV tracing,
purified EVs were labeled with the lipophilic fluorescent dye Dil (Beyotime, China). EVs and 5 uM Dil
were mixed at a 1:1 volume ratio and incubated at 37 °C for 30 min in the dark, followed by PBS washing
and ultracentrifugation to remove unbound dye. For the Dil-only control, sterile PBS was used instead of the

EV suspension at the same volume.
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Open field test

Mice were placed in the center of a white open-field arena (40 x 40 x 27 cm) divided into nine equal squares
and allowed to explore freely for 5 min. Each mouse was tested once. Locomotor activity was recorded with
an overhead camera and analyzed using SMART v3.0 software (Panlab Harvard Apparatus, Spain). Time
spent in the central zone and distance traveled in the central zone were quantified. The arena was cleaned

with 75% ethanol between trials.

Novel object recognition test

Recognition memory was assessed using the novel object recognition test. On day 1, mice were habituated
to an empty arena (50 x 50 x 20 cm) for 10 min. On day 2, two identical objects were placed in opposite
corners and mice were allowed to explore for 10 min. On day 3, one familiar object was replaced with a
novel object of similar size and texture but different shape and color. Exploration was defined as sniffing or
touching the object. Behavioral data were recorded using a video-tracking system and analyzed using
SMART v3.0 software (Panlab Harvard Apparatus, Spain). Recognition index and discrimination index were
calculated based on the exploration time of the novel and familiar objects. The arena and objects were

cleaned with 75% ethanol between trials.

Barnes maze test

Spatial learning and memory were assessed using a Barnes maze consisting of a rotatable circular platform
(75 cm diameter, 18 holes, 10 cm hole diameter), one of which was connected to an escape box. Four visual
cues were positioned around the maze, and illumination was set at 400 lumens. Mice underwent habituation
(3 min) followed by 6 consecutive days of training and a probe trial 24 h after the final training session.
During training, mice were confined in a central start chamber for 1 min and allowed to locate the escape
box within 5 min. Mice that failed to locate the target hole were guided to the escape box and kept there for
3 min. Escape latency and error number were recorded using SMART v3.0 software (Panlab Harvard
Apparatus, Spain). During the probe trial (2 min), time spent in the target quadrant was analyzed. The

platform was randomly rotated between sessions while the target location remained fixed.

RNase protection assay
To assess whether siMYD88 was protected within EVs, siMYD88-EVs or free siMYD88 were incubated

with RNase A (100 ug/mL; Thermo Fisher Scientific, USA) at 37 °C for 30 min. RNase-treated siMYD88-

Page 8



199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

EVs or free siMYD88 were then applied to BV2 cells for 12 h, and MYD88 mRNA expression was measured

by RT-qPCR.

Cell culture and treatment

BV2 microglial cells were kindly provided by Prof. Zenggiang Yuan (Academy of Military Medical
Sciences, China) and cultured in high-glucose DMEM (Gibco, USA) supplemented with 10% heat-
inactivated fetal bovine serum (Gibco, USA) and 1% penicillin-streptomycin (Gibco, USA) at 37 °C in a
humidified incubator containing 5% CO2. For knockdown validation, BV2 cells were treated with
siMYD88-EVs or siNC-EVs, or transfected with siMYD88 or siNC using Chemifect-R (Ruifeng Bio, China)
according to the manufacturer's instructions, and collected 12 h after treatment or transfection for RT-qPCR

analysis.

Primary microglia were isolated from neonatal C57BL/6 mice (P0O-P1; Vital River, China) as previously
described. Mixed glial cultures were prepared from cerebral cortices and maintained in DMEM/F12 medium
(Gibco, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco, USA) and 1% penicillin-
streptomycin. Microglia were harvested by shaking after 10-14 d in vitro and used for subsequent
experiments. For EV treatment, cells were seeded in 24-well plates, stimulated with LPS (1 pg/mL; Sigma-
Aldrich, USA) for 6 h, and then treated with siMYD88-EVs, siNC-EVs or an equal volume of PBS at a final

EV concentration of 1 x 108 particles/mL in 500 pL culture medium for 24 h, unless otherwise indicated.

Evans blue assay

Blood-brain barrier permeability was assessed using the Evans blue (EB) assay. Evans blue dye (2% in PBS;
Solarbio, China) was administered by tail-vein injection (4 mL/kg). After circulation for 3 h, mice were
transcardially perfused with cold PBS to remove intravascular dye. Brain tissues were collected, weighed,
and incubated in formamide (Sigma—Aldrich, USA) at 60 °C for 24 h to extract EB. Samples were
centrifuged, and absorbance of the supernatant was measured at 620 nm using a microplate reader (Thermo

Fisher Scientific, USA). EB content was quantified using a standard curve and normalized to tissue weight.

Immunofluorescence staining

Brain tissues were fixed in 4% paraformaldehyde (Solarbio, China), dehydrated in 20% and 30% sucrose
(Sigma—Aldrich, USA), embedded in OCT compound (Sakura Finetek, USA), and sectioned at 30 pm using

a cryostat (Leica, Germany). Sections were washed with PBS, blocked for 20 min at room temperature, and
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incubated with primary antibodies overnight at 4 °C in a humidified chamber. After three PBS washes,
sections were incubated with appropriate secondary antibodies for 2 h at room temperature in the dark,
counterstained with DAPI (Beyotime, China) for 10 min, and mounted with antifade medium (Beyotime,
China). Images were acquired using a confocal microscope (Leica, Germany) and analyzed with ImageJ
(NIH, USA). For three-dimensional reconstruction, z-stack images were acquired at 0.5 um intervals and
reconstructed using Imaris software (Oxford Instruments, UK). Antibodies used for immunofluorescence

staining and Western blotting are listed in Supplementary Table S1.

Western blotting

Brain tissues were lysed in RIPA buffer (Beyotime, China) supplemented with protease and phosphatase
inhibitors (Beyotime, China). Equal amounts of protein were separated by SDS—-PAGE and transferred to
PVDF membranes (Millipore, USA). Membranes were incubated with primary antibodies overnight at 4 °C
followed by HRP-conjugated secondary antibodies. Signals were detected using an ECL kit (Thermo Fisher
Scientific, USA) with an e-BLOT imaging system (e-BLOT, China) and quantified using ImageJ (NIH,

USA).

RT-qPCR

Total RNA was extracted using TRIzol reagent (Invitrogen, USA) and reverse-transcribed using
NovoScript® Plus All-in-one 1st Strand cDNA Synthesis SuperMix (Novoprotein, China). Quantitative PCR
was performed using a SYBR Green qPCR kit (Novoprotein, China), and relative gene expression was

calculated using the 2"—AACt method. Primer sequences are listed in Supplementary Table S2.

Transmission electron microscopy of hippocampal tissue

Hippocampal CA1 tissue was cut into approximately 1 mm?® blocks, fixed in 2.5% glutaraldehyde, post-fixed
with 1% osmium tetroxide, dehydrated through a graded ethanol series, resin-embedded, sectioned into 70-
nm ultrathin sections, and stained with uranyl acetate and lead citrate. Sample processing and TEM imaging

were performed by Wuhan Servicebio Technology Co., Ltd. (Wuhan, China).

Statistical analysis
Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software, USA). Data are
presented as mean = SEM. Sample sizes and definitions of n are provided in the figure legends. Normality

was assessed using the Shapiro—Wilk test. Two-group comparisons were analyzed using unpaired two-tailed
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Student’s #-tests or Welch’s #-tests, as appropriate. Multiple-group comparisons were analyzed using one-
way or two-way ANOVA followed by Tukey’s or Dunnett’s multiple-comparisons tests. Repeated
behavioral measurements were analyzed using two-way repeated-measures ANOVA. Non-parametric data
were analyzed using the Mann—Whitney U test or Kruskal-Wallis test. Survival curves were analyzed using

the Kaplan—Meier method with log-rank testing. P < 0.05 was considered statistically significant.

Results

CLP induces sustained MYD88 upregulation in microglia

To define the post-septic window of myeloid differentiation primary response 88 (MYDS88) activation, we
examined MYDB88 protein expression after cecal ligation and puncture (CLP). CLP surgery was staggered
so that sham-operated mice and mice at 28 days, 3 months and 6 months after CLP were sampled at the same
terminal age (Figure 1A). Western blotting showed a significant increase in MYDS88 protein expression at
28 days after CLP compared with sham controls (Figure 1B,C). MYD88 remained numerically higher at 3
months but was no longer significantly different from sham, and returned close to sham levels by 6 months.
Thus, MYD8S elevation was most evident at 28 days after CLP, the time point selected for subsequent

intervention studies.

Multiplex immunofluorescence was used to examine the distribution of MYDS88 signal at 28 days after CLP.
Sham brain sections showed low MYD8S signal, with limited overlap around IBA 1-positive microglia. After
CLP, MYD88 immunoreactivity increased in IBA1-positive cells and in linear structures with a vessel-like
distribution (Figure 1D). These data indicate that post-septic MY D88 elevation was detectable at the whole-

tissue level and was spatially associated with microglial and vessel-like signals.
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Figure 1. Sustained MYDS88 upregulation after CLP and its co-localization with microglia. (A)
Staggered experimental timeline of the CLP model. (B) MYDS88 expression in hippocampal tissues at
different time points after CLP. (C) MYDS88 protein expression normalized to f-actin (Sham=1; n=3; mean
+ SEM; one-way ANOVA with Tukey's test; *P < 0.05). (D) High-magnification immunofluorescence
images showing DAPI, IBA1, GFAP and MYDS8 signals in sham and CLP-28d brain sections. Dashed
boxes indicate enlarged regions; filled arrowheads indicate MYD88-positive microglia overlapping with

IBA1; open arrowheads indicate high-intensity MYD88-positive vessel-like structures.

siMYD88-loaded hUCMSC-EVs mediate MYD88 knockdown and brain delivery

On the basis of the temporal pattern of sustained postoperative MY D88 elevation, we prepared extracellular
vesicles (EVs) derived from human umbilical cord mesenchymal stem cells (hUCMSCs) for the delivery of
MYDS88-targeting small interfering RNA (siRNA). hUCMSCs were maintained in commercial serum-free

medium, and passage-5 cells were used for EV collection. EVs were isolated from hUCMSC-conditioned
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medium using the EXODUS H-600 negative-pressure oscillation system and were electroporated with
siMYD88 or siNC to generate siMYDS88-EVs and siNC-EVs, respectively (Figure 2A). Nanoparticle
tracking analysis (NTA) showed a main particle peak at 102.8 nm, a median diameter of 104.9 nm, and an
original particle concentration of approximately 1.0 x 10710 particles/mL (Figure 2B). Transmission
electron microscopy (TEM) showed membrane-bound vesicles of approximately 100 nm in diameter with a
saucer-like morphology (Figure 2C). Western blotting showed enrichment of the EV markers ALIX,
TSG101, CD9, and CD63, whereas the endoplasmic reticulum marker calnexin was absent from EV

preparations (Figure 2D).

We next examined whether EV loading could protect the target-gene knockdown activity of siMYD8S in the
BV2 microglial cell line. After 12 h of treatment, siMYD88-EVs reduced MYD88 mRNA expression to a
level comparable to that achieved by chemically transfected siMYD88. RNase A pretreatment did not abolish
the knockdown effect of siMYD88-EVs, whereas RNase A-treated free siMYDS88 failed to produce a
comparable effect. These results indicate that EV encapsulation protects siMYDS88 from enzymatic
degradation and allows functional intracellular regulation in BV2 cells (Figure 2G). We then examined
whether siMYD88-EVs exerted a similar knockdown effect in primary microglia under inflammatory
stimulation. Primary microglia were stimulated with LPS (1 pg/mL) for 6 h and then treated with siMYD88-
EVs or siNC-EVs for 24 h. Compared with control cells, LPS increased MY D88 expression. siMYD88-EVs
markedly reduced the LPS-induced MYDS88 signal, whereas siNC-EVs produced only a partial reduction

(Figure 2E,F).

To verify whether intravenously administered siMYD88-EVs could mediate brain delivery, EVs were
labeled with Dil. Dil-labeled siMYD88-EVs were injected via the tail vein, with blank control and free Dil
groups included for comparison. After administration of Dil-labeled siMYD88-EVs, Dil signals were clearly
detected in brain sections, and signals were visible within microglial somata, whereas free Dil produced
relatively weak signals (Figure 2H,I). These results indicate that, even in healthy mice, at least a fraction of

systemically administered siMYD88-loaded hUCMSC-EVs entered the brain and was taken up by microglia.

Page 13



A D de
e N - o)(f’ A
N 5-CAACCUGGGUCAAGUGUAAL-3' ¥ &3
W SiMYD88 3 #GUUGGACCCAGUUCACAUU-5' Electroporation S
 —

5
. 5 UUCUCCGAACGUGUCACGUHt-3 '
- SNC  34AAGAGGCUUGCACAGUGCA-S ALx| == % #% |96 kDa
»

e siMYD88-EVs TSG101 | ewe @ @ | 44 kDa
or

siNC-EVs
~_¥
_I_L 70-180 kDa
= en em

400V, 125 pyF

CD9
B - C m : ,
w7\ Peak size: 102.8 nm A%
946 (| Median size (X50): 104.9 nm
8Ev6{ 1| original concentration:
7eved || 9.8 x 109 particles/mL.
6E+6-} | ‘\

P5 hUCMSCs with EV-
depleted medium

- 24 kDa

Particles /mL

4E+6- |

3E46- | \
2646 | \

1s¢s~/ \\
\

0E+0 ¥ et — T T 7
0 100 200 300 400 500 600 700 800 900 1000

o CcD63 ' . M [0 0

E CON LPS LPS+siMYD88-EVs LPS+siNC-EVs F

Calnexin | g 90 kDa

84 ok

o
1

o=

Average fluorescence
intensity of MYD88
¥

I

Control

Relative mRNA levels
of MYD88

Dil

ns <0.0001

15 2

Average fluorescence
intensity of Dil
-
o
1

siMYD88-EVs+Dil

=]

314 “

315  Figure 2. Preparation, characterization, and delivery validation of siMYD88-loaded hUCMSC-
316  derived EVs. (A) Workflow for preparing engineered hUCMSC-derived siMYD88-EVs. (B) Nanoparticle

317  tracking analysis (NTA) profile of isolated hUCMSC-derived EVs. Peak diameter, 102.8 nm; median

Page 14



318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

diameter, 104.9 nm; original concentration, 9.8 x 10”9 particles/mL. (C) Representative TEM image of
isolated hUCMSC-derived EVs. (D) Western blot analysis of ALIX, TSG101, CD9, CD63, and calnexin in
hUCMSCs, siNC-EVs, and siMYD88-EVs. (E) MYDS88 immunofluorescence in primary microglia treated
with control medium, LPS, LPS+siMYD88-EVs, or LPS+siNC-EVs. (F) Quantification of MYD88
fluorescence intensity in primary microglia. For (F), n=3; mean = SEM; one-way ANOVA followed by
multiple-comparisons test; ***P < (0.001 versus control; #P < 0.05 and ####P < 0.0001 versus LPS. (G)
MYD88 mRNA expression in BV2 cells treated for 12 h with control medium, siNC-EVs, chemically
transfected siMY D88, siMYD88-EVs, RNase A-pretreated siMYDS88-EVs, or RNase A-treated free
siMYDS88. For (G), n=3; mean £ SEM; one-way ANOVA followed by multiple-comparisons test; **P <
0.01 versus CON; ns, not significant versus CON. (H) Dil signals in brain sections after tail-vein
administration of Dil-labeled siMYDS88-EVs. (I) Quantification of Dil fluorescence intensity in brain
sections from the control, Dil-only, and Dil-labeled siMYD88-EV groups. For (I), n=3; mean + SEM; one-

way ANOVA followed by Dunnett’s test; ns, not significant; exact P values are indicated in the panel.

siMYDS88-EVs attenuate post-septic BBB disruption and vascular-associated MYD88 activation

After confirming brain delivery of siMYD88-EVs, we further evaluated whether tail-vein administration of
siMYD88-EVs could rescue post-septic neurovascular injury in vivo. Mice underwent 10% CLP on day 0,
which caused limited early mortality before treatment allocation (Supplementary Figure 1). Surviving CLP
mice were assigned to untreated CLP, CLP+siMYD88-EVs or CLP+siNC-EVs groups. EV treatment was
administered once daily from day 3 to day 8 after surgery, followed by behavioral testing from day 20 to day

28 and tissue collection on day 28 (Figure 3A).

Because MYDS88 remained elevated during the post-septic phase and showed vessel-like signals in brain
sections, we first assessed blood-brain barrier (BBB) permeability using Evans blue staining. At 28 days
after surgery, mild Evans blue retention was still visible in coronal brain sections from CLP mice, together
with increased Evans blue absorbance in whole-brain homogenates. siMYD88-EV treatment markedly

reduced Evans blue extravasation, whereas siNC-EVs produced a partial protective effect (Figure 3B-D).

We then examined whether this vascular protection was accompanied by reduced MYD88 expression within
the brain parenchyma. In the prefrontal cortex, sham brain sections showed low basal MYD88 and IBA1

signals, whereas CLP induced strong MYD88 immunoreactivity together with enhanced IBA1-positive
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microglial activation. siMYD88-EVs significantly reduced total MYDS8S fluorescence, IBA1 fluorescence
and MYDS88 signal within IBAl-positive areas. Compared with siNC-EVs, siMYD88-EVs produced a
stronger reduction in MYDS88 expression, consistent with delivery of MYDS88-targeting siRNA

(Supplementary Figure 2A,B).

Vascular-associated MYDB8S signals were further examined by multiplex staining for CD31, CD11B and
MYDS8S, followed by Imaris-based three-dimensional reconstruction and colocalization rendering. CD31
was used to label vascular endothelial structures, whereas CD11B was used to identify myeloid-lineage cells
associated with vascular or perivascular compartments. In sham mice, MYDS88 signal was sparse within
vascular structures and showed more evident colocalization with CD11B-positive myeloid signals. Under
physiological conditions, these vascular-associated CD11B-positive signals likely include perivascular
myeloid populations, although their precise identity cannot be resolved by CD11B staining alone. After CLP,
MYDS88 immunoreactivity increased markedly within CD31-positive vascular endothelial structures,
forming a continuous endothelial-associated distribution pattern. Because the endothelial compartment
became strongly MYD88-positive after CLP, the fluorescence contribution of internal or adjacent CD11B-
positive myeloid cells within inflamed vessels was difficult to distinguish. This endothelial-associated
MYDS88 pattern persisted in CLP+siNC-EV-treated mice but was markedly reduced after siMYD88-EV

treatment (Figure 3E).

To determine whether these vascular MYDS88 changes were accompanied by molecular evidence of BBB
remodeling, we examined MMP9 and claudin-5. CLP increased MMP9 protein expression and reduced
claudin-5 abundance, consistent with matrix remodeling and tight-junction disruption. siMYD88-EVs
suppressed MMP9 induction and restored claudin-5 expression, whereas siNC-EVs showed weaker or
incomplete effects (Figure 3F-H). Thus, siMYDS88-EV treatment reduced endothelial-associated MYD88

activation after CLP, improved the MMPY9/claudin-5 imbalance and ultimately protected BBB integrity.
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indicates EB leakage. (D) EB extravasation in brain tissues collected after PBS perfusion (n=4; mean +
SEM; one-way ANOVA with multiple-comparisons test; ###P < 0.001 versus Sham; ##P < 0.01 versus
CLP). (E) Multiplex immunofluorescence and colocalization renderings of DAPI, CD31, MYDS88 and
CD11B in brain sections. CD31 labels vascular endothelial cells; CD11B labels myeloid-lineage cells.
Yellow rendering indicates colocalized MYDB88 signal within vascular endothelial structures, and white
rendering indicates colocalized MYDS88 and CD11B signals. Dashed boxes indicate enlarged regions. (F)
Western blots of MMP9, claudin-5 and B-actin in hippocampal tissues; three independent biological
sample sets are shown. (G,H) MMP9 and claudin-5 protein levels normalized to B-actin (n=3; mean +

SEM; one-way ANOVA with Tukey's test; *P < 0.05, **P < 0.01; ns, not significant).

siMYDS88-EVs suppress hippocampal microglial activation and inflammatory-redox injury

signaling after CLP

Because blood-brain barrier disruption and neurovascular injury may disturb brain neuroimmune
homeostasis, we examined microglial and astrocytic immunofluorescence signals in the hippocampus. In
sham mice, IBA1-positive microglia showed relatively low fluorescence intensity across hippocampal
subfields, accompanied by weak MYDS88 signals. CLP induced broad increases in IBA1 immunoreactivity
in the CA1, CA3 and DG regions, together with markedly enhanced MYD8S fluorescence (Figure 4A-C).
siMYDS88-EV treatment significantly reduced MYDS88 fluorescence across the examined hippocampal
regions and was accompanied by decreased IBA1 signals. siNC-EVs also reduced IBA1 fluorescence,

although the within-group variability was greater (Figure 4B,C).

In contrast, GFAP fluorescence did not show a robust CLP-induced increase across hippocampal subfields,
and EV-related changes were modest and region-dependent (Figure 4A,D). These results indicate that
siMYD88-EVs mainly suppressed CLP-induced MYD&8-associated inflammatory responses in microglia

rather than producing a dominant effect on astrocytes.
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Figure 4. siMYDS88-EVs attenuate hippocampal MYD88-associated microglial activation after CLP.
(A) Immunofluorescence images showing DAPI, IBA1, GFAP and MYDSS staining in the hippocampal
CA1, CA3 and DG regions from Sham, CLP, CLP+siMYDS88-EVs and CLP+siNC-EVs mice. (B) IBA1
fluorescence intensity. (C) MYDS8 fluorescence intensity. (D) GFAP fluorescence intensity. For (B-D), n=3;
mean £ SEM; one-way ANOVA with Dunnett's test within each hippocampal region. *P < 0.05, **P < 0.01

and ***P < 0.001 versus Sham; #P < 0.05, ##P < 0.01 and ###P < 0.001 versus CLP; ns, not significant.

To further define the position at which MYD88 knockdown acted within the inflammatory cascade, we
examined the TLR4-MYD88-NF-«B signaling axis and downstream effector proteins in brain tissues. As an
upstream pattern-recognition receptor that recruits MYD88-dependent signaling after ligand engagement,
TLR4 protein abundance did not differ significantly among groups (Figure 5A,B). In contrast, consistent
with the preceding results, CLP markedly increased sustained MYDS88 protein expression, whereas
siMYDS88-EV rescue treatment reduced MYD88 to near-sham levels; siNC-EVs did not produce this effect
(Figure 5A,C). CLP also increased the phosphorylated NF-xB p65 signal and total NF-xB p65 abundance,
and these changes were attenuated by siMYD88-EVs (Figure 5A,D). However, because total NF-«xB p65

increased in parallel, the phosphorylated NF-xB p65/total NF-kB p65 ratio did not differ significantly among
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groups (Figure 5A,E). IRAK4 protein abundance, assessed as a proximal kinase in MYD88-dependent
signaling, was also not significantly altered by CLP or EV treatment (Supplementary Figure 3A,B). Thus,
the principal treatment-responsive change was sustained MYD88/NF-kB p65 signaling rather than upstream

TLR4 abundance or total IRAK4 expression.

Because COX2 is a robust downstream effector of NF-kB signaling and can contribute to oxidative
intermediate production and lipid peroxidation-related stress, we examined COX2 as a downstream
inflammatory-redox effector. CLP strongly increased COX2 protein expression, whereas siMYD88-EVs
suppressed this induction; siNC-EVs did not reduce COX2 to the same extent (Figure 5F,G). We then
examined whether this response was accompanied by impaired endogenous antioxidant defense. NRF2, a
central regulator of cellular antioxidant responses, was significantly reduced after CLP, and siMYD88-EV
treatment restored NRF2 protein expression to near-sham levels; siNC-EVs did not show a significant
restorative effect (Figure SH,I). KEAP1, the canonical negative regulator of NRF2, showed a non-significant
increase after CLP alone; however, compared with CLP, both EV treatments significantly reduced KEAP1,
with the lowest mean level observed in the siMYDS88-EV group (Figure 5H,J). HO-1, a downstream
antioxidant effector of NRF2 signaling, was decreased after CLP and recovered most clearly in the
siMYDS88-EV group, indicating that MYDS88 knockdown reactivated NRF2/HO-1-associated antioxidant
defense (Figure SH,K). We also examined the COP1/C/EBPf signaling axis to assess whether MYD88
inhibition was accompanied by broader inflammatory transcriptional regulation. CLP reduced the
phosphorylated COPl1/total COP1 ratio, whereas siMYDS88-EVs restored COP1 phosphorylation
(Supplementary Figure 4A,B). Total C/EBPB abundance did not differ significantly among groups
(Supplementary Figure 4A,C), indicating that the detectable change in this module was mainly associated

with COP1 phosphorylation status rather than altered total C/EBPJ expression.
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Figure 5. siMYDS88-EVs suppress MYDS88-NF-kB-COX2 inflammatory signaling and restore
antioxidant responses after CLP. (A) Representative Western blots of TLR4, phosphorylated NF-kB p65,
total NF-xB p65, MYD88 and B-actin in brain tissues; three independent biological samples are shown per
group. (B) Quantification of TLR4 protein expression. (C) Quantification of MY D88 protein expression. (D)
Quantification of total NF-kB p65 protein expression. (E) Quantification of the phosphorylated NF-xB
p65/total NF-kB p65 ratio. (F) Western blots of COX2 and B-actin. (G) COX2 protein expression. (H)
Representative Western blots of NRF2, KEAP1, HO-1 and B-actin. (I-K) NRF2, KEAP1 and HO-1 protein
levels normalized to B-actin. For Western blot analyses, n=3; mean + SEM; one-way ANOVA with Tukey's

test. *P <0.05, **P < 0.01 and ***P < (.001; #P < 0.05 and ##P < 0.01; ns, not significant.

siMYDS88-EVs enhance TREM2 expression during post-septic inflammatory resolution
Next, we investigated whether suppression of MYD88 inflammatory signaling was accompanied by changes
in microglial homeostatic and repair-associated signals. Triggering receptor expressed on myeloid cells 2

(TREM2), a marker associated with microglial damage sensing, phagocytic adaptation and repair-related
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responses, was only mildly and non-significantly increased after CLP alone. Notably, the most pronounced
increase in TREM2 reactivity emerged after targeted suppression of MYDS88-driven inflammation.
siMYDS88-EV treatment markedly enhanced TREM2 signal while reducing MY D88-dominant inflammatory
features, whereas siNC-EVs produced a weaker effect (Figure 6A,C). Western blotting confirmed that
TREM2 protein abundance was higher in the siMYDS88-EV group than in the CLP and siNC-EV groups

(Figure 6B,D).

We further reproduced this phenomenon ex vivo. Primary microglia were stimulated with LPS (1 pg/mL)
for 6 h and then treated with siMYD88-EVs, siNC-EVs or an equal volume of PBS for 24 h. LPS increased
IBA1 and MYDS8 signals but reduced TREM?2 fluorescence intensity, suggesting that TREM2 expression
was suppressed during early inflammatory activation. siMYD88-EVs attenuated IBA1-positive microglial
activation, restored TREM?2 signal and markedly reduced the MYD88/TREM2 ratio, whereas siNC-EVs had
a weaker effect (Figure 6E-H). Together, these in vivo and ex vivo data indicate that MY D88 silencing did
not simply suppress microglial activation, but shifted the balance of microglial responses from a

TLR4/MYD88/NF-kB-dominant inflammatory state toward a TREM2-associated response.
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Figure 6. siMYDS88-EVs enhance TREM2-associated microglial responses after CLP. (A) Multiplex
immunofluorescence images showing DAPI, IBA1, TREM2 and MYDS8 staining in brain sections from
Sham, CLP, CLP+siMYD88-EVs and CLP+siNC-EVs mice. Dashed boxes indicate enlarged regions. (B)
Representative Western blots of TREM2 and B-actin in brain tissues. (C) Mean TREM2 fluorescence
intensity in brain sections. (D) TREM2 protein expression normalized to B-actin. For (C,D), n=3; mean +

SEM; one-way ANOVA with Tukey's test; *P < 0.05 versus Sham; ##P < 0.01 versus CLP; ns, not
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significant. (E) Immunofluorescence images of primary microglia treated with control medium, LPS,
LPS+siMYDS88-EVs or LPS+siNC-EVs and stained for DAPI, IBA1, TREM2 and MYD&S. (F-H) IBAI
fluorescence intensity, TREM2 fluorescence intensity and MYD88/TREM?2 fluorescence intensity ratio
(n=3; mean = SEM; one-way ANOVA with Dunnett's test; ***P < 0.001 versus control; #P < 0.05, ##P <

0.01 and ###P < 0.001 versus LPS).

siMYDS88-EVs preserve hippocampal neuronal mitochondrial and synaptic ultrastructure after
CLP

Hippocampal neuronal ultrastructure in the CA1 region further revealed changes consistent with downstream
consequences of sustained neuroinflammation and impaired antioxidant defense after CLP, as well as the
protective effects of siMYD88-EVs. In sham mice, neuronal mitochondria displayed relatively preserved
morphology with intact membranes and organized cristae. CLP mice showed mitochondrial swelling and
structural disruption, as highlighted in the enlarged regions and by black arrowheads. siMYD88-EV
treatment alleviated these abnormalities, with most mitochondria showing preserved double-membrane
structures and organized cristae, whereas siNC-EVs provided only partial protection (Figure 7A).
Consistently, CLP increased mitochondrial area and the proportion of damaged mitochondria, both of which

were reduced after siMYD88-EV treatment (Figure 7B,C).

Synaptic ultrastructure showed a similar protective pattern. Sham mice exhibited clearly organized synaptic
contacts, with identifiable postsynaptic density (PSD) regions and abundant synaptic vesicles. After CLP,
synaptic organization was impaired, with reduced vesicle density and a thinner or less distinct PSD. The
dotted outlines in the enlarged TEM panels mark PSD regions, and black arrowheads indicate representative
synaptic vesicles and PSD-associated structures. siMYD88-EVs improved PSD thickness and restored

synaptic vesicle density, whereas siNC-EVs showed a weaker rescue effect (Figure 7A,D,E).
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495  Figure 7. siMYDS88-EVs preserve hippocampal mitochondrial and synaptic ultrastructure after CLP.
496  (A) Transmission electron microscopy images of hippocampal mitochondrial and synaptic ultrastructure
497  from Sham, CLP, CLP+siMYD88-EVs and CLP+siNC-EVs mice. Dashed boxes indicate enlarged regions;
498  black arrowheads indicate mitochondrial or synaptic abnormalities; dotted outlines mark postsynaptic
499  density (PSD) regions. (B) Mitochondrial area. (C) Proportion of damaged mitochondria. (D) PSD thickness.
500  (E) Synaptic vesicle density. For (B-E), n=3; mean = SEM; one-way ANOVA with Tukey's test. *P < (.05,

501 **P <0.01 and ***P < 0.001; ns, not significant.
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siMYDS88-EVs rescue post-septic anxiety-like behavior and cognitive deficits

Having shown that siMYD88-EVs limited post-septic neurovascular disruption, inflammatory-redox
signaling and hippocampal ultrastructural injury, we next determined whether these protective effects
translated into behavioral recovery. Anxiety-like behavior, spatial learning and recognition memory were

therefore assessed during the late post-septic phase.

In the open-field test, representative movement heatmaps showed reduced central exploration in CLP mice
compared with sham mice (Figure 8A). Total distance traveled did not differ significantly among groups,
indicating that the behavioral changes were not mainly caused by gross locomotor impairment (Figure 8B).
Compared with sham mice, CLP mice showed marked reductions in both distance traveled in the center area
and time spent in the center area, whereas siMYD8&8-EV intervention significantly increased both measures
of central exploration. siNC-EVs also increased center distance but did not significantly increase center time

(Figure 8C,D).

Spatial learning and memory were further assessed using the Barnes maze. Representative movement traces
during the probe trial showed that sham mice preferentially searched near the target area, whereas CLP mice
showed more dispersed search patterns. Mice receiving siMYDS88-EVs showed more target-directed
searching than untreated CLP mice (Figure 8E,F). During training, CLP mice showed persistently longer
escape latency and more errors. The training curves showed shorter escape latency and fewer errors in the
siMYDS88-EV group than in the CLP group during the later training phase, whereas the siNC-EV group
showed less stable improvement (Figure 8G,H). Similarly, in the probe trial, siMYD88-EVs significantly
increased the time spent in the target quadrant. siNC-EVs did not significantly improve this measure (Figure

81).

Novel object recognition was used to assess recognition memory. Compared with sham mice, CLP mice
showed reduced exploration of the novel object (Figure 8J,K). Quantification of the discrimination ratio
further confirmed impaired recognition memory after CLP. siMYD88-EVs restored the discrimination ratio,

whereas siNC-EVs produced only a slight, non-significant increase (Figure 8L).
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Figure 8. siMYDS88-EVs improve post-septic anxiety-like behavior and cognitive deficits. (A) Open-

field movement heatmaps. (B) Total distance traveled. (C) Distance traveled in the center area. (D) Time

spent in the center area. For (B-D), n=10; mean + SEM; one-way ANOVA with Dunnett's test using CLP as

the reference group; exact P values are indicated. (E) Barnes maze schematic. (F) Movement traces during

the Barnes maze probe trial. (G) Escape latency during Barnes maze training. (H) Number of errors during

Barnes maze training. For (G,H), n=10; mean + SEM; two-way repeated-measures ANOVA. (I) Time spent

in the target quadrant during the Barnes maze probe trial (n=10; mean = SEM; one-way ANOVA with

Dunnett's test using CLP as the reference group; exact P values are indicated). (J) Novel object recognition

schematic. (K) Novel object recognition movement heatmaps. (L) Discrimination ratio (n=10; mean = SEM;

one-way ANOVA with Dunnett's test using CLP as the reference group; exact P values are indicated).
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Discussion

In this study, EV treatment was initiated 72 h after CLP as a rescue intervention. This design allowed
us to evaluate whether siMYDS88-EVs could treat established post-septic neurovascular injury and
neuroinflammation after the initial septic insult. Under these stringent conditions, hUCMSC-derived EVs
carrying negative-control siRNA showed partial protective effects in several readouts, including Evans blue
extravasation, hippocampal microglial activation and open-field behavior. Consistent with previous studies,
hUCMSC:s and their EVs have been reported to possess intrinsic immunomodulatory, anti-inflammatory and
redox-regulatory properties in multiple inflammatory models [27]. hUCMSCs have also been reported to
exhibit low immunogenicity even in mice and favorable tolerability in clinical and non-clinical safety studies
[28]. Against this background, the additional benefits observed with siMYD88-EVs are more consistent with
targeted MYDS88 silencing than with the basal activity of the EV carrier alone. Our data suggest that EV-
mediated MYDS8 silencing attenuates post-septic neurovascular disruption, inflammatory-redox imbalance
and hippocampal injury, placing MYDS88 as a potential signaling node linking innate immune activation,

redox imbalance and neurovascular remodeling in SAE (Figure 9).
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Figure 9. Proposed model of siMYD88-EV-mediated neurovascular protection and microglial
rebalancing in SAE. Black arrows and black T-shaped inhibitory lines indicate direct activation and direct
inhibition, respectively. Dashed lines indicate indirect effects. Red upward arrows and green downward

arrows indicate increased and decreased expression, respectively, in the indicated pathological or treatment

state.

MYD88 mediates signaling downstream of the IL-1 receptor family and all Toll-like receptors except
TLR3. After receptor engagement, MY D88 nucleates myddosome assembly, bringing together MYDS8S,
IRAK4 and IRAK1/2; within this complex, IRAK4 acts as the proximal kinase that licenses downstream
NF-kB/MAPK activation and inflammatory cytokine production [29]. MYDS8S signaling may persist after
the acute septic phase through innate immune reprogramming and trained-immunity-like mechanisms, even

in the absence of increased upstream TLR4 abundance [30, 31]. In this context, elevated MYD88 may act
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less as a transient acute-phase adaptor than as an amplifier of chronic neuroimmune activation, thereby
intensifying mitochondrial dysfunction, reactive oxygen and nitrogen species production, lipid peroxidation

and oxidative tissue injury [32].

The recovery of NRF2/HO-1 signaling after siMYDS88-EV treatment is therefore unlikely to reflect
only a nonspecific consequence of reduced inflammation. Activated NF-kB can directly constrain NRF2-
dependent antioxidant transcription: p65 competes with NRF2 for the transcriptional co-activator CBP and
promotes HDAC3 recruitment to MafK-associated antioxidant response elements, thereby limiting
NRF2/ARE-driven gene expression [33]. This mechanism is consistent with the broader reciprocal
antagonism between NF-kB-driven inflammatory signaling and NRF2-mediated antioxidant defense [34].
Conversely, NRF2 and HO-1 can restrain NF-kB activation by reducing ROS-dependent inflammatory
signaling and suppressing NF-kB-mediated cytokine transcription [33, 35-37]. Thus, the concomitant
reduction of COX2 and recovery of NRF2/HO-1 signaling after MYD88 knockdown may indicate partial
release of an inflammation-imposed brake on endogenous antioxidant defense, providing a plausible

mechanistic basis for the preservation of mitochondrial and synaptic ultrastructure.

MYDSS silencing appeared to rebalance microglial signaling states rather than induce broad immune
suppression. TREM2 regulates microglial homeostasis, phagocytosis, lipid metabolic adaptation and
damage-associated responses in a highly context-dependent manner [38-40]. Although acute pro-
inflammatory cues can downregulate TREM?2 expression, TREM2 is also induced in chronic injury settings
in which microglia engage debris clearance, lipid handling and repair-related programs [41]. This temporal
context may explain why untreated CLP mice showed only modest TREM2 reactivity despite marked
MYDS88-associated inflammation, whereas siMYD88-EVs enhanced TREM2-associated responses during
post-septic inflammatory resolution. Thus, TREM2 upregulation in our model more likely reflects a
recovery-phase microglial response than acute inflammatory activation alone. The COP1-C/EBPp signaling
axis was examined as an additional regulatory module linked to inflammatory transcriptional control.
siMYDS88-EVs restored the phosphorylated COP1/total COP1 ratio without significantly changing total
C/EBPp abundance, suggesting that MYDS88 silencing may also affect COP1-associated inflammatory
regulation. Whether COP1 directly contributes to the anti-inflammatory phenotype will require analyses of

C/EBP ubiquitination, nuclear localization and transcriptional activity.
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The neurovascular findings further extend the mechanistic scope of MY D88 signaling after sepsis. CLP-
induced MYDB88-high structures were not confined to IBA1-positive microglia; a substantial fraction showed
a vessel-like pattern and was located within CD31-positive vascular endothelial structures, whereas this
pattern was barely detectable in sham brain sections. In the less inflamed sham and siMYD88-EV-treated
groups, MYDS8 signals associated with CD11B-positive myeloid-lineage cells were more readily resolved,
whereas in untreated CLP mice this component was largely obscured by the dominant endothelial-associated
MYDS88 signal. Taken together, CLP induced a continuous endothelial MYD88-high pattern with signal
intensity exceeding that of adjacent intravascular myeloid cells and nearby parenchymal microglia. Because
fluorescence area or intensity measurements alone cannot fully resolve the cellular source of this signal,
future cell-type-resolved analyses after vascular-associated cell isolation will be needed to define their
relative contributions. This interpretation is consistent with evidence that the brain endothelium is an active
immune interface during systemic inflammation. Brain endothelial cells express innate immune sensors and
respond to peripheral inflammatory cues through Toll-like receptor- and inflammasome-related pathways,
thereby influencing blood-brain barrier integrity and neuroimmune communication [42, 43]. Brain
endothelial MY D88 signaling has been shown to mediate neuronal and neuroendocrine responses to systemic
inflammatory stimuli, including vascular prostaglandin-related transcriptional activation [44]. However,
endothelial MYD8S is not universally required for sepsis-induced BBB dysfunction: in an acute CLP model,
endothelial MYDS88 deletion did not prevent BBB permeabilization or hippocampal inflammatory
transcriptional responses [45]. Thus, endothelial MYDS88 in our model is best interpreted as a prominent
component of persistent post-septic neurovascular inflammation, rather than the sole driver of BBB injury.
In our study, persistent Evans blue leakage, MMP9 induction and Claudin-5 loss one month after CLP
indicate ongoing BBB remodeling. The ability of siMYD88-EVs to reduce MMP9 and preserve Claudin-5

supports a role for MYD88-dependent vascular inflammation in post-septic neurovascular injury.

Mechanism-directed therapies for long-term cognitive impairment after sepsis remain limited. Current
management largely addresses infection control, hemodynamic stabilization, organ support, and sedation
strategy, whereas interventions aimed at persistent neuroinflammation and neurovascular injury are lacking.
Corticosteroids are used mainly in selected septic shock settings and remain conditionally recommended and
clinically debated in ICU guidelines [46]. MY D88 is therapeutically attractive but difficult to target because

it is an intracellular adaptor rather than a conventional extracellular receptor or enzyme. EV-mediated siRNA
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delivery provides a feasible route for modulating such intracellular signaling. By loading siMYDS88 into
EVs, this study extends MSC-EVs from a broadly immunomodulatory platform toward a pathway-directed
strategy that targets persistent MYD88-dependent inflammatory-redox and neurovascular signaling after
sepsis. Although further studies are needed to define cell-specific delivery, long-term safety, and therapeutic
windows, these findings support engineered EV-mediated MY D88 silencing as a potential cell-free approach

for sepsis-associated encephalopathy.

Conclusions

This study demonstrates that elevated MY D88 signaling in the late post-septic phase is an intervenable
target linking neurovascular injury, neuroinflammation and cognitive impairment. Engineered hUCMSC-
derived EVs mediated the delivery of MYD&88-targeting siRNA to the brain. Rescue intervention with
siMYD88-EVs initiated 72 h after CLP almost restored hippocampal neuronal mitochondrial and synaptic
ultrastructure, as well as learning and memory performance, to near-normal levels. Mechanistically, these
effects were driven by dual inflammatory regulation in vascular endothelial cells and microglia. After
inhibition of endothelial MYDS88, MMP9, which participates in extracellular matrix degradation, was
downregulated, claudin-5 expression was restored, and blood-brain barrier integrity was re-established. In
microglia, MYD88 knockdown directly reduced downstream responses of the canonical NF-xB
inflammatory signaling pathway, suppressed oxidative stress, restored NRF2/HO-1 axis function, and was
accompanied by enhanced TREM2-associated microglial responses. Taken together, siMYDS88-EV-
mediated MYDS8S silencing may serve as a target-defined, cell-free RNA delivery strategy that retains the

inherent advantages of hUCMSC-derived EVs and shows clinical potential for neuroprotection in sepsis.
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696  Supplementary Figure 1. Early survival after CLP before EV treatment. Kaplan-Meier survival curves

697  of sham-operated and CLP mice during the first 72 h after surgery, before EV treatment (Sham, n=11; CLP,

698  n=39).
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Supplementary Figure 2. siMYDS88-EVs reduce MYDS88 expression and microglial activation in the
prefrontal cortex after CLP. (A) Representative immunofluorescence images of IBA1 (green) and MYDS88
(magenta) in the prefrontal cortex of Sham, CLP, CLP+siMYD88-EVs and CLP+siNC-EVs mice. Scale bar,
50 um. (B) Quantification of total MYDS88 fluorescence, IBA1 fluorescence and MYDS88 fluorescence within
IBA1-positive areas, expressed relative to Sham. Data are shown as mean = SEM (n=3); one-way ANOVA
with Dunnett's multiple-comparisons test; **P < 0.01, ***P < 0.001 versus Sham; ##P < 0.01, ##P < 0.001

versus CLP; ns, not significant.
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Supplementary Figure 3. IRAK4 expression remains unchanged after CLP and EV treatment. (A)
Representative western blots of IRAK4 and B-actin in brain tissue. (B) Densitometric quantification of
IRAK4 normalized to B-actin. Data are shown as mean = SEM (n=3); one-way ANOVA with Tukey's

multiple-comparisons test; ns, not significant.
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712
713 Supplementary Figure 4. siMYDS88-EVs restore COP1 phosphorylation without altering C/EBPfJ

714 expression after CLP. (A) Representative western blots of p-COP1, COP1, C/EBPf and B-actin in brain
715  tissue. (B) p-COP1/COP1 ratio. (C) Densitometric quantification of C/EBP normalized to B-actin. Data are
716  shown as mean + SEM (n=3); one-way ANOVA with Tukey's multiple-comparisons test; **P < 0.01; ns,

717  not significant.
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