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Introduction: Small extracellular vesicles (sEVs) are cell-released lipid vesicles that facilitate intercellular communication by
transferring bioactive cargo to recipient cells. We previously showed that a single intrathecal administration of RAW 264.7 macro-
phage—derived sEVs, given two weeks prior to complete Freund’s adjuvant (CFA)-induced inflammation, resulted in earlier recovery
from mechanical and thermal hypersensitivity. How this long-term memory develops, and how sEVs regulate immune responses, are
unknown. Recent studies have shown that priming microglia with inflammatory stimuli can enhance or suppress responses to a delayed
secondary insult via epigenetic modifications. We hypothesized that prophylactic intrathecal administration of macrophage-derived
sEVs confers accelerated resolution of inflammatory pain by reprogramming epigenetic memory in spinal microglia.

Methods: Microglia were ablated using the colony-stimulating factor 1 receptor (CSF1R) inhibitor PLX5622 prior to sEV admin-
istration. Pain behaviors were assessed following CFA-induced inflammation. Chromatin immunoprecipitation sequencing (ChIP-seq)
was performed on spinal microglia isolated 14 days after sEV administration. The role of epigenetic modification was evaluated by
pharmacological inhibition of the H3K4 mono-methyltransferase SETD7.

Results: Prophylactic sEV administration accelerated the resolution of inflammatory pain hypersensitivity. This effect was abolished
in mice treated with PLX5622, indicating that microglia are required during sEV exposure. ChIP-seq analysis revealed enrichment of
H3K4mel-marked loci in spinal microglia 14 days after sEV administration, consistent with induction of innate immune memory.
Inhibition of SETD7 eliminated the protective effect of SEVs, demonstrating a requirement for H3K4 mono-methylation.
Discussion: Macrophage-derived sEVs induce a microglia-dependent, epigenetically mediated form of pain prophylaxis. These findings
support a model in which sEVs establish a primed, memory-like state in spinal microglia, characterized by enhancer-associated chromatin
changes that confer latent regulatory potential and enhance resolution of subsequent inflammatory pain. This work links extracellular
vesicles to microglial epigenetic remodeling and suggests a potential strategy for non-addictive, preventive pain therapeutics.
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Introduction

Neuroimmune interactions in pain engage multiple signaling pathways and cell types, including neurons, glia, and infiltrating
immune cells, that together regulate both peripheral and central mechanisms of nociception.' These interactions rely on
coordinated, cell type and stimulus-specific transcriptional programs involving the dynamic regulation of large gene networks.
Transcriptional responses are governed by the accessibility of RNA polymerase and transcription factors to defined genomic
regions, a process tightly regulated by chromatin structure through histone modifications and DNA methylation.>?
Inflammatory stimulation can induce epigenetic changes in cells, some of which are rapidly reversible, while others appear

to be long-lasting and poised for gene transcription in response to secondary triggers. These persistent epigenetic alterations
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have been increasingly recognized as a mechanism by which immune cells retain a functional memory of prior inflammatory
experiences and linked to innate immune memory.*>

Traditionally, immunological memory was thought to exist only in the adaptive immune system. T and B lymphocytes,
major components of the adaptative immunity, express a diverse repertoire of highly specific antigen receptors generated
through the rearrangement of the antigen receptor genes, allowing these cells to mount tailored immune responses against
various antigens.® When naive, antigen-specific lymphocytes recognize an antigen, they undergo clonal expansion and
produce memory cells that can persist for years, ready to respond swiftly and effectively to future exposures of the same
antigen. However, recent findings show that innate myeloid and lymphoid cells also retain memory of prior pathogen exposure
and become primed to elicit an enhanced response to a secondary stimulus.”® Unlike the specificity of the adaptive immunity
driven by antigen receptors like immunoglobulins and T cell receptors, innate immune cells can provide non-specific
responses to homologous (same as the primary encounter) or heterologous (different from the prior stimulus) pathogens or
non-microbial ligands. This phenomenon termed innate immune memory or trained immunity is a vital survival mechanism
for organisms like plants and invertebrates that lack an adaptive immune system, and for mammals that are deficient in
functional T and B cells.’ Besides trained immunity, innate immune memory can manifest as immune tolerance, when trained
cells produce a diminished response to subsequent stimulation. The enhanced or suppressed effects of this response largely
depend on the magnitude and duration of the initial stimulus. For instance, microglia treated with a low dose of lipopoly-
saccharide (LPS), exhibit immune training via increased pro-inflammatory cytokine release upon re-stimulation with a fixed
dose of LPS. Conversely, a high initial dose of LPS triggers immune tolerance in microglia, resulting in reduced pro-
inflammatory but increased anti-inflammatory cytokine release upon rechallenge.'®

Immune stimulation induces dynamic changes in histone modifications, including histone H3 lysine 4 mono- and tri-
methylation (H3K4mel, H3K4me3) and histone H3 lysine 27 acetylation (H3K27ac), leading to lasting reprogramming of the
enhancer landscape.'''* A hallmark of innate immune memory is the acquisition and persistence of H3K4me1 at enhancers
after stimulus withdrawal, even as H3K27ac and transcription factor occupancy are lost, leaving enhancers in a primed state
poised for rapid gene induction upon restimulation.'? In macrophages, these so-called latent enhancers are unmarked at
baseline but acquire enhancer features following inflammatory stimulation, retaining H3K4mel after resolution and enabling
accelerated transcriptional responses to secondary challenges.'? Importantly, similar stimulus-dependent chromatin remodel-
ing has been described in other innate immune cells, including microglia, which can exhibit altered responsiveness to delayed
secondary insults through persistent epigenetic modifications.'*'> Collectively, these persistent enhancer and promoter
changes constitute a form of innate immune memory, commonly referred to as trained immunity.®'*'

Small extracellular vesicles (SEVs), including exosomes, are key mediators of intercellular communication and can
exert potent immunomodulatory effects. However, the mechanisms by which sEVs influence pain hypersensitivity remain
poorly understood. Innate immune cell-derived sEVs are known to regulate both innate and adaptive immune
responses'® and accumulating evidence suggests that SEVs can be protective in a range of painful conditions.'” ' We
previously demonstrated that a single prophylactic intrathecal administration of RAW 264.7 macrophage-derived sEVs
two weeks prior to injury accelerates the resolution of mechanical allodynia and thermal hyperalgesia in a complete
Freund’s adjuvant (CFA) mouse model of inflammatory pain.*°

Notably, the mechanisms by which sEVs confer long-lasting prophylactic effects in naive mice remain unknown. Microglia,
the tissue-resident macrophages of the central nervous system (CNS), play a central role in the development and maintenance of

both neuropathic*® and inflammatory pain®>*

through sustained activation and production of pro-inflammatory cytokines,
including IL-1p, IL-6, and TNF-0.*>2® Emerging evidence indicates sex-dependent differences in microglial structure and
function.?” Microglia have been reported to play a prominent role in the maintenance of pain in male mice,”**’ although their
contribution may vary depending on the experimental context.>® The present study was performed in male mice.

Despite growing evidence that extracellular vesicles modulate immune and neural function, it remains unclear whether
macrophage-derived sEVs induce durable epigenetic changes in microglia that influence pain resolution. Here, we hypothe-
sized that prophylactic intrathecal administration of RAW 264.7 macrophage-derived sEVs promotes faster resolution of

CFA-induced pain hypersensitivity by establishing a memory-like, epigenetically mediated state in spinal microglia.
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Materials and Methods

Cell Culture

Murine mouse macrophage cell line RAW 264.7 (#TIB-71, American Type Culture Collection) was cultured in complete
Dulbecco’s Modified Eagle’s Medium (DMEM; Corning, New York, NY) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; #35-011-CV, Corning) and 1% penicillin-streptomycin (P/S; ThermoFisher Scientific, Waltham, MA)
in a humidified incubator at 37°C with 5% COs,.

Preparation of Exosome-Depleted FBS

Heat-inactivated FBS was subjected to ultracentrifugation to remove larger vesicles and aggregates, including exosomes.
Briefly, FBS was centrifuged in an Optima LE-80K ultracentrifuge (Beckman Coulter) with a Type 45 Ti fixed-angle
rotor (Beckman Coulter) in 70-mL ultracentrifuge tubes (#355622, Beckman Coulter, Brea, CA) at 120,000xg for 18 h at
4°C. The supernatant was syringe filtered (0.22pm) and stored at —20°C for further use.

Isolation of Small Extracellular Vesicles (sEVs) from Conditioned Medium

sEV-conditioned medium was obtained from cultures of RAW 264.7 cells plated in T-175 flasks (Corning) at a density of
29,000 cells/cm®. At 70-80% confluency, cells were washed thrice with 10 mL of phosphate-buffered saline (PBS; Corning),
followed by addition of 35 mL of DMEM with 10% exosome-depleted FBS and 1% P/S. Conditioned medium was collected
24 hours later in 50-mL conical tubes and centrifuged at 500xg for 10 min at 4°C. Supernatants were transferred to new conical
tubes and stored at —80°C until further processing. We followed the Minimal Information for Studies of Extracellular Vesicles
(MISEV) guidelines to increase purity®' and employed a multi-step approach utilizing filter concentration, size-exclusion
chromatography (SEC), and differential ultracentrifugation. All centrifugations were performed at 4°C. Stored media was
thawed and centrifuged at 12,000xg for 35 min (Sorvall RC-5C Plus centrifuge with Sorvall SA-600 fixed-angle rotor,
ThermoFisher Scientific) and the supernatant was syringe filtered (0.22um). The supernatant was concentrated using 100 kDa
Amicon centrifugal filters (#UFC9100, Millipore, Burlington, MA) to less than 500 pL, centrifuging at 5000xg for 35 min.
Retentate was diluted with PBS to 500 pL and further purified by SEC using a qEV original 35 nm Legacy column (#SP5, Izon
Science, New Zealand) according to the manufacturer’s instructions. Fractions were separated by 0.5 mL, and fractions 7-10
were collected, containing the EV enriched material, and subjected to ultracentrifugation at 110,000xg for 70 min (Optima
TLX ultracentrifuge with TLA 100.4 rotor, Beckman Coulter). The final pellet, representing sEVs, was resuspended in 35 pLL
of PBS and stored at —80 °C. Protein concentrations of sEVs were quantified using the microassay protocol for the DC protein
assay (Bio-Rad, Hercules, CA).

Nanoparticle Tracking Analysis (NTA) of sEVs

sEV size distributions and concentrations were measured using a NanoSight LM10 instrument equipped with a 405 nm
laser (Malvern Panalytical), which utilizes laser illumination to track Brownian motion. We used 0.1um filtered PBS to
dilute samples before use to achieve an optimal concentration of 20-90 particles/frame. Samples were injected into the
sample chamber, and five 60-second videos were captured for each sample, and the temperature was also recorded. For
the ZetaView S/N 18-390 (ParticleMetrix), samples were diluted to approximately 1x10® particles/mL and analyzed
using the ZetaView software (version 8.05.12 SP2).

Western Blot for sEV Markers

Protein lysates of RAW 264.7 cells and sEVs were prepared in radioimmunoprecipitation assay (RIPA) buffer
(ThermoFisher Scientific) with 1X protease inhibitor cocktail (ThermoFisher Scientific) and protein concentrations
were determined using the DC protein assay. Five pg of cell lysates and sEVs were resolved on 4-12% gradient SDS-
PAGE gel (ThermoFisher Scientific), transferred to 0.45 um PVDF membranes and blocked with 5% non-fat dry milk
(NFDM) in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 hour at RT. Membranes were washed thrice with
TBST and incubated with primary antibodies (TBST + 5% NFDM) overnight at 4°C. Membranes were again washed
thrice in TBST and incubated with secondary HRP-conjugated antibodies (TBST + 5% NFDM) at room temperature for
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1 h. SuperSignal West Dura Substrate (ThermoFisher Scientific) was added to membranes and incubated for 5 min at
room temperature. Membranes were visualized using the Odyssey Fc imaging system (LI-COR Biosciences). The
following primary antibodies and concentrations were used: mouse anti-CD81 Clone B-11 (#sc-166029, Santa Cruz
Biotechnology, 1:500), mouse anti-Alix Clone 1A12 (#sc-53540, Santa Cruz Biotechnology, 1:300), and rabbit anti-
Calnexin (#PA5-34754, Santa Cruz Biotechnology, 1:5000). Secondary HRP-conjugated antibodies used were Goat anti-
rabbit [gG-HRP and Goat anti-mouse IgG-HRP (#1706515 and #1706516, Bio-Rad).

Detection of Immune Surface Markers of sEVs via Flow Cytometry

A bead-based immunodetection assay identified 37 immune markers on sEVs using 10 pg of input material, performed
according to the manufacturer’s protocol as previously described®* (mouse MACSPlex EV Kit, #130-122-211, Miltenyi
Biotec, Germany). Acquisition was performed on aBD LSRFortessa flow cytometer (BD Biosciences, San Diego, CA).
sEVs are identified by CD9", CD63", and CD81" APC-labelled capture beads, which are then labelled with marker specific
antibodies. For markers with %Pos > 60%, the weighted expression is calculated as: 0.5 * %Pos * (1 + MFI/ Highest MFT).
Samples are represented in the form of a heat map. Three individual SEV preparations were used.

Mice

Wild-type (WT) C57BL/6] male mice aged 69 weeks were purchased from the Jackson Laboratory (Bar Harbor, ME)
and housed socially (2—5 mice per cage) in individually ventilated cages in a temperature- and humidity-controlled room
with a 12-h light/dark cycle. Mice were provided with irradiated rodent diet (#5053, LabDiet, St. Louis, MO) and water
ad libitum unless otherwise specified. Upon arrival, mice were acclimated in the animal facility for at least one week
prior to experiments.

Intrathecal Administration of sEVs and PFI-2

Mice received intrathecal injections at 8—11 weeks of age. For single sEV injections, a Hamilton microliter syringe
equipped with a 30-gauge needle was inserted between the L5 and L6 vertebrae at a 30° angle. Successful entry into the
intradural space was confirmed by observing a tail flick response. One pg of sSEVs resuspended in 10 uL of PBS (0.1 pg/uL)
or an equal volume of PBS, was injected at a slow and steady rate to avoid rapid changes in pressure.

To enable repeated intrathecal drug delivery, a polyurethane intrathecal catheter (32 G tip, 6 cm long, 22 G connection;
#MIT-02, SAI Infusion, Lake Villa, IL) was inserted between the LS and L6 vertebrae into the subarachnoid space and
extended to lumbar L4 to L5 regions as previously reported.® Sutures underneath the skin (4-0) were used to secure the
catheter, and the catheter was flushed with 7 pL of PBS, followed by heat sealing of the tube opening. Mice recovered for 5—7
days before experimentation. PFI-2 (#S57294, Selleck Chemicals, Houston, TX), a specific inhibitor of SET domain-containing
7 histone lysine methyltransferase (SETD7), was used to inhibit the methyltransferase activity of SETD7. PFI-2 was
reconstituted in dimethyl sulfoxide (DMSO; G-Biosciences, St. Louis, MO) at a concentration of 10 mM and stored at
—20°C. PBS was administered between drugs and after delivery to avoid direct PFI-2-sEV interactions and to ensure
circulation in cerebrospinal fluid. The injection regimen was as follows. Day 1: 5 pL of 20 uM PFI-2 in 1% DMSO, 3 uL
of PBS, 5 uL of sEVs containing 1 pg of sSEVs (0.2 pg/ul), and 7 pL of PBS. Day 2—4: 10 uL of 10 uM PFI-2 in 0.1% DMSO,
followed by 7 uL of PBS. DMSO and 5 pL of PBS were used as controls for PFI-2 and sEVs, respectively. The catheter was
heat-sealed after injections each day. Mice were anesthetized with 2% isoflurane gas during catheterization and injections.
Additionally, mice were housed individually until the completion of intrathecal drug delivery to prevent catheter displacement.

Complete Freund’s Adjuvant (CFA) Model of Inflammatory Pain
To induce inflammatory pain in the hind paw of mice, an emulsion comprised of 20 uL of 50% CFA (10 nug, #F5881,
Sigma-Aldrich, St. Louis, MO) diluted in 0.9% saline was administered subcutaneously into the plantar surface of the
right hind paw using a 30-gauge needle and syringe. For studies in which the prophylactic effects of sEVs were
evaluated, mice received a CFA injection two weeks after a single dose of 1 pg sEVs.?°
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Pain Behavioral Assessment of Mechanical Hypersensitivity

Mechanical sensitivity of the hind paws was assessed by von Frey filaments as previously described.?’ Habituation of
mice for von Frey testing was performed with mice individually placed into plexiglass chambers on an elevated mesh
grid platform for 1 h, 1-2 days prior to baseline testing. Mice were additionally habituated for 30 min each day prior to
behavioral testing. A series of von Frey filaments (#BIO-VF-M, Bioseb, France) ranging from 1.4 to 2 grams of force
(ascending order) were sequentially applied to the center of the hind paw plantar surface. Positive responses were
recorded when mice withdrew, licked, or flinched the testing paw. Filament was applied five times for 2-3 sec each. The
paw withdrawal threshold was determined as the force at which three out of five stimuli elicited positive responses.
Measurement of sensitivity in unaffected paws (naive mice or the contralateral (left) paw of CFA model mice) began with
a 0.16 g filament, while the ipsilateral (right) paw of CFA model began with a 0.02 g filament. The experimenter was
blinded to the treatment conditions.

PLX5622-Mediated Microglia Depletion

Upon arrival from the Jackson Laboratory, mice were fed control AIN-76A rodent diet (#¥D100011, Research Diets, New
Brunswick, NJ) ad libitum. Microglial ablation was induced by pharmacological means using CSF1R inhibitor, PLX5622
(#HY-114153, MedChemExpress, Monmouth Junction, NJ), formulated (1200 parts per million) in AIN-76A chow
(#D191010021, Research Diets). PLX5622 diet was fed to 8-9 week-old mice starting 10 days prior to the sEV adminis-
tration, for a duration of 14 days. These mice were reverted to the control diet for the remainder of the study period.

Perfusion, Tissue Fixation, and Immunohistochemistry (IHC)

Intraperitoneal (i.p.) injection of 100 mg/kg body weight of ketamine and 10 mg/kg body weight of xylazine was used to
anesthetize mice, with subsequent transcardial perfusion with room temperature PBS, followed by ice-cold 4% (w/v)
paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, PA) in 0.1 M phosphate buffer (PB) for 5 min. Lumbar
spinal cord segments (L4-L5) were dissected and stored in in 4% PFA in PB overnight at 4°C and then cryoprotected in
30% sucrose in PB for at least 24 h. O.C.T. compound was used to embed tissues, which were then sectioned at 25 pm in
PB (free-floating) at —20°C using a cryostat. For immunostaining, sections were washed thrice for 5 min with wash
buffer (0.3% Triton X-100 in PB), then blocked 5% normal goat serum (NGS; #S-1000, Vector Laboratories) in wash
buffer for 2 h at room temperature. Sections were incubated with primary antibodies diluted in blocking buffer on
a shaker overnight at 4°C. The next day, sections were washed thrice in wash buffer, and incubated with secondary
antibodies in PB supplemented with 5% NGS for 2 h at room temperature on a shaker. Sections were washed three times
in wash buffer and counterstained with 1 pg/mL DAPI (4’,6-diamidino-2-phenylindole; ThermoFisher Scientific) for
10 min at room temperature. Following a final wash step, tissue sections were mounted on Superfrost Plus Gold slides
and cured with mountant (Invitrogen) overnight in the dark. Confocal images were acquired using an Olympus FV3000
microscope. Antibodies were used as follows: Ibal (1:2000, #019-19741, Wako Chemicals) and goat anti-rabbit Alexa
Fluor 594 (1:1000, #A-11012, Invitrogen).

Preparation of Single-Cell Suspension from Adult Mouse Spinal Cord

Spinal cords from PBS-perfused mice were hydraulically extruded into ice-cold Dulbecco’s Phosphate-Buffered Saline
(DPBS) supplemented with calcium and magnesium (DPBS++; #14287072, Gibco) using a trimmed 200-uL pipette tip
and a 10-mL syringe filled with cold DPBS++. Tissue dissociation was carried out using the Adult Brain Dissociation Kit
for mouse (#130-107-677, Miltenyi Biotec). In brief, spinal cord was minced into 2 mm?® pieces and placed in
a gentleMACS C tube (Miltenyi Biotec) containing Enzymes P and A. The C tube was then placed on a gentleMACS
Octo Dissociator with Heaters (Miltenyi Biotec) and subjected to appropriate programs based on tissue weight (20—
100 mg: 37C_ABDK 02; >100 mg: 37C_ABDK 01). Dissociated cells were then passed through a 70-pm cell strainer
into a 50-mL conical tube and centrifuged at 300xg for 10 min at 4 °C. Cells were resuspended in an appropriate buffer
for downstream experiments.
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Isolation of Spinal Cord Microglia Using Magnetic-Activated Cell Sorting (MACYS)
Single cells from adult mouse spinal cord were resuspended in 3.1 mL of DPBS++ and the suspension was then
transferred to a 15-mL conical tube. To remove debris such as myelin, 0.9 mL of debris removal solution provided by the
dissociation kit was thoroughly mixed with the suspension. Subsequently, 4 mL of DPBS++ was carefully overlaid on the
cell suspension, followed by centrifugation at 3000xg for 10 min at 4°C. The top two phases were aspirated, and the
remaining suspension was diluted to 15 mL with DPBS++ followed by centrifugation at 1000xg for 10 min at 4°C.
Debris-free cells were incubated with CD11b MicroBeads (10 pL beads per 107 cell; #130-049-601, Miltenyi Biotec) in
PBS + 0.5% bovine serum albumin (BSA) for 15 min in a refrigerator (2—8 °C). Unbound antibody was removed by
adding 1-2 mL of 0.5% BSA in PBS per 10’ cells and centrifuging at 300xg for 10 min at 4°C. The magnetic-labeled
positive fraction (CD11b" cells) was isolated using an LS column (Miltenyi Biotec). CD11b" cells were resuspended in
a suitable buffer for subsequent experiments. Each MACS isolation utilized a pool of 6—8 mice. For RNA isolation, final
cell pellets were dissolved in 300 pL of RNA Lysis/Binding buffer and snap-frozen in liquid nitrogen.

Percoll Density Gradients

Isolation of mononuclear cells from spinal cord using Percoll gradients was performed as described.>* First, a stock
isotonic Percoll (SIP) was prepared by mixing 9 parts of Percoll (Cytiva, Marlborough, MA) with one part of 10X HBSS
without calcium, magnesium, or phenol red (Gibco). SIP was diluted to 30% with complete RPMI 1640 medium (Gibco)
containing phenol red, 10% FBS and 1% P/S, and diluted to 70% with 1x HBSS (Avantor, Radnor, PA). After
dissociation, cells were resuspended in 10 mL of 30% SIP, transferred to a 15-mL conical tube, and underlaid with
2.5 mL of 70% SIP. Gradients were centrifuged at 500xg for 30 min at 18°C with no brake. The supernatant containing
the myelin was discarded. Subsequently, 4 mL of cell suspension was collected at the 30%/70% interphase into a new 15-
mL conical tube containing 8 mL of 1X HBSS and centrifuged at 500xg for 7 min at 18°C. Cell pellets were then
resuspended in an appropriate buffer.

Isolation of Spinal Microglia Using Fluorescence-Activated Cell Sorting (FACS)

For isolating microglial cells using FACS, each sample was comprised of a pool of 6—8 mice (n=2). Spinal mononuclear
cells isolated using Percoll gradients were washed in FACS buffer (PBS containing 2% FBS, 1% P/S, 25 mM HEPES
(Gibco), and 2.5 mM EDTA (Invitrogen)). After buffer exchange, cells were resuspended in 50 pL FACS buffer
containing FcR block (1:100; #156603, BioLegend) for 5 min at room temperature, followed by 50 pL of live/dead
staining in PBS (1:500; #L10119, Invitrogen) for 15 min at 4°C. Cells were washed and resuspended in FACS buffer.
Cells were then co-stained with 55 pL of antibody cocktail in stain buffer (#566349, BD Biosciences) for 45 min at 4°C.
Cells were washed and incubated with 100 pL of Brilliant Violet (BV) 785 Streptavidin in FACS buffer (1:100; #405249,
BioLegend) for 5 min at room temperature to label biotinylated antibodies (CD3, CD19, and NK1.1) in a dump channel
to exclude T cells, B cells, and natural killer (NK) cells. Following a final wash, cells were resuspended in 300 pL of
FACS buffer. For each washing step, samples were filled up to 1.2 mL with FACS buffer and centrifuged at 1500 rpm for
5 min at 4°C. Finally, cells were filtered through a 35-um cell strainer (#352235, Falcon) immediately before sorting on
a Cytek Aurora CS cell sorter (63.6 psi sheath pressure; Cytek Biosciences, Fremont, CA) with SpectroFlo software. All
procedures were conducted with minimal light exposure. Primary antibodies were used as follows: BUV395 CD45 (1:50;
#564279, BD Biosciences), APC CDI11b (1:50; #561690, BD Biosciences), PE/Dazzle 594 Ly6C (1:50; #128043,
BioLegend), PerCP/Cyanine5.5 Ly6G (3:50; #127615, BioLegend), biotin CD3 (3:50; #100243, BioLegend), biotin
CD19 (1:25; #115504, BioLegend), and biotin NKI1.1 (1:50; #108703, BioLegend). Microglia were sorted as
CD45"CD11b"Ly6C Ly6G Dump. For each collection of microglia from CFA model mice, ipsilateral lumbar (L1-L6)
spinal cords were pooled from 6—8 mice.

Tissue Homogenization and RNA Isolation
Dissected L4-L5 spinal cord was snap-frozen in 1.5-mL nuclease-free tubes in dry ice or liquid nitrogen and stored at
—80°C. Immediately before disruption, 3—4 ceramic homogenizer beads and ice-cold RNA Lysis/Binding buffer were
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added to each sample. Tissues were homogenized using an Omni Bead Ruptor (Omni International) for two cycles of
30 sec disruption until no large tissue chunks were observed. Samples were then centrifuged at 10,000xg for 20 min and
the supernatant was collected for RNA extraction. Total RNA was isolated using the mirVana RNA isolation kit
(#AM1561, Invitrogen) according to the manufacturer’s instructions, with on-column DNAse treatment (#12185010,
Invitrogen) performed during Wash I. After RNA concentrations were determined using a NanoDrop ND1000 spectro-
photometer, RNA samples were stored at —80°C.

RNA Sequencing (RNA-Seq) and Bioinformatics Analysis
RNA-seq was done as previously described.?® Briefly, total RNA was isolated from the dorsal horn of the lumbar spinal
cord using the miRVana kit (Applied Biosystems). RNA concentration and integrity were assessed with the Agilent RNA
6000 Nano kit on a Bioanalyzer 2100 (Agilent Technologies). Libraries were generated by reverse transcription to
double-stranded cDNA, followed by end repair, 3’ adenylation, adaptor ligation, purification, and PCR amplification.
Sequencing was carried out on the BGISEQ-500 platform to obtain ~30 million 50 bp single-end reads per sample. Raw
reads were filtered using SOAPnuke to remove low-quality reads, adaptor sequences, and reads with ambiguous bases.
Clean reads were assembled into unigenes, annotated, and analyzed for expression levels and SNPs. Reads were mapped
to the reference transcriptome with HISAT.>

For the microglia RNAseq experiment, the samples were collected in two batches and sequencing was conducted by
Azenta Life Sciences. To minimize technical variation, batch correction was applied to raw read counts using ComBat-
seq.>® Low-abundance transcripts (TPM < 1 across all samples) were excluded from further analysis. Data is visualized
using principal component analysis and hierarchical clustering with Pearson correlation distance metric. Differentially
expressed genes (DEGs) were identified from normalized log2-TPM values using a two-tailed #-test (p < 0.01) with
a fold-change cutoff of > 2. Adjusted p values are reported using Benjamini and Hochberg false discovery rate multiple
testing correction. DEGs were submitted to enrichr,?’ to determine the biological annotations and pathways they are
involved in. Specifically, we tested for enrichment of terms available in the ChEA, Reactome, GO biological process,
transcription factor perturbations, Wiki pathway, and KEGG pathway libraries. Significant enrichments were determined
with p < 0.01 and at least two DEGs annotated.

Chromatin Immunoprecipitation (ChlIP) and Bioinformatics Analysis

We conducted ChIP-seq using protocols adapted from Covaris truChIP chromatin shearing kit tissue SDS and Millipore
magna ChIP G tissue kits as described before®* with an H3K4me1 antibody (Abcam ab8895) on spinal microglia 14 days
after sEV injection from the two biological replicates per condition. Each replicate was generated by pooling 6—8 mice
and analyzed as an independent biological replicate. ChIP-seq library preparation and sequencing were performed by
Azenta Life Sciences. Libraries were generated from ChIP DNA using Azenta’s Illumina ChIP DNA Library Preparation
workflow. Sequencing was carried out on an Illumina platform using a 2x150 bp paired-end configuration with single
indexing, yielding approximately 350 million raw paired-end reads per lane (~105 GB). A minimum quality threshold of
>80% bases >Q30 was achieved for all libraries. Azenta provided raw FASTQ files along with initial quality reports,
adapter trimming, read mapping, and peak-calling outputs. For downstream analysis, raw sequencing reads were
processed using a standardized computational pipeline. Sequencing adapters and low-quality bases were trimmed with
Trimmomatic,”® and the resulting reads were aligned to the mm10 reference genome using Bowtie2.*° Alignments were
filtered with samtools*’ to retain primary concordant reads with a mapping quality >30. Peak calling was performed
using MACS2,*!" and peaks overlapping genome-specific blacklist regions were removed. Valid peaks across samples
were merged; to ensure high stringency, only peaks consistently identified in both biological replicates were retained for
further analysis.

Statistical Analysis

Data analysis was performed with GraphPad Prism 10.2.0. Sample sizes (n) represent biological replicates unless
otherwise indicated. Behavioral data were analyzed using repeated measures two-way analysis of variance (ANOVA),
followed by Bonferroni post-hoc test for multiple comparisons and presented as mean + standard error of the mean
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(SEM). For RNA-seq analyses, adjusted p values were calculated using the Benjamini-Hochberg false discovery rate
correction. Assumptions for statistical analyses were assessed where applicable.

Results

sEV Characterization

Typical diameter of SEVs range from 50—150 nm** and our NTA analysis with standard beads of 70, 125, 200, and 400
nm in diameter, showed that the sEVs had an average diameter of 149.2 + 4.9 nm (Figure 1A). We previously reported
that SEVs from RAW 264.7 cells had a mean diameter of 113.6 + 7.9 nm.>° Western blotting of sEVs confirmed the
expression of the exosome marker protein CD81 but not the negative control protein calnexin (Figure 1B). We also
characterized sEV markers using a MACSPlex flow cytometry bead-based capture assay and detected the common sEV
markers including tetraspanins CD81, CD9, and CD63. sEV composition reflects characteristics of their parent cell** and
we observed expression of monocytic/macrophage markers in RAW 264.7 derived sEVs including CD115 (CSF1R) and
CD86 (Figure 1C). These results indicate that SEVs isolated meet the MISEV guidelines®' for purity.

Prophylactic Intrathecal sEV Administration Attenuates Inflammatory Pain

In our previous studies, prophylactic intrathecal administration of 1 pg of macrophage-derived sEVs two weeks prior
effectively attenuated CFA-induced inflammatory pain in male C57BL/6J mice, starting from two days post-CFA
injection.”® To independently confirm and replicate these effects in CFA model mice we followed the same paradigm
(Figure 1D). Our data showed that macrophage-derived sEVs significantly reduced inflammatory pain hypersensitivity on
days 5 and 7 after CFA injection (Figure 1E). Overall, our behavioral results demonstrate that macrophage-derived sEVs
accelerate recovery from CFA-induced pain.
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Figure | Confirmation of purity and in vivo efficacy of small extracellular vesicles (sEVs) from RAW 264.7 cells. (A) Nanoparticle tracking analysis (NTA) showing an
average diameter of 149.2 + 4.9 nm in sEVs isolated from the conditioned medium of RAW 264.7 cells. (B) Western blotting showing the presence of EV markers CD81 and
ALIX in sEV preparations, with the negative marker calnexin only expressed in cell lysate. (C) Bead-based flow cytometry confirmed the presence of sEV markers such as
tetraspanins CD8I, CD9, and CD63 and monocytic/macrophage markers in RAW 264.7-derived sEVs including CDI15 (CSFIR) and CD86. Percent weighted expression
calculated from fraction of positive beads and normalized mean fluorescent intensity. Purple indicates high expression and yellow indicates low expression. (D) Schematic
representation of prophylactic injection of sEVs in a mouse model of CFA-induced inflammatory pain. (E) Prophylactic intrathecal administration of | g sEVs 14 days before
CFA injection in the hind paw induces faster resolution of mechanical sensitivity. Macrophage sEVs significantly alleviate inflammatory pain starting from day 5. Data shown as
mean = SEM, n=9 for PBS and n=6 for sEVs. **¥ *Fp < 0,001, 0.0001 repeated measures two-way ANOVA with Bonferroni test.

Abbreviations: BL, baseline; CFA, complete Freund’s adjuvant; sEVs, small extracellular vesicles.

8 https: Journal of Inflammation Research 2026:19



Luo et al

Microglial Depletion and Repopulation Using PLX5622 Does Not Influence Normal
Sensitivity in Mice

To study the role of microglia in sEV-mediated pain resolution, we used a selective colony stimulating factor 1 receptor
(CSFI1R) inhibitor PLX5622. CSF1R serves as a key regulator of microglia and macrophages and is essential for myeloid
cell survival.** Numerous studies have validated the use of CSFIR inhibitors in microglial ablation.*’ Interestingly,
microglia can be fully repopulated in the CNS within 7 days after the cessation of CSFIR inhibition.*® This is
particularly advantageous for our study, as the absence of microglia may impact the development and maintenance of
inflammatory pain,”**® making it difficult to interpret behavioral data. To induce microglial ablation, we fed the mice
with PLX5622 (1200 ppm) in AIN-76A diet (PLX). AIN-76A diet (control diet or CD) was used as the control. We
examined microglial depletion in lumbar spinal cord in mice fed with PLX for 7 and 11 days. IHC was performed on
lumbar segments (L4-L5) collected from these mice using the microglial-specific marker Ibal (shown in red) and
counterstained with DAPI (blue) to identify microglia (Figure 2). Confocal images confirmed that microglia were ablated
in spinal cord 7 days after PLX diet, with further depletion over an additional 4 days of PLX diet (Figure 2A). To ensure
complete ablation of microglia at the time of SEV injection, we extended the feeding schedule of PLX diet to 14 days.
After depletion, the PLX diet was replaced with CD for a minimum of 10 days, allowing sufficient time for microglial
repopulation to occur prior to CFA injection. Microglia were repopulated in the lumbar spinal cord 10 days after
cessation of the PLX5622 diet (Figure 2B).

To investigate whether microglial depletion and repopulation affect basal sensitivity and CFA-induced pain hyper-
sensitivity, we conducted behavioral testing using von Frey filaments on mice fed with different diets before and after
CFA injection. We also included a group of mice that were fed with a normal diet (ND) provided by our animal facility
for comparison with CD and PLX diets. The schematic of experimental design is shown in Figure 2C. Mice on CD and
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Figure 2 Depletion and repopulation of microglia in lumbar spinal cord and its effect on CFA-induced inflammatory pain. (A) IHC images of lumbar spinal cord (L4-L5)
confirm depletion of microglia 7 days and |1 days after PLX5622 diet. (B) IHC also confirms microglial repopulation in L4-L5 spinal cord when mice were fed for 14 days
with PLX5622 diet, followed by 10 days of control diet. Ibal shown in red was used as microglial marker and counterstained with DAPI (blue). Scale bar = 200 uym. (C)
Schematic of experiment to test if repopulated microglia alter CFA-induced hypersensitivity. In PLX group, mice were fed for 14 days with PLX5622 diet (before and after
intrathecal injection of PBS), followed by 10 days of control diet. Comparison of the effects of three types of diets on normal sensitivity (D) and CFA-induced pain
hypersensitivity (E) No differences in mechanical allodynia were observed among these three diets before and after CFA injections (repeated measures two-way ANOVA,
Bonferroni post-test). Data presented as mean + SEM (n=6 for ND; n=7 for CD and PLX).

Abbreviations: CD, control AIN-76A diet; PLX, AIN-76A diet containing PLX5622.

Journal of Inflammation Research 2026:19 hetps: 9



Luo et al

PLX diets showed no significant alteration in basal pain thresholds (Figure 2D). Moreover, mice on all diets demon-
strated similar pain sensitivity in response to CFA injection (Figure 2E). We conclude that microglial ablation and

repopulation does not influence normal mechanical sensitivity in mice.

Microglia are Indispensable for Macrophage sEV-Induced Prophylaxis

We next investigated whether prophylactic SEVs could still confer early pain resolution when microglia were absent
during sEV administration. After 10 days on PLX diet, mice were injected i.¢z. with 1 ug of sEVs or PBS. Microglial
depletion continued for an additional 4 days, after which PLX diet was replaced with CD for the rest of the study
(Figure 3A). Control mice were fed with CD throughout the experiment. Prophylactic sEVs provided protection against
CFA-induced pain in CD-fed mice, starting from day 5 and continuing until day 14 (Figure 3B). However, the early
resolution of mechanical hypersensitivity induced by sEVs was completely abolished in PLX-fed mice (Figure 3B),
indicating that microglia at the time of SEV administration were necessary for sEVs to promote faster resolution of

inflammatory pain in CFA model mice.

sEVs Induce Gene Expression Changes in Lumbar Spinal Cord 7 Days After I.t.
Injection

To evaluate the transcriptional effects of sEV treatment on spinal cord tissue, we performed bulk RNA-seq on lumbar
spinal cord segments (L4-L5) collected 7 days after intrathecal injection of sEVs or PBS. We identified 3 upregulated and
34 downregulated genes in sEV-treated spinal cords compared to PBS controls. The top 10 DEGs are listed in Table 1
and the whole list is shown in Supplementary Table 1. Notably, several small nucleolar RNAs (eg, Snord116, Snord35a,
and Snord89) and microRNAs (eg, mir-9-2, mir-453) were among the most significantly altered, suggesting that SEVs
may influence non-coding RNA regulation in the spinal cord. Three genes, somatostatin receptor 4, carbonic anhydrase 1,
and regulatory subunit of type Il PKA R-subunit (RIIa) domain containing 1 have been implicated in regulating pain.*’*
To further investigate the biological relevance of the transcriptional changes, we performed gene set enrichment analysis
(GSEA), which revealed significant associations with oxidative stress and neuroendocrine signaling. Genes altered by
SEV treatment were enriched in NFE2L2 knockout signatures, suggesting modulation of antioxidant pathways.
Additional enrichment was observed in pathways related to peptide hormone secretion and neuropeptide signaling,
indicating potential effects on hormonal and synaptic regulation within the spinal cord (Supplementary Table 1).

sEV Treatment Alters Microglial Gene Expression in Lumbar Spinal Cord at 14 Days
Next we used isolated microglia from the whole spinal cord of mice. Mice that received PBS were used as control. To
obtain sufficient RNA yield for RNA-seq, spinal cord samples were pooled. Each sequencing replicate consisted of a pool
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Figure 3 Spinal cord microglia are essential for macrophage sEV-induced prophylaxis. (A) Experimental design. Mice were fed with PLX5622 diet (PLX) or AIN-76A control
diet for 14 days (10 days before and 4 days after) sEV injection. (B) sEV-induced prophylaxis was diminished in the mice fed with PLX diet during sEV injection. von Frey test
for mechanical sensitivity showed that pain attenuation conferred by sEVs is abolished in PLX-fed mice. All mice received CFA. Data presented as the mean * SEM (n=7-8;
*b» < 0.05, ¥**p < 0.001 vs. PLX: SEVs, repeated measures two-way ANOVA with Bonferroni post-hoc test).

Abbreviations: BL, baseline; CFA, complete Freund’s adjuvant; sEVs, small extracellular vesicles; CD, control AIN-76A diet; PLX, AIN-76A diet containing PLX5622.
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Table | The Top 10 Differentially Expressed Genes in Lumbar Spinal Cord Tissue 7 Days After sEV

Treatment

Symbol | Title p value | Signed FC
Snordl16 | Small nucleolar RNA, C/D box |16 7.8E-10 | —2.8
Maats| MYCBP-associated, testis expressed | 3.0E-4 -2.0
mir9-2 microRNA 9-2 3.5E-4 11.2
Scpppql Predicted gene, 17660 3.9E-4 -23
Snord35a | Small nucleolar RNA, C/D box 35A 5.0E-4 -8.1
Sstr4 Somatostatin receptor 4 5.1E-4 -2.5
Snord89 Small nucleolar RNA, C/D box 89 5.6E-4 -7.5
mir-453 microRNA 453 5.7E-4 9.0
Carl Carbonic anhydrase | 7.6E-4 2.4
Riiad | Regulatory subunit of type Il PKA R-subunit (Rlla) domain containing | | I.1E-3 -3.6

Notes: Genes were selected based on p-value < 0.01 and absolute fold change > 2. Signed fold change indicates direction and
magnitude of expression change relative to PBS-treated controls. List of all DEGs and the enrichment results are available in
Supplementary Table |.

of 6-8 mice. Each pooled sample was treated as one biological replicate for downstream analyses. We used two MACS
and two FACS-sorted CD11b+ microglia. The gating strategy is shown in Supplementary Figure 1. One sEV sample

(sEV2) was determined to be an outlier via PCA and clustering and was excluded from the analysis (Supplementary
Figure 2A and B). Differential expression analysis of the remaining samples identified 24 upregulated and 26 down-
regulated genes in sEV-treated microglia compared to PBS treated control microglia. Most of these DEGs were predicted
or unannotated genes; top 10 annotated DEGs are listed in Table 2 and the full list is included in Supplementary Table 2.

Gene set enrichment analysis revealed that the DEGs were significantly associated with immune and inflammatory
signaling pathways. Notably, enriched terms included cytokine-cytokine receptor interaction, chemokine signaling, and
malaria-related pathways, driven by genes such as CD40LG, CCLS8, XCL1, and CCR1L1. These findings suggest that
sEVs modulate microglial immune activity and chemokine-mediated communication in the spinal cord.

sEVs Alter H3K4mel Enrichment in Spinal Microglia

To determine if the alterations in H3K4mel enrichment following sEV treatment contribute to the resolution of CFA-induced
inflammatory pain, we conducted chromatin immunoprecipitation followed by sequencing (ChIP-seq) with an H3K4mel
antibody on MACS-sorted CD11b" microglia from ipsilateral lumbar L1-L6 spinal cord of CFA model mice that prophy-
lactically received PBS or sEVs 14 days prior to CFA injection. Each replicate consisted of a pool of 6—8 mice and from the
two biological samples per condition, we identified 12 merged annotated peaks in spinal microglia from PBS-treated mice
and 85 merged annotated peaks in sEV-treated samples (Supplementary Table 3). There were no overlapping peaks between

the two conditions. In the PBS-treated sample, most peaks (83.33%) were annotated to the promoter regions within 1 kb of
the transcription start site (TSS), while the remainder were located in the distal intergenic regions (> 1.5 kb from TSS).
Similarly, in the sEV-treated group, the majority of the peaks were also annotated to the promoter regions, and the average
signal profiles indicated that the binding of H3K4mel was enriched at TSSs. To explore the functional relevance of these
sEV-specific H3K4mel-enriched regions, we performed GSEA using the genes associated with peaks present only in the
sEV-treated group (Supplementary Table 3). The analysis revealed strong enrichment for targets of Polycomb group proteins
and chromatin regulators, including SUZ12, MTF2, JARID2, and EZH2, suggesting that sEVs may influence epigenetic

remodeling in spinal microglia. Additionally, enriched pathways included neuronal signaling, chemokine signaling, and
synaptic regulation, with genes such as Gata2, Cacnale, Doc2b, Pde10a, and Bcll1b contributing to these signatures. These
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Table 2 The Top 10 Differentially Expressed Genes (Excluding Predicted or
Unannotated Genes) in Spinal Cord Microglia Isolated 14 Days After sEV

Treatment

Symbol Title p value | Signed FC
Igkj5 Immunoglobulin kappa joining 5 7.4E-5 4.4
Ccl8 C-C motif chemokine ligand 8 1.3E-3 23
Mettl50s Methyltransferase 5, opposite strand |.6E-3 -2.3
Mir713 microRNA 713 2.3E-3 35
Snora62 Small nucleolar RNA, H/ACA box 62 2.7E-3 4.|
Hogal 4-hydroxy-2-oxoglutarate aldolase | 2.8E-3 -2.3
Cd40lg CDA40 ligand 2.9E-3 2.0
Snoral7 Small nucleolar RNA, H/ACA box 17 2.9E-3 -2.4
1700001DOIRik | RIKEN cDNA 1700001DO0I gene 3.3E-3 3.6
Cerlll C-C motif chemokine receptor | like | | 4.1E-3 -2.3

Notes: Genes were selected based on p-value < 0.01 and absolute fold change > 2. Signed fold change
indicates direction and magnitude of expression change relative to PBS-treated controls. List of all
DEGs and the enrichment results are available in Supplementary Table 2.

findings support the hypothesis that sSEVs modulate microglial function through epigenetic mechanisms that prime transcrip-
tional programs relevant to neuronal and immune signaling.

Cross-Experiment Comparisons Reveal Distinct Gene and Pathway Responses to sEV

Treatment, with Transcription Factor-Mediated Links

To assess the relationship between transcriptional and epigenetic responses to sEV treatment, we compared results across
bulk RNA-seq (7 days post sEV treatment lumbar spinal cord), purified microglial RNA-seq (14 days post sEV
treatment), and microglia ChIP-seq (14 days post sEV treatment) experiments. Because these datasets represent distinct
biological layers, including tissue-level transcription, cell-specific transcriptional responses, and chromatin-associated
regulatory states, direct overlap between datasets was not necessarily expected. As shown in Figure 4A, there were no
overlapping genes among the datasets, indicating that SEVs modulate distinct gene sets depending on cell type and time
point. Similarly, gene set enrichment analysis revealed no shared pathways across experiments (Figure 4B), suggesting
functional divergence in sEV-induced responses. To identify potential regulatory relationships despite limited direct
overlap between datasets, we focused on transcription factors identified as either differentially expressed or enriched in
one dataset and mapped their known targets in other datasets. Notably, only transcription factors differentially expressed
or enriched in the ChIP-seq dataset were found to target the differentially expressed genes in other datasets. These
relationships, visualized in Figure 5, highlight transcription factor-mediated links across experiments and suggest that
sEVs orchestrate coordinated but compartmentalized regulatory programs in spinal cord microglia and tissue.

Methyltransferase Activity of SETD7 is Essential for Prophylaxis Conferred by sEVs

To determine the necessity of H3K4mel deposition for sEVs to confer faster resolution of pain hypersensitivity, we treated
the mice with PFI-2, a selective methyltransferase inhibitor which blocks the methyltransferase activity of SETD7°°
(Figure 6A). PFI-2 was given via intrathecal catheters immediately after sEV delivery and repeated every day for an
additional four days. Detailed experimental design and grouping are listed in Supplementary Table 4. Mice treated with PFI-2

showed no difference in mechanical thresholds post-CFA as compared to vehicle, indicating PFI-2 treatment alone did not
affect the induction of the CFA model (Figure 6B). Mice treated with sEVs followed by PFI-2 however showed significantly
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Figure 5 Circos diagram illustrating transcription factor-mediated regulatory connections across datasets. Transcription factors (TF) that were either differentially
expressed or were enriched in the ChIP-seq dataset were mapped to their known target genes identified in RNA-seq experiments, linking chromatin-associated regulatory
programs with tissue-level and microglia-specific transcriptional responses. There were no such connections originating from the RNA-seq experiments.

lower mechanical thresholds at days 7, 10, and 14 post-CFA than those treated with SEVs and vehicle. However, it is worth
noting that multiple prophylactic injections of DMSO in the control groups (VEH: PBS, VEH: sEVs, and PFI-2: PBS), also
facilitated faster recovery from CFA-induced pain as DMSO has anti-inflammatory effects.”’ Despite the confounding effects
of DMSO, VEH: sEVs were still able to provide significant pain protection at day 14 post-CFA compared to VEH: PBS.
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Figure 6 Inhibition of SETD7 mono-methylation activity blocks sEV-induced pain attenuation. (A) Schematic representations of the experimental design. Mice were
implanted with intrathecal catheters for repeated intrathecal injections. On the first injection day, mice received either sEVs or PBS. Additionally, all mice were administered
PFI-2 or DMSO (VEH) for five consecutive days. Two weeks after sEV or PBS injection, CFA was injected into the hind paw. (B) Mechanical sensitivity tested in mice with
distinct intrathecal injections. Data shown as mean + SEM (n=4-9) and analyzed by repeated measures two-way ANOVA with Bonferroni multiple comparison test. *, **,
ey < 0.05, 0.01, 0.0001, respectively.

Abbreviations: BL, baseline; sEVs, small extracellular vesicles; CFA, complete Freund’s adjuvant; VEH, vehicle.

Discussion

The concept of innate immune memory is largely unexplored in the context of SEV biology > and pain. Based on our
observation that 14-day prophylactic administration of sEVs from RAW 264.7 macrophage leads to faster resolution of
mechanical and thermal hypersensitivity induced by CFA, we investigated whether these macrophage-derived sEVs
confer long-lasting memory to induce protection against a subsequent painful insult. Recent findings suggest that
microglia, the tissue-resident long-lived macrophages and primary innate immune cells of the CNS, can develop this
form of immune memory.'*>* Our previous work illustrated that spinal microglia take up macrophage-derived sEVs
when injected intrathecally.’>* Thus, we hypothesized that microglia in the spinal cord are involved in sEV-induced
prophylaxis. To test this, we used PLX5622, a highly selective CSFIR inhibitor, to ablate microglia.**

PLX5622 can be formulated into a chow diet, which minimizes the stress on mice from multiple injections. We first
confirmed microglial ablation in the spinal cord with the PLX5622 diet. IHC results showed that microglia were ablated in the
lumbar (L4-L5) spinal cord 7 days after initiation of PLX5622 diet compared to control with an additional qualitative decrease
in microglia numbers by day 11. This is in line with previous studies that a 14-day PLX5622 treatment is required to induce
a stable microglial depletion in CNS.7>~® Therefore, we adhered to a 14-day PLX5622 treatment for subsequent studies.
Interestingly, cessation of PLX5622 leads to the repopulation of microglia.*® Since microglia play a significant role in
regulating inflammatory pain,** we switched mice back to a control diet for at least 10 days following the PLX5622 diet to
allow for maximal microglia repopulation in the spinal cord which we also confirmed by IHC. To rule out any confounding
factors from the PLX5622 diet, we also confirmed that neither the PLX5622 nor control diet affected basal sensation. To
ensure microglia depletion at the time of intrathecal PBS/SEV injection but sufficient time for microglial repopulation prior to
CFA we injected PBS/sEVs intrathecally 10 days after initiation of PLX5622 treatment.

Behavioral data demonstrated that sEV-mediated pain prophylaxis was completely lost in mice fed with PLX5622
diet during sEV delivery. This finding suggests the crucial role of microglia in the prophylactic effects of sEVs in the
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CFA model. However, although PLX5622 is widely used to eliminate microglia in the CNS, and depleted cells are
generally identified as microglia, it should be noted that CSFIR is also expressed in other myeloid cells, including
macrophages and myeloid progenitors.”” Even short-term PLX5622 treatment can induce persistent changes in myeloid
and lymphoid cells.’® In addition, it is possible that SEVs indirectly modulate microglia by acting on other cell types
within the spinal cord, which then impart epigenetic changes in microglia during the early phase (4 days after sEV
injection when PLX5622 was discontinued). The timing of depletion and repopulation poses difficulties for conducting
short-term depletion/repopulation in the late phase after administering sEVs. Moreover, a recent study has shown that
depleting microglia during stimulation can lead to morphologically distinct microglia with altered transcriptomes.>® We
cannot rule out that administrating sEVs during microglial depletion may influence the repopulated microglia, although
we saw no effect of microglia depletion alone on mechanical thresholds post-CFA induction.

One characteristic of innate immune memory is that innate cells, once triggered by a primary stimulus for a transient
response, typically return to their basal transcription level, leaving the changes at the epigenetic level and/or in cellular
metabolism. These modifications are responsible for subsequent transcriptional alterations upon later or secondary triggers to
form a heightened and rapid response.” Active enhancers are identified by enrichments of both H3K27ac and H3K4mel,
while H3K4mel alone indicates an enhancer in an inactive, poised state. Immune stimulation results in de novo deposition of
H3K27ac at distal regulatory regions and leads to increased H3K4mel marks, which persist even after the primary stimulus
and H3K27ac marks are removed.'* Enhancers carrying only H3K4mel facilitate a more rapid histone acetylation and gene
induction upon subsequent stimulation. Thus, the retention of H3K4mel contributes to an epigenomic memory of the initial
stimulation.'> We first investigated transcriptomic changes in PBS- and sEV-treated mice by performing bulk RNA-seq on
lumbar spinal cord collected 7 days after sEV injection. We observed 3 upregulated and 34 downregulated genes. Several
small nucleolar RNAs and miRNAs (miR-9-2, miR-453) were among the most altered, suggesting sEV-mediated modulation
of noncoding RNA expressions. We then performed RNA-seq on CD11b" microglia isolated from the whole spinal cord and
identified 24 upregulated and 26 downregulated genes in sEV-treated microglia compared to control. GSEA showed that the
DEGs were associated with immune and inflammatory signaling pathways suggesting that sSEVs modulate microglial immune
activity and chemokine-mediated communication in the spinal cord.

As gene expression changes in sEV treated mice at day 7 and 14 post-CFA were limited compared to controls, the
factors that contribute to subsequent protection may be due to regulatory events at the epigenetic level. Enhancers are
enriched for DNA motifs recognized by TFs®' and serve as platforms that integrate transcription factor binding and,
through chromatin looping, communicate with gene promoters to modulate transcriptional output.> RNA polymerase II
gene transcription burst frequency is primarily encoded in enhancers and burst size in core promoters.®® Enhancers can
thus fine-tune gene expression by bridging transcription factors and the RNA polymerase II complex, thereby linking
regulatory activity to gene transcription. Our data suggest that sEVs modulate microglial function through epigenetic
priming of neuronal and immune signaling programs. It is important to note that the current analysis is unable to identify
H3K4mel peaks in enhancer regions. Enhancers can be located up to 1 million bp (Mbp) away from the TSS. Therefore

* or more sophisticated algorithms® are

a combination of other histone marks, such as H3K4me3 and H3K27ac,°
necessary to determine if putative enhancer regions with long-lasting H3K4mel depositions are present.

To examine the interplay between transcriptional and epigenetic responses to sEV treatment, we integrated RNA-seq data
(lumbar spinal cord 7 days), microglia (14 days), and microglia ChIP-seq (14 days). There were no overlapping genes detected
across these datasets, and gene set enrichment analysis revealed no shared pathways, indicating that sEVs influence distinct
gene networks depending on cell type and temporal context. To explore potential regulatory connections, we focused on
transcription factors differentially expressed or enriched within each dataset and mapped their known targets across experi-
ments. Notably, only transcription factors with peaks identified in the ChIP-seq dataset were predicted to regulate differentially
expressed genes in the RNA-seq datasets. These relationships suggest that sSEVs may exert coordinated yet compartmentalized
control of transcriptional programs in spinal microglia and surrounding tissue. The absence of overlap between bulk spinal
cord (RNA-seq) and microglia-specific (RNA-seq/ChIP-seq) datasets or shared pathway enrichment may suggest temporal
differences but is also in alignment with emerging evidence that microglial epigenomic remodeling is frequently uncoupled
from steady-state transcriptional output. This is consistent with prior work showing that microglia-specific transcriptional
signatures are often masked in heterogeneous cells>®’ Additionally, microglia undergo extensive enhancer reorganization in
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response to environmental cues or injury without corresponding immediate gene expression changes. Microglial enhancer
landscapes are highly plastic and respond to cytokines, neuronal signals, and environmental perturbations, yet many new or
primed enhancers remain transcriptionally silent until secondary stimulation.’®%° Similarly, microglia exposed to chronic
stimuli or peripheral inflammation can acquire latent or trained epigenetic states that do not manifest in baseline transcrip-
tomes but alter future responsiveness.'>'* Temporal dynamics are also critical as microglial transcription typically shows

rapid, transient waves after injury or immune stimulation,®*°’

whereas enhancer remodeling marked by H3K4mel can persist
for weeks after initial activation. Together, these observations suggest that the sEV-induced microglial chromatin changes we
observe at 14 days may represent a long-lasting regulatory state that does not necessarily coincide with stable transcriptional
changes at the same time point or in the surrounding tissue environment.

We next tested if inhibiting the H3K4 methyltransferase SETD7 to prevent H3K4mel deposition abolished sEV-induced
pain attenuation. SETD7 has been identified for its role in mono-methylation of H3K4’%"" in the context of innate immune
memory. Increased expression of SETD7 in spinal microglia from mice with chronic constriction injury (CCI) correlated with
elevated H3K4mel levels.”” We utilized the selective SETD7 inhibitor (R)-PFI-2 to inhibit SETD7 and reduce H3K4mel
deposition, following the same pharmacological approach that mitigated CCl-induced pain.”” SETD7 inhibition for 5
consecutive days at the time of SEV administration significantly reduced the mechanical thresholds post-CFA as compared
to vehicle treated mice, suggesting the importance of H3K4mel deposition for mediating prophylactic SEV mediated pain
resolution.

While these findings provide important insights, this study has limitations. Although we performed ChIP-seq for
H3K4mel to identify putative enhancer elements in spinal microglia following sEV treatment, we did not perform
complementary ChIP-seq for H3K27ac. It is known that H3K4mel alone marks primed enhancers, whereas H3K27ac is
required to identify enhancers that are transcriptionally active or dynamically regulated in response to environmental cues.”
Because active enhancers are typically defined by the combinatorial presence of H3K4mel and H3K27ac, the absence of
H3K27ac profiling limits our ability to distinguish poised from active enhancer states and to comprehensively map stimulus-
responsive regulatory regions. Thus, incorporating H3K27ac ChIP-seq in future work will be essential for a more complete
understanding of enhancer activation in microglia in response to sEVs. In addition, performing RNA-seq studies after CFA
induction, and correlating them with ChIP-seq results would aid in confirming functional alterations in a secondary response
for genes with altered H3K4mel deposition. Another limitation is that only male mice were used in this study. Although
a male-specific microglial contribution to neuropathic pain is reported,” subsequent work has shown that this dichotomy is not
universal. Several studies have reported microglial activation and functional involvement in females as well, depending on the
pain model, injury type, and inflammatory context.>* Microglia exhibit sex differences not only in pain mechanisms but also in
their transcriptional and epigenomic landscapes. Prior studies have shown that male and female microglia differ in baseline
chromatin accessibility, enhancer usage, and responsiveness to inflammatory stimuli, which can shape divergent pain
pathways.?”””* Though sEVs are efficacious in both sexes, future work will determine whether sEV-mediated microglial
epigenomic responses differ between males and females.

Overall, our findings showed that intrathecal injection of macrophage-derived sEVs required microglia to exert their
prophylactic effects on accelerating inflammatory pain resolution. Inhibition of H3K4 mono-methyltransferase SETD7
during prophylactic SEV administration also prevented accelerated pain resolution. Given sEV induced alterations in
H3K4mel enrichment on specific gene loci in microglia, these changes may contribute to the prophylactic effects against
CFA-induced pain.

Our data support a chromatin-based mechanism in which sEV exposure induces persistent changes in the microglial
epigenetic landscape, including enrichment of H3K4me1-marked loci. Inhibition of SETD7 abrogated this effect, implicating
H3K4 monomethylation. Integrative analysis of bulk spinal cord RNA-seq, microglia-specific RNA-seq, and H3K4mel
ChIP-seq datasets revealed modest overlap between transcriptional and chromatin signatures. Rather than indicating dis-
cordance, this pattern is consistent with enhancer—transcription uncoupling, where H3K4mel-marked primed enhancers
confer transcriptional competence without immediate gene expression.'' In this context, SEV exposure appears to establish
a latent, memory-like regulatory state in microglia. This framework may explain the divergence across datasets, reflecting
temporal separation between enhancer priming and transcriptional activation, cell-type specificity not captured in bulk tissue,
and latent regulatory potential of H3K4mel-marked loci. These findings align with concepts of tolerance, suggesting that sEV-
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induced chromatin remodeling may facilitate resolution-phase responses rather than amplify inflammation. While direct links
between specific enhancers and transcriptional outputs were not established, the data support a model in which SETD7-
dependent chromatin remodeling encodes regulatory potential that may be mobilized upon subsequent challenge.

Our findings suggest that macrophage-derived sEVs promote an enhancer-primed microglial state associated with
accelerated resolution of inflammatory pain. Limitations of the current study include the absence of secondary stimulus-
response analyses and the potential contribution of other cell types. In addition, while several differentially expressed
genes, non-coding RNAs, and regions exhibiting altered H3K4mel enrichment in spinal microglia may contribute to the

4749 their functional relevance was not

observed phenotype, including a few previously implicated in pain regulation,
examined in the current study and will require future mechanistic investigation. Future studies incorporating temporally
resolved and stimulus-response paradigms, as well as defining the molecular mediators downstream of sEV-induced
chromatin remodeling, will be important to directly link enhancer dynamics with transcriptional outputs and functional
outcomes. Although chronic pain is prevalent, a prophylactic strategy has not yet been tested in chronic pain models.
Other prophylactic strategies that induce innate immune memory such as administration of live vaccines, induce
protection against non-target diseases,”” which suggests that prophylactic macrophage sEVs could offer non-specific
protection against subsequent pain insults. This opens the possibility for such prophylactic strategies to be extended to
other pain and non-pain conditions and decrease opioid prescriptions. Our findings here provide a mechanistic basis that

lays the foundation for these possibilities.
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