bioRxiv preprint doi: https://doi.org/10.1101/2024.02.16.578759; this version posted February 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1

Inflammatory pain resolution by mouse serum-derived small extracellular

vesicles

Zhucheng Lin?, Xuan Luo?, Jason R. Wickman?, Deepa Reddy?, Richa Pande?, Yuzhen Tian?,
Vivian Triana?, Jingyun Lee3, Cristina M. Furdui®, Desmond Pink?, Ahmet Sacan?*, Seena K. Ajit'*
!Department of Pharmacology & Physiology, Drexel University College of Medicine, 245 North
15th Street, Philadelphia, PA 19102, USA

2Nanostics Inc., Edmonton, Alberta, T5J 4P6, Canada

3Department of Internal Medicine, Section on Molecular Medicine, Wake Forest University
School of Medicine, Winston-Salem, NC, USA

4School of Biomedical Engineering, Science & Health Systems, Drexel University, 3141 Chestnut
Street, Philadelphia, PA 19104, USA

*Corresponding author

*Seena K. Ajit PhD

Pharmacology & Physiology

Drexel University College of Medicine

245 North 15th Street, Mail Stop 488, Room 8223
Philadelphia, PA 19102

Tel.: +1 267 359 2614

E-mail: ska52@drexel.edu



mailto:ska52@drexel.edu
https://doi.org/10.1101/2024.02.16.578759
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.16.578759; this version posted February 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

2

Abstract

Chronic pain is a significant public health issue. Current treatments have limited efficacy and
significant side effects, warranting research on alternative strategies for pain management. One
approach involves using small extracellular vesicles (sEVs) to transport beneficial biomolecular
cargo to aid pain resolution. Exosomes are 30-150 nm sEVs that can carry RNAs, proteins, and
lipid mediators to recipient cells via circulation. Exosomes can be beneficial or harmful depending
on their source and contents. To investigate the short and long-term effects of mouse serum-
derived sEVs in pain modulation, sEVs from naive control or spared nerve injury (SNI) model
donor mice were injected intrathecally into naive recipient mice. Basal mechanical thresholds
transiently increased in recipient mice. This effect was mediated by opioid signaling as this
outcome was blocked by naltrexone. Mass Spectrometry of seVs detected endogenous opioid
peptide leu-enkephalin. A single prophylactic intrathecal injection of sEVs two weeks prior to
induction of the pain model in recipient mice delayed mechanical allodynia in SNI model mice
and accelerated recovery from inflammatory pain after complete Freund's adjuvant (CFA)
injection. ChipCytometry of spinal cord and dorsal root ganglion (DRG) from sEV treated mice
showed that prophylactic sV treatment reduced the number of natural killer (NK) and NKT cells
in spinal cord and increased CD206+ anti-inflammatory macrophages in (DRG) after CFA injection.
Further characterization of sEVs showed the presence of immune markers suggesting that sEVs
can exert immunomodulatory effects in recipient mice to promote the resolution of
inflammatory pain. Collectively, these studies demonstrate multiple mechanisms by which sEVs
can attenuate pain.
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Introduction

Current drugs designed to manage chronic pain display low efficacy and many side effects, which
warrants developing alternative therapeutic strategies. Though many studies have investigated
soluble pain mediators including neurotransmitters, cytokines, chemokines, and small peptides,
the roles of extracellular vesicles (EVs) are less explored?. EVs are heterogeneous populations of
vesicles released from cells into the extracellular space?. EVs transfer cargo molecules between
cells and thereby impact the function of recipient cells. EVs are categorized based on vesicle size,
density, morphological features, cargo, and biogenesis, into three major types: exosomes,
microvesicles, and apoptotic bodies. Exosomes are 30-150 nm in diameter and derived from
multivesicular bodies. Microvesicles are generated from the outward budding and fission of the
plasma membrane and range in size from 150-1000 nm. Apoptotic EVs can be up to 5000 nm and
are released by cells undergoing apoptosis. Thus, EVs range in diameter from 30 nm to greater
than 1000 nm and can be detected in all body fluids and conditioned culture media3. Since
exosomes and microvesicles overlap in size, the term small extracellular vesicles (sEVs) describes
all vesicles less than 200 nm in diameter, as recommended by the International Society of
Extracellular Vesicles®. Cells use sEVs to deliver cargoes of proteins, lipids, and nucleic acids,
thereby communicating with other cells over long distances?. sEV contents vary depending on
cellular source as well as physiological or pathological conditions of the donor cells. In addition
to the variable contents under different states, sEVs can have numerous effects on different
recipient cell types®.

sEVs have been studied for their utility as biomarkers and therapeutics as well as mediators of
intercellular communication and signaling® ’. Several studies have investigated the role of sEVs
in neurological disorders including pain® & °, For example, sEVs from mesenchymal stem cells
could attenuate neuropathic pain in a rodent pain model and were proposed as a novel strategy
to attenuate nerve injury-induced pain® 0. In osteoarthritis-induced inflammatory pain,
intraarticular administration of bone marrow stem cell-derived exosomes attenuated both
thermal and mechanical allodynia in rats!!. Our studies in mice have shown that macrophage-
derived sEVs can alleviate inflammatory pain from complete Freund's adjuvant (CFA)% 13
together suggesting that sEVs can attenuate different types of pain. Most similar studies
investigated exosomes derived from various types of cultured cells.

Our recent proteomics study using sEVs purified from mouse serum four weeks after spared
nerve injury (SNI) showed the presence of commonly expressed sEV proteins and differential
expression of both anti and pro-inflammatory molecules compared to control seVs from the
serum of naive and sham-operated mice!4. For example, the pro-inflammatory complement 5a
(C5a) protein was significantly upregulated in sEVs from SNI model mice!*. Another study
reported downregulation of miRNAs that suppress inflammation in plasma-derived EVs from the
rat spinal nerve ligation model of neuropathic pain®>. Based on changes in pronociceptive C5a®
and miRNAs®®, we hypothesized that the protein and miRNAs in sEVs released under neuropathic
pain could sensitize mice to pain. However, our studies using sEVs from SNI model and naive mice
show that sEVs from mouse serum help to resolve pain in recipient mice. These outcomes
demonstrate the immunomodulatory effects of sEVs whereby administration of sEVs altered
immune cell composition in spinal cord and dorsal root ganglia (DRG) of recipient mice. We also
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report a comprehensive multi-modal analysis of different aspects of sEV characterization,
miRNAs, and protein markers in addition to pain behavior testing in recipient mice.

Methods

Mice. All the studies were performed following the NIH guidelines and the protocols were
approved by the Institutional Animal Care and Use Committee of Drexel University College of
Medicine. For behavior studies, we used 8- to 10-week-old male and female C57BL/6 mice
purchased from the Jackson Laboratory (Bar Harbor, ME). All mice were housed with a 12-h
light/dark cycle and provided with food and water ad libitum.

Rodent models of pain. Spared nerve injury (SNI) model mice were generated as follows!’. Mice
were anesthetized using 2% isoflurane before and during surgery. The surgical procedure
included ligation and transection of the tibial and common peroneal nerves of the left hind paw,
but the adjacent sural and saphenous nerves were left intact. For sham control surgery, animals
underwent the same procedure, but without nerve transection. Complete Freund's adjuvant
(CFA) model mice were generated by injecting 20 pL of 50% emulsified CFA (Sigma-Aldrich, St.
Louis, MO) in saline into the right hind paw.

Behavioral testing. Mice were habituated in the testing room two-to-three days before baseline
tests. The experimenter was blinded to the treatment conditions. Mechanical allodynia was
assessed by von Frey method and thermal pain threshold was evaluated by the Hargreaves
method as described®3. Mice were habituated in the dynamic weight bearing (DWB) enclosure
(Bioseb, Pinellas Park, FL) for 10 min one day prior to baseline. Following a 5-min habituation, we
recorded and analyzed posture, weight distribution, and paw surface area of each of the four
paws, allowing for precise tracking of postural and weight shifts'® °. The ratio of body weight
distribution on hind paws was measured at multiple time points after injections.

Isolation of sEVs from mouse serum. A combination of differential ultracentrifugation,
ultrafiltration, and size-exclusion chromatography (SEC) was used to isolate sEVs from mouse
serum. All centrifugations were performed at 4°C. Briefly, two weeks after sham or SNI surgeries,
sham control, SNI model and age-matched naive mice were anesthetized by isoflurane. Whole
blood was collected in 1.7 mL microcentrifuge tubes without anticoagulant and incubated
undisturbed at room temperature for 45 min to allow clot formation. The supernatant serum was
collected after centrifugation at 2,000 x g for 10 min and stored at -80 °C until use. The serum
sample was diluted with an equal volume of DPBS without calcium and magnesium then
centrifuged for 30 min at 2,000 x g to pellet cell debris. The supernatants were then centrifuged
at 12,000 x g for 45 min and suspension was filtered through a 0.22 um syringe filter. Samples
were then diluted to 4 mL with DPBS and transferred to 100 K Amicon Ultra Centrifugal Filters
(Sigma-Aldrich), followed by centrifugation at 5,000 x g for 30 min. The concentrated sEVs were
diluted to 500 pL with DPBS and purified by SEC using qEVoriginal 35 nm Legacy columns (iZON,
Medford, MA) following the manufacture’s manual. Four EV-rich fractions (7-10, 0.5 mL each)
were pooled and after ultracentrifugation at 110,000 x g for 70 min (Optima TLX ultracentrifuge
with TLA 100.4 rotor, Beckman Coulter, Inc.), the pellets were resuspended in DPBS and stored
at -80 °C until further use.
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Isolation of sEVs from cell supernatant. RAW 264.7 macrophage cells (ATCC) were cultured to
70% confluency in DMEM supplemented with 10% exo-depleted FBS and 100 U/mL pen-strep in
the presence or absence of 1 ug/mL LPS (Sigma-Aldrich) at 37°C with 5% CO,. Conditioned media
was collected at 24 hours for sV isolation. Briefly, media was centrifuged at 500 x g for 10 minutes
at 4°C followed by 12,000 x g for 35 minutes at 4°C. The supernatant was filtered using 0.22 um
syringe filter and supernatant concentrated to a final volume of 500 pL with 100 kDa concentrator
(Amicon Millipore Sigma) by centrifugation at 5,000 x g at 4°C for 30 minutes in a fixed angle rotor
(Beckman Coulter). The gqEV column washed with 1x PBS was then loaded with 500 pL of
concentrated supernatant followed by 2.5 mL PBS to collect 3 mL void volume. After the column
flow stopped, 2 mL of PBS was added to collect EV zone sample. The EV volume (2 mL) was then
centrifuged for 70 minutes at 110,000 x g at 4°C and stV pellet resuspended in DPBS.

Nanoparticle tracking analysis (NTA). Brownian motion of sV particles from mouse serum were
visualized and their size distribution and concentration measured using NanoSight NS300
(Malvern Instruments). Briefly, sEV samples were diluted in DPBS and placed into sample
chamber by syringe pump. The combination of shutter speed and gain were set to obtain 30 s
videos which were analyzed by the NanoSight NTA 3.1.54 software.

Western blotting. Cell or sEV samples were re-suspended in RIPA buffer (Sigma-Aldrich) with
protease inhibitors (Thermo Fisher Scientific). Protein concentrations were measured by Micro
BCA Protein Assay kit (Thermo Scientific) for sEVs or DC protein assay (Bio-Rad, CA, USA) for cell
lysates. Equal amounts of protein samples were mixed with Laemmli SDS reducing sample buffer
(Thermo Scientific), loaded on 10% Tris-Glycine Gel (Thermo Fisher Scientific) and the gel was run
at 125 V for 90 min. Proteins were transferred to 0.4 um PVDF membrane at 25 V for 90 min,
followed by blocking the PVDF membrane with Odyssey Tris-Buffered Saline (TBS) blocking buffer
(LICOR Biosciences, NE, USA) for 1 h at room temperature. The membranes were incubated with
primary antibodies in TBS with 0.1% TWEEN 20 (TBST) and 10% (v/v) blocking buffer on shaker
overnight at 4 °C. The blots were washed with TBST thrice, then the blots were incubated with
secondary antibodies in TBST at room temperature for 1 h on the shaker. The membranes were
washed with TBST thrice and protein detected by LI-COR Image Studio Software (LI-COR
Biosciences). Primary antibodies used were: mouse anti-CD81 (1:500, #sc-166029, Santa Cruz
Biotechnology), rabbit anti-Hsp70 (1:2000, #ab94368, Abcam), rabbit anti-albumin (1:2000,
#16475-1-ap, Proteintech). Secondary antibodies used were 680RD donkey anti-mouse IgG
(#926-68072, LI-COR Biosciences), and 800CW donkey anti-rabbit IgG (#926-32213, Li-COR
Biosciences).

Preparation of sEV samples for transmission electron microscopy (TEM). sEV samples were
prepared as previously described'?. The grids were incubated with primary antibody rabbit anti-
CD81 (1:100, #SAB3500454, Sigma) for 30 min at room temperature. Unbound antibodies were
removed using washing buffer (0.1% BSA in 0.1 M PB) and grids were incubated with 6 nm gold-
conjugated donkey-anti-rabbit IgG (1:25, #25104, Electron Microscopy Sciences) for 20 min.

Labeling of sEVs. The labeling studies were performed as described?’. Purified sEVs were diluted
in 1 mL of diluent C (Sigma-Aldrich) and mixed with 3 uL PKH26 dye. An equal volume of PBS as
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that of the sEV suspension was used for dye control. After incubation for 5 min at room
temperature in dark, 2 mL of 1% BSA in DPBS was added to absorb excess dye. Samples were
ultracentrifuged at 110,000 x g for 70 min. Labeled sEV pellets were resuspended in DPBS and
centrifuged again under 110,000 x g for 70 min to remove any remaining unlabeled dye. Ten ug
of labeled sEVs were used in each intrathecal injection.

Intrathecal sEV administration. Eight to ten-week-old C57BL/6 mice were used for intrathecal
injections. All injections were performed with a Hamilton syringe and 30-gauge needles. After
identification of injection site, the needle was inserted into the tissue to the intervertebral space
between L4 and L5, and a successful puncture resulted in a tail flick. Then 10-15 pL of solution
was slowly injected.

Perfusion, tissue fixation and immunohistochemistry. Mice were anesthetized by
intraperitoneal injection of 100 mg/kg body weight of ketamine and 10 mg/kg body weight of
xylazine. Briefly, intracardial perfusion of mice with 0.9% saline to flush out blood was followed
by prechilled 4% paraformaldehyde (PFA) in phosphate buffer for 5 min to fix mouse tissues.
Dissected L4-L5 spinal cord and DRG were immersed in 4% PFA in PB at 4°C for 24 h.
Cryopreservation was done with 30% sucrose in PB at 4°C for at least 24h. DRG or spinal cord
tissues were embedded in O.C.T. (optimal cutting temperature) compound and frozen at -20°C
for 20 min. Using cryostat Microm HM550 (Thermo Scientific), tissues were sectioned at 30 um
and washed thrice with 0.3% Triton in PB for 5 min. Then sections were blocked with 5% normal
goat serum (NGS) and 0.3% Triton in PB for 2 hours at room temperature. Sections were
incubated with primary antibodies with 5% NGS and 0.3% Triton in PB on shaker overnight at 4°C.
Sections were washed thrice with 0.3% Triton in PB then incubated with secondary antibodies
with 5% NGS in PB at room temperature for 2 h on the shaker. Sections were washed with PB
thrice and mounted on a clean slide (Superfrost Plus Gold). Coverslips with DAPI-mounting
solution (Abcam, Catalog# ab104139) were used to mount and slides were placed in the dark
overnight. Slides were imaged using Olympus FV3000 microscope. Primary antibodies used were:
Anti-MAP2A (1:500, #M9942, Sigma-Aldrich), GFAP (1:1000, #ZRB2383, Sigma-Aldrich), lbal
(1:2000, #019-19741, Wako Chemicals). Secondary antibodies used were donkey anti-rabbit IgG
Alexa Fluor 546 (1:500, Invitrogen), or goat anti-mouse 1gG Alexa Fluor 488 (1:500, Invitrogen).

Whole-transcriptome microRNA profiling and bioinformatics analysis. Serum-derived sEVs
from naive, sham, and SNI mice (n=4) were diluted in a 1:1 ratio with HTG Biofluids Lysis Buffer
(HTG Molecular Diagnostics, Inc., Tucson, AZ), and stored at -80°C. All samples (25 pL/sample)
were run and sequenced with the HTG EdgeSeq miRNA Whole Transcriptome Assay on an
Illumina MiSeq Sequencer to measure the expression of 2,083 miRNA transcripts. Reads of each
miRNA were normalized to transcripts per kilobase million (TPM) then log2-transformed. We
used principal component analysis for the preliminary analysis to identify any outliers. The
correlation between pairs of genes across samples and the correlation between pairs of samples
were analyzed by hierarchical clustering method using the Pearson correlation coefficient. Low-
expressed miRNAs were filtered out if a miRNA had a TPM value <1 in all samples. For the
presence—absence analysis, a miRNA was considered present in a group if it had a TPM value of
>1 in every replicate of that group. Differential expression analysis was performed between two
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experimental groups using a permutation test and differentially expressed genes were defined
as having a Type | error p-value <0.01 and an absolute fold change >2. Gene targets of
differentially expressed miRNAs were identified using TargetScan with an aggregate Pcr >0.9 2.
Enriched Gene Ontology (GO) biological processes and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were identified from the predicted targets using the Database for
Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources (2021
Update). Significant annotations (FDR <0.01) were summarized to maintain <80% overlap among
them.

Mass spectrometry. Five pg of sEV suspension was subjected to extraction procedure. Briefly,
sample volume was adjusted to 50 pL with PBS and 50 L of hypertonic buffer (2.2 M sucrose, 1
mM MgCl2, 10 mM Tris-HCl, pH 7.4) was added and vortexed. Electroporation was performed
with the mixture using the Multiporator (Eppendorf, Hamburg, Germany; 500 V, 200 usec, 5
cycles). Samples were purified using the Pierce C18 Tips (Cat# 87784, Thermo Scientific,
Waltham, MA, USA) and then prepared in 5% acetonitrile with 1% formic acid for LC-MS/MS
analysis. Samples were analyzed on a LC-MS/MS system which consisted of an Orbitrap Velos Pro
Mass Spectrometer (Thermo Scientific, Waltham, MA, USA) and a Dionex Ultimate-3000 nano-
UPLC system (Thermo Scientific, Waltham, MA, USA). An Acclaim PepMap 100 (C18, 5 um, 100
A, 100 um x 2 cm) trap column and an Acclaim PepMap RSLC (C18, 2 pm, 100 A, 75 pm x 50 cm)
analytical column were employed for peptide separation. Data was acquired using parallel
reaction monitoring (PRM) acquisition by collecting peptide specific product ions (MS2) from
collision-induced dissociation (CID) of parent ions targeted in the survey scan (MS1). Target ions
were as follows; for B-endorphin 688.1740 m/z (z=5), Met-enkephalin 574.2330 m/z (z=1), Leu-
enkephalin 556.2766 m/z (z=1), nociceptin 603.6675 m/z (z=3), endomorphin-1 612.2817 m/z
(z=1), endomorphin-2 573.2708 m/z (z=1), and dynorphin A 537.5551 m/z (z=4). Peptides were
confirmed by comparing their peak retention time and fragment ion profile to the ones of
authentic peptide standards. B-endorphin (#LS-H14937-1), met-enkephalin (#LS-H4423-25), leu-
enkephalin (#LS-H4826-25), nociception (#LS-H5242-1), endomorphin-1 (#LS-H13168-1), and
endomorphin-2 (#LS-H13038-1) were purchased from LifeSpan BioSciences (Seattle, WA, USA),
and dynorphin A (#18169) was purchased from Cayman Chemical (Ann Arbor, MI, USA). Skyline
(MacCoss Lab Software, University of Washington, Seattle, WA, USA) was used for target ion
detection, peak feature extraction, and area calculation for quantitation. Leu-enkephalin was
also measured using EIA kit (#FEK-024-21) (Phoenix Peptide, CA) following manufactures
protocol. Measurements were performed in duplicate using pooled (n=10 per group) serum and
SEV samples that had been processed on C18 columns (#RK-SEPCOL-1), concentrated in a speed-
vac then lyophilized overnight and resuspended in 100 pL.

Administration of drugs. Morphine (Cayman Chemical 15464) and naltrexone (Sigma-Aldrich,
1453504) were diluted in sterile PBS. For in vivo studies, naltrexone was administered
intraperitoneally with a dose of 10 mg/kg 2h 30 min before 0.05 mg/mL morphine solution was
injected intrathecally at a volume of 10 pL per mouse 30 min prior to behavior test.

ChipCytometry. Mice were perfused with ice-cold 0.9% saline. Fresh L4-L5 spinal cord and
ipsilateral DRG were dissected and snap-frozen in cryo mold containing O.C.T. compound in dry
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ice. Frozen tissues were stored at -80°C until sectioning. To obtain cryosections, fresh frozen
tissues were sectioned at 5-7 um each at -20°C on coated coverslips immediately followed by
acetone/ethanol fixation and chip preparation at 4°C according to the manufacturer's protocol.
Chips were shipped at 4°C to Canopy Biosciences for antibody probing and imaging. Images were
acquired using ZellScanner and ScanApp and analyzed using ZKWapp. Following antibodies were
used: FITC anti-mouse CD206 (1:100, #141703, BioLegend), PE anti-mouse NeuN (1:3000, #NBP1-
92693PE, Novus), FITC anti-human/mouse CD45R (1:500, #11-0452-82, Invitrogen), PE anti-
mouse CD3e (1:500, #100308, BiolLegend), PerCP-Cy5.5 anti-mouse CD4 (1:300, #100540,
BioLegend), BUV395 anti-mouse CD8a (1:200, #565968, BD Biosciences), PE Ki67 (1:100, #12160,
Cell Signaling Technology), PerCP-Cy5.5 anti-mouse/human CD11b (1:200, #101227, BioLegend),
FITC anti-mouse MHCII (1:500, #11-5321-82, Invitrogen), PE anti-mouse CD69 (1:200, #104508,
BioLegend), PE anti-mouse FOXP3 (1:50, #12-5773-82, Invitrogen), PerCP-Cy5.5 anti-mouse
F4/80 (1:500, #123126, BioLegend), PE anti-mouse CD335 (1:100, #137604, BioLegend), FITC anti-
mouse CD45 (1:1500, #11-0451-82, Invitrogen), PE anti-mouse CD19 (1:100, #557399, BD
Biosciences), and PE anti-mouse Gr-1 (1:1000, #108407, BioLegend). DNA was stained with
Hoechst 33342 (1:5000, #H21492, Thermo Fisher). Experimental design and the 16-plex panel of
markers used are shown in Supplementary Tables 4, 5.

ExoView single vesicle assay. ExoView-Exoflex chip with capture antibody?? against EV
tetraspanin proteins CD9, CD81, and custom targets CD45 and F4/80 (NanoView Biosciences Inc.)
was used to study sEVs from RAW 264.7 cell culture media, naive and SNI model mice. ExoView
assay was performed according to manufacturer’s protocol. Briefly, samples were diluted four
times in incubation buffer, then 35 uL sample was incubated on the ExoView chip overnight (16
hours) at room temperature. Chips were then washed and stained for 1 h with detector antibody
cocktail. Tetraspanin antibodies were obtained from NanoView Biosciences. CD45 (#103102) and
FA/80 (# 123101) antibodies were purchased from Biolegend Inc. Following staining, chips were
washed, dried, and imaged with the R100 reader. NanoViewer Analysis software 3.04 was used
to calculate the particle count and colocalization for each capture spot.

Microflow cytometry and NTA for sEVs. All microflow cytometry samples were assayed on a
calibrated Apogee A60 MicroPlus with three angles of light scatter collection. The instrument was
cleaned with a 1% bleach solution, and calibrated daily as per vendor protocols and using a bead
mixture (Apogee 1524 bead mixture) to standardize instrument fluorescence and counting
properties; calibration was checked using a monitoring bead mixture (Apogee 1527 bead
mixture). Instrument cleanliness was assessed daily, prior to any sample assay, using both sheath
and also diluent (PBS) blanks. Samples were diluted in PBS prior to analysis. Samples incubated
with CFDA-SE to stain membranes were treated with or without Triton X-100 prior to assay as
internal vesicle controls. Samples were assayed for 120 seconds at 3.01 uL/min.

For NTA performed at Nanostics, all samples were analyzed using a NanoSight LM10 system
equipped with a 405 nm laser (NanoSight, Amesbury, U.K.; Malvern Panalytical). Prior to sample
analysis, a series of NIST traceable polystyrene beads (3000 series, Thermo Scientific, Waltham,
MA, U.S.A.) were assayed to ensure that the instrument was working under optimal functionality.
Beads were diluted in 10 mM KCI buffer filtered through a 0.1 um filter (Acrodisc® 25mm
w/0.1um, Cat#4611, Pall Corporation) to achieve a concentration of 20—90 particles/frame and
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injected into the sample chamber with sterile syringes. EV samples were diluted in PBS to achieve
a similar concentration of 20-90 particles/frame and injected into the sample chamber with
sterile syringes. Five technical replicates from each sample were measured, each run for 1 min.
The temperature during sample acquisition was recorded to accurately determine particle
concentration. The unit was cleaned between samples and instrument cleanliness was checked
prior to execution by using diluent.

Detection of sEV surface epitopes by standard flow cytometry. The mouse MACSPlex exosome
kit (Miltenyi Biotec, 130-122-211) was used to detect EV specific markers using BD LSRFortessa
(BD Biosciences) following the manufacturer’s protocol. Briefly, 10 ug of sEVs were diluted to 120
pL using the MACSPlex Buffer. The sEVs were incubated with 15 pL of MACSPlex exosome capture
beads overnight at room temperature using an orbital shaker (450 rpm). The following day, 500
uL of MACSPlex buffer was added and the samples were centrifuged at 3,000 x g for 5 minutes.
After aspirating the supernatant, 15 uL of MACSPlex exosome detection reagent CD9, CD63, or
CD81 cocktail was added to each tube and incubated for an hour using an orbital shaker as
mentioned above. After washing and centrifugation, the tubes were incubated for 15 minutes at
room temperature on orbital shaker. MACSPlex exosome capture beads with EVs were
resuspended by pipetting and subjected to flow cytometry. sEVs were analyzed for various
markers such as CD9, CD63, CD81, CD45, CD11b, CD11c, MHC-I and MHC-II, isotype control (I1gG),
CD19, CD25, CD49b expression. Observed (Mean Fluorescence Intensity) MFl was normalized to
the highest observed MFI across the groups. Weighted expression of samples is represented in
the form of heat map.

Statistical analysis. Data are presented as mean + SEM. Group differences of sEV particle
concentration and size in NTA were compared by the one-way analysis of variance (ANOVA) and
the multiple comparisons between means were tested by the post hoc Bonferroni method. All
behavior data were analyzed using two-way ANOVA, and pairwise comparisons between means
were tested by the post hoc Bonferroni test. The differences between groups were considered
significant when the p-value was less than 0.05. GraphPad Prism software (version 10) was used
for all statistical analysis.

Results

SsEV characterization. We first confirmed that SNI model mice developed mechanical pain
hypersensitivity compared to naive and sham surgery mice (Fig. 1a). Two weeks after surgery,
we collected serum samples from all three groups of mice. Nanoparticle tracking analysis (NTA)
analysis of sEVs showed there was no statistically significant differences in particle
concentrations from naive, sham and SNI model mice. The concentrations were 8.7 + 1.6 x 108,
6.0 + 1.0 x 108 and 5.6 + 0.7 x 102 particles/mL respectively (Fig. 1b). sEVs from SNI model mice
were slightly smaller than the two control groups (Fig. 1c). NTA showed the mean diameters were
121.1 + 4.1 nm for naive sEVs, 115.7 £ 5.2 nm for sham sEVs and 101.1 * 2.4 nm for SNI sEVs
respectively (Fig. 1c). sEV particle size distribution and diameter range was 50-150 nm, which is
a typical diameter range for exosomes?? (Fig. 1d). Additional NTA studies done at Nanostics are
shown in Fig. 10. We also imaged sEVs via TEM and demonstrated they are positive for the sV
marker CD81 viaimmunogold labeling (Fig. 1e). Western blotting of sEVs and sEV-depleted serum
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from different groups of mice confirmed that sEVs expressed the exosome marker protein CD81
but not the negative control protein albumin (Fig. 1f). These results indicate that sEVs isolated
from the serum meet the MISEV guidelines* for purity.

miRNA profiling of sEVs. Our previous study used sEVs collected at four weeks post-injury and
profiled by qPCR for ~750 miRNA using Tagman low density array?*. Here we used two weeks
post-injury sEVs and measured their expression of 2,083 human miRNA transcripts using HTG
EdgeSeq miRNA Whole Transcriptome Assay. More importantly, here we used
ultracentrifugation combined with size-exclusion chromatography to isolate sEVs and improve
their purity. Using these improved samples, we tested if miRNA cargo differed in seVs from the
serum of SNI model, sham control and naive mice. One of the naive sEV samples was considered
an outlier based on the principal component analysis and hierarchical clustering of all 12 samples
(Fig. 2a) and excluded from further analyses. Several miRNAs were differentially expressed
(Supplementary Table 1), as summarized in a Venn diagram showing unique and overlapping
mMiRNAs in sEVs from the serum of SNI, sham, and naive control mice (Fig. 2b). A total of 1584
miRNAs were present in all three groups. Each group contained exclusive miRNAs, including 40
in sEVs from naive control mice, 81 in sham surgery control mice, and 57 in sEVs from SNI model
mice. We documented a subset of differentially expressed miRNAs with the highest fold change
between naive and SNI model mice (Fig. 2c) as well as a subset of the most highly expressed
miRNAs in all serum derived sEVs. The complete list is included in Supplementary Table 2. Our
miRNA analysis shows that SNI injury alters the composition of miRNAs within sEVs, suggesting
changes to upstream sEV packaging. The genes predicted to be targeted by the miRNAs that were
differentially expressed in SNI vs. Naive groups were enriched in numerous signaling pathways,
including CAMP, MAPK, and Insulin signaling (Fig. 2d). The full list of significantly enriched
pathways for each experimental group is available in Supplementary Table 3.

sEV uptake in spinal cord and DRG. We next labeled sEVs from naive mice with the fluorescent
dye PKH26 as described?® to confirm that sEVs are taken up by the spinal cord and DRG. Ten pg
of labeled sEVs were intrathecally injected into each naive mouse, and 6 h later, we collected the
spinal cord and L4-L5 DRG tissues. Tissues were stained for markers of neurons (MAP2A, green),
astrocytes (GFAP, green), and microglia/macrophages (IBA1, green), while nuclei were stained
with DAPI (blue). PKH26 dye alone served as a negative control for sEV staining. As expected,
labeled sEVs (red) were taken up by different cells in both spinal cord and DRG (Supplementary
Fig 1).

Serum derived sEVs can increase basal pain threshold in naive mice. Previous in vivo studies
have demonstrated that exogenous sEVs from specific cell lines can regulate inflammation and
development of pain'® 2>, Our proteome profiling studies found that sEVs from SNI mice had
increased levels of C5a and ICAM-1 compared to naive control mice. As these proteins are
proinflammatory and have known roles in pain?® 27, we hypothesized that serum-derived sEVs
from donor mice could induce or promote pain hypersensitivity in naive recipient mice. Thus, we
collected sEVs from naive control or SNI model mice, intrathecally injected naive mice with a
specific sSEV prep or PBS control, and measured pain thresholds for up to 7 d post-injection (Fig.
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3a). All the studies were performed using sEVs purified from the serum of mice 2 weeks post SNI
surgery as well as age and sex matched naive control mice.

Dose response studies showed that low dose (1 pg) sEVs did not change the basal mechanical
pain threshold (Supplementary Fig 2), but a higher 10 pg dose surprisingly increased this
threshold. Specifically, 10 pug of naive or SNI seVs from male donor mice transiently increased
basal mechanical threshold at 3 h and 1 day post injection (Fig. 3b) in male recipient mice.
However, 10 ug sEVs did not alter thermal sensitivity (Fig. 3c). There were also no significant
changes in female mice injected with sEVs from female SNI and naive donors (Supplementary Fig
3). Male mice intrathecally injected with sEVs from naive male mouse donors also showed
changes in basal weight distribution of hind paws in a dynamic weight bearing assessment (Fig.
3d). Though these results may be influenced by the proinflammatory sV cargo including ICAM1
and C5a, our behavior results on mechanical threshold partially disproved the hypothesis that
serum-derived sEVs could induce/promote pain hypersensitivity. In fact, the sEV-mediated
increase in mechanical threshold suggests that serum sEVs may transiently modulate basal pain
thresholds. This led us to consider another hypothesis that sEVs transient effects on basal
thresholds could be due to their endogenous opioid peptide cargo.

Detection of endogenous opioid cargo in serum-derived sEVs. We assessed the presence of a
subset of opioid peptides with LC-MS/MS analysis focusing on predominant endogenous opioids
that bind p, 6, and k opioid receptors. We evaluated B-endorphin, met-enkephalin, leu-
enkephalin, nociceptin, endomorphin-1, endomorphin-2 and dynorphin A 1-17 in sEVs from
serum of both naive and SNI model mice. Leu-enkephalin, a pentapeptide (Tyr-Gly-Gly-Phe-Leu
or YGGFL) was identified in all sEVs by observing fragment peaks of 397 m/z and 425 m/z as
previously reported?® (Fig 4a). We also observed low level of the characteristic fragment peaks
of nociceptin, for which the peak intensity was close to background level (Supplementary Fig 4).
Additional studies are needed to determine the predominant products from nociceptin. Eluent
samples collected from sEVs isolation were also assessed by LC-MS/MS, which identified leu-
enkephalin and nociception (data not shown). This observation indicated leu-enkephalin and
nociceptin are also present in free form in the serum. The presence of leu-enkephalin in sEVs was
orthogonally validated using a competitive enzyme immunoassay (Fig 4b) showing leu-
enkephalin was enriched in sEVs compared to the serum levels. We also observed that leu-
enkephalin in sEVs from the serum of female mice was higher than that of male mice.

Endogenous opioid cargo in sEVs contributes to short-term analgesia. Based on our observation
that leu-enkephalin is present in sEVs, we investigated whether non-selective opioid receptor
antagonist naltrexone can reverse sEV-induced analgesia. Before initiating the studies using sEVs,
we confirmed that naltrexone blocked morphine analgesia at 3h and 24h post-treatment, the
two time points that were significant in our sEV experiments. As shown in the schematic of our
in vivo experiment (Supplementary Fig 5a) naltrexone (10 mg/kg) was administered
intraperitoneally into naive 9-week-old male mice, and after 2h 30min or 24h post injection, 0.5
ug morphine was injected intrathecally. Behavior studies were performed 30 min after morphine
injection. As shown in Supplementary Fig 5a, naltrexone itself did not affect the pain threshold
and the group that received only morphine showed an increase in basal mechanical threshold.
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However, naltrexone reversed morphine-induced short-term analgesic effect post 3h naltrexone
injection. For 24h time point, we injected naltrexone on day 1, then conducted behavior testing
on day 2, before and after morphine injection. As shown in Supplementary Fig 5b, pretreatment
with naltrexone decreased morphine analgesia even at 24h post naltrexone injection. After
confirmation of naltrexone efficacy, we investigated whether naltrexone could reverse sEV-
induced short-term analgesia. We only used sV from naive mice and not SNI model mice since
both contained leu-enkephalin based on LC-MS-MS studies and sEVs from both sources had very
similar short-term analgesic effect. We injected mice with naltrexone (10 mg/kg) and sEVs (10
ug/mice) at the same time and tested pain thresholds 3h and 24h post injection (Fig. 4c). At 3 h
post injection, the group that received sEVs and PBS had increased mechanical threshold, but
naltrexone reversed this effect (Fig. 4d). For the 24h time point, the group that received sEVs and
naltrexone had lower sensory threshold compared to the group injected with seVs and PBS. This
suggests naltrexone reversed analgesia conferred by sEVs. Collectively, our studies showed that
leu-enkephalin is present in naive and SNI sEVs and naltrexone reversed analgesic effect of sEVs
obtained from the serum of naive mice.

Serum derived sEVs have a long-term prophylactic role in the resolution of chronic pain. We
next investigated if sEVs had long term effects on pain threshold under chronic pain states in
addition to their short-term effects. Since we used the term “short-term” for a time window of
less than 48 h earlier, we will use “long-term” for observations made two weeks post sV
injection. We chose SNI mouse model of chronic neuropathic pain and CFA mouse model of
persistent inflammatory pain for in vivo studies.

The effect of serum-derived sEVs on recipient SNI model mice. First, we investigated how sEVs
from both naive control mice and SNI model mice control pain in SNI model recipient mice.
Recipient mice were injected intrathecally with sEVs or PBS two weeks prior to SNI surgery. After
surgery, they underwent behavioral testing for 21 days (Fig. 5a). A 10 ug dose of naive or SNI
SEVs increased the mechanical threshold 1- and 3-days post-surgery, compared to PBS control
(Fig. 5b). Pretreatment with sEVs did not prevent mechanical hypersensitivity in the SNI model,
but both sEV types slightly delayed the development of SNI-induced pain hypersensitivity in the
initial stages. However, there were no differences after the third day. There was also no
significant difference for thermal threshold between groups (Fig. 5c).

The effect of serum-derived sEVs on recipient CFA model mice of inflammatory pain.

We next investigated if sEVs could attenuate CFA induced inflammatory pain. We previously
found that an intrathecal injection of 1 pug seEVs from RAW 264.7 macrophage cells reversed
mechanical allodynia induced by CFA®3. For this study, we performed a dose response by injecting
1 and 10 pg serum-derived sEVs into recipient male mice two weeks before injecting them with
CFA (Fig. 6a). While 1 pg sEVs did not produce any significant differences (Supplementary Fig 6),
10 ug sEVs significantly decreased CFA-induced mechanical hypersensitivity after 14 days (Fig.
6b). Multiple comparison between different time points shows that pretreatment with sEVs from
either naive or SNI model mice accelerated recovery i.e., reached baseline for mechanical
threshold faster than mice that received PBS injection (Fig. 6b). Specifically, mice that received
sEVsreturned to the baseline threshold 14 days after CFA injection, but the control group injected
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with PBS required 21 days for recovery. These results show that 10 ug serum-derived sEVs have
a prophylactic effect that can enhance recovery in CFA model. sEVs did not affect thermal
sensitivity in male mice (Fig. 6¢), and we also did not observe significant changes in comparable
studies in female mice (Supplementary Fig 7).

The effect of serum-derived sEVs on spontaneous pain. Since both von Frey and Hargraves tests
are evoked measures of pain hypersensitivity, we evaluated spontaneous pain in CFA model mice
with a DWB system that measures how they distribute weight on all four paws. Previous studies
have reported CFA injection will change weight distribution on rear paws compared with
control?® 3%, We observed reduction in ipsilateral hind paw weight bearing after CFA injection
(Fig. 6d), but the groups pretreated with serum sEVs from either naive or SNI model mice
displayed a much smaller change of weight distribution. The relative ratio of weight between left
and right paw in naive sEV-treated group was lower than control group at 3 days post CFA
injection. The ratios of all groups returned to baseline after 7 days post CFA. This suggests sEVs
from naive mice can reverse CFA-induced weight distribution changes on hind paws.

Immune cell alterations in spinal cord and DRG in sEV treated CFA model recipient mice. We
next used ChipCytometry to investigate changes in immune cell populations in the spinal cord
and DRG of CFA model mice treated with sEVs or PBS. At 7- and 14-days post CFA treatment, we
collected tissue samples from the PBS treated control group and from mice injected with sEVs
from naive or SNI model donor mice. We also included a group treated with sEVs from RAW 264.7
macrophage cells for comparative studies. For the quantification of cellular phenotypes flow
cytometry-like hierarchical gating strategy was followed until all population gates were
quantified®'. We used a custom algorithm to quantify cell populations and markers in individual
sections (two sections from two mice/group). Cells were normalized to the corresponding tissue
surface area, and several immune cell subtypes showed low or no expression in the regions
analyzed.

Fig. 7a shows an example of image overlay in SC representing how NK cells were identified by a
combination of markers. As expected, the immune cells probed comprised of only a subset of all
cells detected. Fig. 7b shows the number of immune cells 14 days post CFA and Fig.7c shows the
percentage of CD45* cells. The bar graphs (Fig. 7d-1) show the mean + SE of total and various
immune cells. ChipCytometry enabled us to compare the differences between CFA injected
ipsilateral side of the spinal cord to contralateral. For better visualization of how sEV treatment
affected immune cells, we used pie charts of cell type distributions (Fig. 7m-0). CFA model mice
displayed a much larger portion of NK and NKT cells in spinal cord, and the proportion was much
larger on the ipsilateral side. However, sV treatment completely reversed these outcomes. In
mice that received RAW 264.7 sEVs, neutrophils increased in ipsilateral side.

We analyzed the DRG samples similarly (Fig. 8a-b) and found different immune cell compositions.
Fig. 8¢ shows the percentage of CD45* cells and the bar graphs representing different cells are
shown in Fig. 8d-l. As sEV treatment increased B cell numbers, we examined additional B cell and
myeloid markers, CD19 and Grl respectively, using the re-probing feature of ChipCytometry.
CD19 staining was weak in all samples and most Grl signal did not colocalize with CD45,
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suggesting most Grl1* cells were not neutrophils. Additionally, CFA treated samples showed lower
numbers of macrophages at 14 days post-CFA compared to 7 days, and macrophage numbers
were increased by both naive and SNI sEV treatment. We further gated on an M2 or anti-
inflammatory macrophage marker CD206* to identify the macrophage subpopulations. M2
macrophages are shown in green (Fig. 8k) and neither M2 nor total macrophages were readily
detected in DRG 14 days post CFA. However, almost all the macrophages detected in mice treated
with sEVs from RAW 264.7 cells were M2. Overall, administration of sEVs increased the M2
population. Fig. 8m shows CD4/CD8 over all T cells. Fig. 8n is the pie chart representation of
alterations in immune cell population after seV treatment in DRG.

Characterization of seVs for immune markers. sEVs released by specific immune cells
encapsulate properties of the donor cells releasing them. For example, dendritic cells (DCs) and
exosomes released by DCs have similar membrane proteins and biological properties3?. We
investigated if some of the same immune cell markers were enriched in sEVs. The ExoView
platform enables high-resolution multidimensional characterization of EVs combining size, count,
and protein expression measurements at the level of single vesicle. EVs expressing specific
proteins bind to the corresponding antibodies on the ExoView chip. ExoView analyzes EVs using
visible light interference for size measurements and fluorescence for protein profiling. We used
the ExoView Exoflexprotein microarray chip which has antibodies against commonly expressed
EV tetraspanin proteins CD9 and CD81, and allowed for custom capture antibodies to be added
to the chip, CD45 and F4/80, hematopoietic and macrophage markers, respectively. Since sEVs
from macrophages resolved CFA-induced inflammatory pain faster than vehicle®3, we
investigated if these sEVs express macrophage markers and designed a custom assay using CD45,
F4/80 to specifically capture the subpopulation of sEVs derived from macrophage. We also used
custom detector antibodies against these same markers to evaluate distributions of these
markers on sEVs captured by anti-CD9, CD81, CD45, or F4/80. Capture antibodies specific to EV
proteins immobilize EVs on the chip and we confirmed that the sEVs from mouse serum express
these markers (Fig. 9a). Fig. 9c and 9d show that serum-derived sEVs not only carry the exosome
tetraspanin marker proteins but a subset of sEVs also express macrophage/monocytic markers,
suggesting these sEVs could be one of the contributing factors that helps attenuate inflammatory
hypersensitivity. The particle sizes for naive and SNI model mice serum were below 100 nm (Fig.
9b). Representative images are shown in Fig. 9e. All chips also include appropriate isotype
negative controls to test for non-specific binding (Supplementary Fig. 9a-b).

EV characterization by microflow cytometry. In addition to NTA to describe the hydrodynamic
diameter (Fig. 10a), additional characterization of sEVs was performed using pFlow. While a
modeling algorithm was not used to translate the light scatter intensities to standard units, we
sought to provide an estimation of the relative light scatter intensities based on reference beads.
In these studies, the light scatter intensity of detected vesicles range was > 83nm polystyrene
bead to 480nm polystyrene bead or 1300nm silica bead. Most vesicles were detected in the range
of light scatter intensities between 83nm — 110nm polystyrene (Fig. 10b). Of note, we are not
claiming any standard size because we have not confirmed the refractive index of these sEVs
using a standard curve of refractive index oils or other orthogonal measure; in addition, there are
now evolving estimates of the presumed refractive index (~1.35 —>1.42) 3334353637 of hiological
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EVs which confounds the presumed sEV sizes using available algorithms. To confirm the vesicles
were lipid membrane composed, samples were treated with detergent to confirm solubilization
of the vesicles (Fig. 10c). We saw that in the presence of Triton, sEVs profiles were dramatically
altered, interpreted as a general decrease in relative intensity and concentration of the CFSE
positive vesicles when disrupted by the detergent, further confirming their properties as sEVs.
Since we use protein concentration for sEV delivery, we determined how protein concentration
correlated to particle number. We have previously found that 1 pg sEVs protein equals to 1 x 10°
particles according to NTA'3, Using sEVs from RAW 264.7 cells, we compared the NTA versus
uFlow Cytometry plotted with protein concentration and found a good correlation with a similar
estimate of 5.89 x 102 particles per ug by NTA (Fig. 10d).

Semi-quantitative analysis of differential surface epitopes on sEVs. Having identified
macrophage specific markers on serum-derived seVs, we further investigated surface expression
of a panel of immune markers using exosome capture beads with standard flow cytometry.
Enrichment of exosomal marker CD63 in sEVs from naive male mice and CD4 (T cell), CD24 (B
cell), CD40, CD41, MHC-Il and (activation markers), and CD31 (endothelial) were observed in sEVs
from male SNI model (Fig. 10e). Comparison of sEVs from naive male and female mice (Fig. 10f)
showed higher CD63 and CD146, CD49e (NK cell), CD105 (endothelial) and MHC-Il in male, and
CD19 (B cell), CD40 and CD31 in sEVs from naive female mice. Our data suggests some of the
immune markers present in sEVs could impart immunomodulatory functions that may partially
mimic the biological properties of their donor cell.

Discussion

Our studies show that serum-derived sEVs and their cargo molecules have both a short-term
analgesic capacity and promote chronic inflammatory pain resolution in recipient mice. Short-
term analgesic properties of sEVs were dependent upon opiate signaling, while inflammatory
pain resolution was associated with immunomodulatory properties of sEVs through alteration of
immune cell populations in the spinal cord and DRG. These findings imply that various sEV cargo
molecules and the pain model being investigated in sEV recipient mice can govern the behavioral
outcome. Though naive and SNI model mice differentially package miRNA cargo into sEVs, our
behavior studies showed that both sEVs resolved pain comparably. sEV peptide and protein cargo
likely act immediately while the miRNA mediated gene regulation could contribute to sEVs long-
term effects. Thus, long-term pain resolving effects are likely driven by common miRNAs enriched
in all serum-derived sEVs.

Endogenous opioid peptide leu-enkephalin was present in sEVs from both SNI model and naive
mice. Leu-enkephalin can induce short-term analgesia3® 3%, It was difficult to quantify the
peptides by LC-MS-MS since the peak area was too low. However, our analysis clearly detected
these peptides in all the sEV samples. We confirmed the presence of leu-enkephalin by a
guantitative immunoassay and observed sEVs had elevated levels compared to serum. Leu-
enkephalin in sEVs from female mice was higher than male. Enkephalins can activate both mu
and delta-opioid receptors but their affinity is 10-fold lower for mu-opioid receptors and
negligible for kappa-opioid receptors?®. In mouse models of inflammatory pain, the analgesic
effects of exogenous and endogenous opioids are mediated by mu-opioid receptors expressed in


https://doi.org/10.1101/2024.02.16.578759
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.16.578759; this version posted February 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

16

distinct subpopulations of neurons*!. Naltrexone is a competitive antagonist at mu opioid
receptor and antagonizes antinociception of 30 mg/kg morphine with an IC50 of 0.007 mg/kg in
mice??. Our data confirms that sEV analgesia can be reversed by the non-selective opioid
antagonist naltrexone, suggesting leu-enkephalin in sEVs contributes to a short-term analgesia.
Endogenous opioid peptides can also be released by immune cells*3. For example, specific T cell
subsets release endogenous opioid peptides that can suppress or resolve pain**. Macrophages
also generate and release opioid peptides under inflammatory and neuropathic pain states*, and
spinal microglial B-endorphin expression produces antinociception®. Thus, we cannot rule out
that sEVs released by immune cells in recipient mice indirectly increase their basal pain threshold.
The rapid loss of enkephalin analgesia has been attributed to its rapid hydrolysis in the body?*’.
However, sEVs can extend the half-life of leu-enkephalin by protecting it from being degraded,
and this could be another mode by which leu-enkephalin exerts its effect in vivo.

SNI model mice that prophylactically received 10 pg serum-derived seVs from naive or SNI model
donors showed increased mechanical threshold 1- and 3-days post-surgery. Pretreatment with
sEVs did not prevent mechanical hypersensitivity after SNI surgery, but they delayed SNI-induced
pain hypersensitivity in the initial stages. Prophylactic serum-derived sEVs resolved mechanical
allodynia faster than vehicle after CFA injection, but the dose of sEVs required was ten times
higher than the effective dose of RAW 264.7 macrophage derived sEVs'3. Thus, heterogenous
sEVs in serum have a much lower potency than sEVs secreted by macrophage cells. Serum-
derived sEVs are produced by many different types of donor cells and can harbor cargo molecules
with varying efficacy against pain sensitivity. Our studies using macrophage-derived sEVs?3,
suggest that monocyte/macrophage-derived sEVs in serum could be one of the contributing
factors that resolve hypersensitivity in CFA model mice.

The DWB system measures weight distribution on all four paws and provides a way to evaluate
non-reflexive pain in mice*®. Compared to evoked measures, DWB is semi-automated, objective,
aligned with clinically observed behavioral outcomes of pain, and therefore a more reliable
method for assessing pain®®. Our DWB studies showed that mice administered sEVs from naive
donors differed from those mice that received seVs from SNI donor mice or PBS control at 3h
post-injection. Administering naive sEVs significantly increased weight distribution of hind paw
compared to the SNI sEV treatment or control group. The differences between the two sV
treated groups at 3 hours could be due to enriched proinflammatory proteins such as C5a** in
SEVs from SNI model mice. Interestingly, basal mechanical threshold assessed by von Frey test
was also elevated at this time point but all sEV treated mice responded similarly. In mice that
received prophylactic sV treatment, CFA injection two weeks later induced a much smaller
change in weight distribution of hind paws compared to the control group at 3 days post CFA
indicating alleviation of pain by sEVs.

Neuroimmune interactions contribute to the development or maintenance of chronic pain°% >%
>2_ Macrophages and T cells enhance pain via proinflammatory mediators and resolve pain via
anti-inflammatory mediators such as IL-10 and endogenous opioids®3* Immune cells can also
stimulate the release of endogenous opioid peptides or enhance their synthesis*3, which can then
bind opioid receptors on these cells and modulate their function®*. Further, macrophage-
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nociceptor interactions are mediated by miRNAs and miRNA-containing exosomes in chronic
pain®. Exosomes released by cultured sensory neurons upon capsaicin activation are readily
phagocytosed by macrophages, which increases their expression of miR-21-5p and promotes a
pro-inflammatory phenotype®®. A single intrathecal injection of human conditioned serum
produced long-lasting inhibition of paclitaxel chemotherapy-induced mechanical allodynia in
mice, which was significantly diminished upon removal of exosomes®’. A recent study reported
that plasma EVs (pEVs) of healthy human donors are endogenous homeostatic modulators of
macrophages that control macrophage activation, decrease inflammatory cytokines, and
promote tissue repair. pEVs induce prostaglandin PGE2 expression by macrophages, which in
turn critically mediates pEVs anti-inflammatory activity®®. The sEVs from naive mice could have
comparable functions and need further investigations.

High-plex ChipCytometry enabled us to identify changes in immune cell populations in spinal cord
and DRG tissues simultaneously in stV treated mice. We found that temporal and spatial
alterations in immune cell number and subpopulations could attenuate inflammatory pain.
Specifically prophylactic sV treatment reduced the number of NK and NKT cells in spinal cord
and increased CD206" anti-inflammatory macrophages in DRG after CFA injection. A recent study
showed upregulation of IL-10 in spinal macrophages resolved neuroinflammation and
neuropathic pain®®. IL-10-producing monocytes/macrophages in DRG promote resolution of
transient inflammatory hyperalgesia®. Though nerve injury can increase the number and
activation of sensory neuron-associated macrophages in the sciatic nerve and sensory ganglia, it
is unclear if this occurs via infiltration of blood monocytes or local proliferation®'. One study
reported that increase in the number of macrophages in the sensory ganglia after SNI is a
consequence of the proliferation of resident CX3CR1* macrophages and not due to infiltration of
peripheral blood monocytes®?. In yet another study, a limited number of neutrophils and
macrophages/monocytes infiltrate the spinal cord after peripheral injury but their impact on pain
persistence or resolution remains unknown®3, Neutrophils and macrophages are innate immune
cells that can induce a transition from acute to chronic pain and maintain pain. Adaptive immune
cells like B cells and T cells mainly initiate chronic pain, though T cells can also act to resolve
pain®. This creates an interesting dichotomy in T cell regulation of pain. Local depletion of
macrophages in CFA model mice attenuates inflammatory pain, but after persistent inflammatory
pain is established, local macrophage depletion no longer impacts pain®. Targeted depletion of
T cells or neutrophils also did not affect pain behaviors in CFA model mice®®. Further, neutrophils
secrete proinflammatory mediators but also produce opioid peptides that might reduce pain.
Neutrophil mediated inflammatory responses in individuals experiencing pain relief indicate that
active inflammatory responses underlie pain resolution®’. NK cells are traditionally viewed as pro-
inflammatory, but they are also functionally important pain resolvers. B lymphocytes produce
antibodies involved in humoral immunity and also present antigens®. Thus, temporal patterns
of immune cell recruitment and activation confer distinct roles in regulating different types of
pain. The accelerated resolution of inflammatory pain hypersensitivity mediated by sEVs could
be coordinated by multiple types of immune cells.

SEVs from SNI model male donor mice showed enrichment of immune markers such as CD4, CD24
and activation markers like CD40 and CD44 compared to sEVs from naive male mice. Based on
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the immune markers expressed on sEVs in serum, these different populations of sEVs are likely
released by specific immune cells. sEV cargo reflect a subset of the biological functions of the
parent cell releasing these vesicles. Several studies show that immune cell sEVs can be
therapeutic, including sEVs released by APCs that present peptide loaded MHC and costimulatory
molecules such as CD80 and CD86 to T cells®®. The majority of sEV immune marker expression
was similar between naive male and female mice, with a few notable exceptions including CD40,
whose ligand CD40L is located on the X chromosome. Additional studies will determine if this
explains lower prophylactic efficacy of female derived seVs in CFA model female mice. sEVs
isolated two weeks after SNI surgery showed no difference in size by both NTA and microflow
cytometry, consistent with SNI model mice four weeks post injury4. Size measurements by
ExoView however, showed an increase in size of CD81, CD45, and F4/80 captured populations.
This suggests cell dependent effects on sEV size in context of SNI, which may be similar to what
has been observed with neutrophil derived sEVs in context of PMA®°, To determine how SNI
surgery impacts particle size, additional future studies are needed to determine the major source
of sEVs in circulation and how nerve injury influences genes involved in sEV biogenesis. Insights
could be gained by a systematic analysis of sEVs isolated from various primary cells and
elucidating the molecular and behavioral consequences upon uptake.
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Figure Legends

Fig. 1 Characterization of mouse serum-derived sEVs. a Confirmation of mechanical
hypersensitivity in male mice after SNI. Baseline testing (BL) was followed by SNI or sham surgery
and mice were tested for mechanical sensitivity for 14 days. Animals were sacrificed after two
weeks and sEVs isolated from their serum were used in all studies. Data shown are mean *
standard error of the mean, n=6. Statistical analysis was determined by two-way repeated-
measures ANOVA followed by Tukey posttest ** p <0.01, *** p <0.001, **** p <0.0001. b
Nanoparticle tracking analysis (NTA) showing the mean of concentrations of sEVs in serum of
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naive, sham control and SNI model mice respectively. ¢ The sEV particle size distribution shows
particle sizes of sEVs from SNI model mice were smaller compared to the control groups. The
mean diameters were 121.1 + 4.1 nm for naive, 115.7 £ 5.2 nm for sham and 101.1 + 2.4 nm for
SNI sEVs. One-way ANOVA followed by Tukey posttest ** p <0.01. d Particle size distribution and
diameter range for sEVs from naive mice e TEM images showing sEV morphology and size (top)
and immunogold labeling for CD81 in sEVs (bottom) from SNI model. f Western blot for sV
markers and sEV-depleted serum from different groups of mice confirming the presence of
exosome marker protein CD81. Negative marker albumin was absent in sEVs but present in the
serum.

Fig. 2 miRNAs in sEV samples. a Principle component analysis for miRNAs in serum-derived sEVs
from naive, sham control, and two weeks post SNI model mice. One of the naive sEV samples (ID:
naivel) was considered as an outliner and was excluded from further analyses. Hierarchical
clustering analysis of overall miRNA expression level with higher expression denoted by red and
lower by blue shown and more related terms are closely grouped together. Pairwise distances
between miRNAs shown for SNI model, sham and naive control mice (n=3-4). b Venn diagram
showing presence/absence analysis of miRNAs in sEVs from serum. HTG EdgeSeq/RNA-Seq
detected unique and overlapping miRNAs in sEVs purified from the serum of SNI, sham, and naive
control mice (n=4) two weeks after surgery. ¢ A subset of differentially expressed miRNAs with
the highest fold change in sEVs from SNI model compared to naive control. d Gene Ontology (GO)
terms and KEGG pathways enriched for the genes targeted by the miRNAs. Annotations are
filtered to reduce redundancy, with no more than 80% overlap in the target genes. Only the
annotations (FDR<=0.01) resulting from the miRNAs that are significantly differentially expressed
between SNI vs. naive conditions are shown. Additional annotations from miRNAs expressed
explicitly in SNI or naive conditions are available in the supplementary files.

Fig. 3 Intrathecal injection of 10 ug sEVs transiently increased basal mechanical but not the
thermal threshold. a Schematic of in vivo experiment. sEVs purified from serum of male C57BL/6
mice 2 weeks post SNI surgery or naive mice were administrated intrathecally into another group
of naive male recipient mice followed by behavior tests. b Mechanical threshold was measured
by von Frey filaments before and after the single intrathecal injection of sEVs. The recipient mice
showed an increase in basal mechanical threshold (n=15). ¢ sEVs did not impact basal thermal
pain threshold in mice. Thermal threshold was measured by Hargreaves test before and after sV
injection. The recipient mice showed no significant difference (n=6). Data shown are mean + SEM.
Statistical analysis was determined by two-way repeated-measures ANOVA followed by
Bonferroni posttest * p <0.05, ** p <0.01, *** p <0.001. d Treatment with sEVs from naive mice
changed basal weight distribution of hind paws in recipient mice. The ratio of body weight
distribution on two rear paws (RL/RR) were measured by dynamic weight bearing system at
different time points after sEVs injection. Statistical analysis determined by two-way repeated-
measures ANOVA followed by Bonferroni posttest ** p <0.01 PBS vs. naive sEVs, # p<0.05 naive
SEVs vs SNI sEVs (n=5).

Fig. 4 Detection of leu-enkephalin in sEVs and reversal of short-term analgesia induced by naive
sEVs using naltrexone. a Liquid chromatography with tandem mass spectrometry of serum sEVs
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samples. Representative MS/MS spectrum showing the peaks of mass-to-charge ratios (m/z) at
397 and 425 derived from the collision-induced dissociation of leu-enkephalin in sEVs. b
Confirmation of leu-enkephalin in sEVs by enzyme immunoassay. Levels of leu-enkephalin in
serum-derived sEVs and serum from naive male and female mice. Both sEV and serum samples
were pooled from n=5 mice of each sex. The standard curve for leu-enkephalin is also shown. ¢
Schematic of in vivo experiment in mice administrated with naltrexone (i.p., 10mg/kg) and naive
SEVs (i.t., 10 pg/mice) at the same time, and behavior testing 3h and 24h post-administration. D
The group receiving naive sEVs and PBS had higher mechanical threshold than the group receiving
both naltrexone and sEVs at 3h post-injection. Similarly, for the 24h time point, the group
receiving sEV and naltrexone had higher PWT compared to the group injected with sEV and PBS
(n=7). Data shown are mean + standard error of the mean. Statistical analysis was determined by
two-way repeated-measures ANOVA followed by Bonferroni test * p <0.05, ** p <0.01, *** p
<0.001.

Fig. 5 The pretreatment with 10 pg of serum-derived sEVs caused a transient delay in the
development of mechanical allodynia in SNI model. a Schematic of experiment showing the
serum-derived sEVs from naive and SNI model donor mice two weeks after injury injected
intrathecally into another group of naive recipient mice. After two weeks, the SNI surgery was
performed on these recipient mice followed by behavior tests to assess the effect of sEVs on SNI-
induced pain. b Mechanical hypersensitivity measured by von Frey filaments. The recipient mice
that received 10 pg naive or SNI sEVs then underwent SNI surgery showed increased mechanical
threshold at 1d and 3d compared to PBS control (n=9). These results indicate sEVs from both
naive and SNI model can induce a transient delay in SNI-induced mechanical hypersensitivity in
the initial stages. ¢ There was no significant differences in thermal hypersensitivity as measured
by Hargraves after SNI surgery. Data shown are mean + SWM. Statistical analysis was determined
by two-way repeated-measures ANOVA followed by Bonferroni test, **** p < 0.0001.

Fig. 6 Prophylactic intrathecal injections of 10 pug sEVs promoted resolution of CFA induced
mechanical hypersensitivity. a Schematic representation of experimental design. The sEVs from
male C57BL/6 naive and SNI model donor mice two weeks after injury were injected intrathecally
into nine weeks old male C57BL/6 recipient mice. CFA model was established in these recipient
mice 2 weeks post sEVs injection. b Mechanical allodynia in CFA model mice. Mice were
prophylactically injected with 10 pg sEVs or PBS two weeks prior to CFA. PWT were measured at
different time points after CFA injection (n=6). Ten ug sV accelerated recovery from CFA-induced
mechanical hypersensitivity compared with PBS control group. Multiple comparisons between
different time points in CFA model are shown on the right. c There were no significant differences
in thermal hypersensitivity as measured by Hargreaves test. Data shown are mean * SEM.
Multiple comparation between different time points in CFA model is shown in adjacent table.
Statistical analysis was determined by two-way repeated-measures ANOVA followed by
Bonferroni test * p <0.05, *** p < 0.001, ### p < 0.001, **** p < 0.0001. d Pretreatment with
naive sEVs reverse CFA-induced weight distribution changes on rear paws. sEVs from male
C57BL/6 naive mice were injected intrathecally into nine weeks old male C57BL/6 recipient mice.
CFA was injected into rear right (RR) paw of these recipient mice 2 weeks post sEV injection. The
ratio of body weight distribution on two rear paws (RL/RR) were measured by dynamic weight
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bearing system at different time points after CFA injection (n=5). Ten pg naive sEV significantly
reversed CFA-induced increasing ratio of body weight distribution (RL/RR) on paws after three
days compared to PBS control group. Though seVs from SNI model had a similar trend, it was not
significant. The significance was observed on day 3 between SNI sEVs and PBS control. Data
shown are mean + SEM. Statistical analysis was determined by two-way repeated-measures
ANOVA followed by Bonferroni posttest * p <0.05.

Fig. 7 Alterations in immune cell population in 5-7 uM sections spinal cord after sEV treatment
determined using ChipCytometry. a An example of image overlay in spinal cord. b Immune cells
in spinal cord 14 days post CFA ¢ Percentage of CD45* cells in spinal cord. Bar graphs showing d
total cells e Immune cells f T cells g NKT cells h NK cells | B cells j macrophages k M2 macrophages
(CD206") I Neutrophils Pie chart representation of alterations in immune cell population after sV
treatment in m the whole n in ipsilateral o in contralateral spinal cord. Experimental groups are
naive control, 7 days post CFA, 7 days post CFA mice + seVs from RAW 264.7 macrophage cells,
14 days post CFA, 14 days post CFA + sEVs from naive donor mice, 14 days post CFA + seVs from
SNI model n=2.

Fig. 8 Alterations in immune cell population in 5-7 um sections of DRG after sEV treatment
determined using ChipCytometry. a An example sample image overlay in DRG. b CD45* immune
cells in DRG 14 days post CFA with additional specified markers in the immune pane. ¢ Percentage
of CD45* cells in DRG. Bar graphs showing d total cells e Immune cells f T cells g NKT cells h NK
cells I B cells j macrophages k M2 macrophages (CD206*) | Neutrophils m CD4/CD8 over all T cells.
n Pie chart representation of alterations in immune cell population after sV treatment in DRG
n=2.

Fig. 9 Comparison of tetraspanin composition, leukocyte and macrophage markers and
characteristics of sEV derived from naive and SNI model mice. SEVs were captured using specific
antibody-coated spots against CD81, CD9, F4/80 and CD45 and analyzed using the ExoView R100
platform. a Total fluorescent particle counts of sEVs on tetraspanin capture spots and mouse IgG
isotype control analyzed using fluorescent antibodies against CD81/CD9/F4/80 and CDA45. b Size
distribution of sEVs on tetraspanin capture spots analyzed using the SP-IRIS mode of the ExoView
R100 platform. ¢ sEVs captured per label. Plotted is the mean £ SEM of three independent
biological replicates.

Fig. 10 Characterization of serum-derived sEVs and macrophage derived sEVs. a Nanoparticle
tracking analysis (NTA) size distributions NIST bead standards (yellow), serum-derived sEVs and
macrophage derived sEVs (n=2-4 samples per condition). b Concatenated microflow cytometry
plots of calibration beads (polystyrene-dark purple and silica-light purple), serum derived sEVs
(naive-blue and SNI-red), and RAW 264.7 macrophage derived sEVs from cells with (Exo+ pink) or
without (Exo green) LPS stimulation (n=2-4 samples per condition). ¢ Representative gating
scheme of CFSE positive sEVs for sEVs labeled by CFDA-SE with or without Triton. d Plot
demonstrating the linear correlation of all sample protein concentrations with either microflow
cytometry (purple) or NTA (yellow) particle concentrations. e Detection of surface marker profile
of sEVs by flow cytometry using MACSPlex exosome capture beads. sEVs from male naive control
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and SNI model mice f sEVs from male and female naive control mice. The geoMFI (geometric
Mean fluorescence Intensity) of different capture antibody bead types after incubation with 15ug
EVs, followed by staining with a cocktail of CD9-APC, CD63-APC, and CD81-APC detection
antibodies is reported. The geoMFI of individual surface marker was normalized against the
highest calculated geoMFI. sEVs used were pooled from serum of 5-6 mice.

Supplementary Figures

Supp Fig. 1 Uptake of intrathecally injected sEVs in spinal cord and DRG. sEVs were labelled with
membrane labelling PKH26 dye (red). Ten pg labelled sEVs were intrathecally injected into each
naive mouse. After 6h, mice were scarified and the spinal cord and L4-L5 DRG tissues were
collected. Uptake of sEVs were observed by Olympus FV3000 microscope (60 X magnification).
Neurons were stained with MAP2A (green), astrocytes were stained with GFAP (green), and
microglia/macrophage were stained with IBA1 (green), while cell nuclei were stained with DAPI
(blue). The sEVs could be visualized in different cells (solid white arrows). PKH26 dye alone served
as a negative control for sEV staining (not shown). Scale bar = 20 um.

Supp Fig. 2 Low dose (1 pg) sEVs did not change the basal mechanical and thermal threshold in
recipient mice. a Schematic of in vivo experiment. sEVs purified from serum of male C57BL/6
mice 2 weeks post SNI surgery or naive mice were administrated intrathecally into another group
of naive male recipient mice followed by behavior tests. b Mechanical and ¢ thermal threshold
was not significantly different before and after the single intrathecal injection of sEVs (n=5). Data
shown are mean + SEM. Statistical analysis was determined by two-way repeated-measures
ANOVA.

Supp Fig. 3 sEVs from female mice did not alter basal mechanical or thermal threshold in female
recipient mice. a Schematic of in vivo experiment. seVs purified from serum of female C57BL/6
mice 2 weeks post SNI surgery or naive mice were administrated intrathecally into another group
of naive female recipient mice followed by behavior tests. b There was significant difference in
mechanical and c thermal threshold in recipient mice before and after the single intrathecal
injection of sEVs (n=5).

Supp Fig. 4 Detection of endogenous opioid peptides as cargo in serum sEVs. Liquid
chromatography with tandem mass spectrometry of serum sEVs samples from male mice
showing representative MS/MS spectrum of nociceptin in serum-derived sEVs.

Supp Fig. 5 Confirmation of naltrexone efficacy at 3h and 24h post-treatment using morphine
as positive control for the two time points that were significant in sEV experiments. a Schematic
of in vivo experiment to test if naltrexone can reverse morphine-induced analgesia. Naltrexone
(10mg/kg) was administrated intraperitoneally into naive 9-week-old male C57BL/6 mice, and
after 2h 30min or 24h post injection, 0.5 ug morphine was injected intrathecally. Behavior studies
were performed at 30 min after morphine injection. b Pretreatment with naltrexone for 3 hours
reversed analgesic effect of morphine. Naltrexone alone did not affect the mechanical threshold
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and mice that received only morphine showed an increase in basal mechanical threshold at 3h
post PBS injection. Mice treated with both naltrexone and morphine exhibited lower PWT than
morphine group (n=5), showing naltrexone could reverse morphine-induced short-term
analgesic effect 3h post naltrexone injection. ¢ Naltrexone reversed analgesic effect of morphine
at 24h. Pretreatment with naltrexone for 24 hours reversed analgesic effect of morphine even at
24h post injection (n=5). Data shown are mean + SEM. Statistical analysis was determined by two-
way repeated-measures ANOVA followed by Bonferroni test * p <0.05, ** p <0.01, *** p <0.001,
**%* p <0.0001, ## p <0.01, ### p <0.001.

Supp Fig. 6 Prophylactic intrathecal injections of low dose (1 pg) sEVs did not alter CFA induced
mechanical hypersensitivity. a Schematic representation of experimental design. One pg sEVs
from male C57BL/6 naive and SNI model donor mice two weeks after injury were injected
intrathecally into nine weeks old male C57BL/6 recipient mice. CFA model was established in
these recipient mice 2 weeks post sEVs injection. b Mechanical allodynia and ¢ thermal
hyperalgesia in CFA model mice did not show significant differences in sEV treated mice
compared to PBS control group (n=5). Data shown are mean * SEM, two-way repeated-measures
ANOVA (n=5).

Supp Fig. 7 Prophylactic intrathecal injections of 10 pg sEVs from female mice did not
contribute to resolution of CFA induced mechanical hypersensitivity in female recipient mice.
a Schematic representation of experimental design. The sEVs from female C57BL/6 naive and SNI
model donor mice two weeks after injury were injected intrathecally into nine weeks old female
C57BL/6 recipient mice. CFA model was established in these recipient mice 2 weeks post sEVs
injection. b Mechanical allodynia and c thermal hyperalgesia in CFA model mice did not show
significant differences in sEV treated mice compared to PBS control group (n=5). Data shown are
mean + SEM, two-way repeated-measures ANOVA (n=5).

Supp Fig 8 Immune cells separated as ipsi and contralateral to CFA injection and dorsal and
ventral spinal cord sections as determined using ChipCytometry.

Supp Fig 9a sEV marker distribution by capture target and b detector antibody fluorescence
intensity.

Supp Fig 10a Representative gating scheme of CFSE positive sEVs for sEVs labeled by CFDA-SE
with or without Triton. Concatenated plots of sEV samples gated by MALsLo or MALSHi. b
Quantification of Fig. 10a showing the percentage of MALSLo or MALSHi events in non-treated
or treated sEVS, with a representative histogram of MALS intensity for Exo sEVs and
guantification of the MALS gMFI for each sample type below it (n=4 per group). Data shown are
mean + SD. Statistical analysis was determined by one-way or two-way repeated-measures
ANOVA followed by Bonferroni test, * p < 0.05 ** p < 0.01 *** p < 0.001 **** p < 0.0001.
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Supplementary Tables

Supp Table 1 Differentially expressed miRNAs in sEVs from naive, sham control and SNI model
mice two weeks post surgery.

Supp Table 2 miRNAs highly expressed in all serum derived sEVs.

Supp Table 3 List of significantly enriched pathways.

Supp Table 4 Experimental design showing treatment groups in recipient mice. L4-L5 spinal cord
and DRG from recipient male mice were obtained at time points that were most efficacious in
behavior testing (n=2). sEVs from RAW 264.7 were included as a positive control for homogenous

SEV source of macrophage under culture conditions.

Supp Table 5 The 16-plex panel of markers used to identify the populations in ChipCytometry.
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Alterations in immune cell population in spinal cord after sEV treatment
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Fig. 10
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