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ABSTRACT: An  imbalance  between  the  innate  and
adaptive  immunity  after  traumatic  spinal  cord  injury
(SCI)  triggers  excessive  inflammatory  activation,  which
ultimately  leads  to  secondary  neuronal  damage  and
functional impairment. Importantly, inducing tolerance in
both  the  innate  and  adaptive  immunity  helps  suppress
neuroinflammation  and  promotes  neuroprotection.
Innate  immune  tolerance  triggered  by
lipopolysaccharides  (LPS)  is  rapid,  specific,  and  long-
lasting;  however,  direct  administration  may  cause
significant  side  effects.  Similarly,  administering  self-
antigens after SCI can foster adaptive immune tolerance
but  may  worsen  tissue  damage.  Extracellular  vesicles
(EVs), as highly biocompatible natural carriers, address
these  challenges  and  deliver  immunoregulatory  signals
to  establish  immune-tolerant  microenvironments.
Therefore,  we  preconditioned  macrophages  with  a
combination of  low-dose LPS and self-antigens (myelin
debris)  to  induce  an  immune-tolerant  phenotype  and
isolated  the  resulting  EVs  trained  with  low-dose  LPS
and  self-antigens  (Trained-EVs).  Our  results  demonstrate  that  Trained-EVs  can  effectively  enhance  innate  immune
tolerance  and  modulate  adaptive  immunity,  thereby  establishing  a  tolerogenic  immune  microenvironment.  This  dual
strategy for inducing tolerance is a promising immunotherapeutic option for autoimmune and inflammatory diseases.
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 1    Introduction
Traumatic  spinal  cord  injury  (SCI)  affects  millions  of  people
worldwide and often leads to irreversible disability and paralysis [1].
The  evidence  increasingly  suggests  that  neuroinflammation  after

SCI is  a  key factor in secondary injury and significantly influences
disease  progression  [2].  The  inflammatory  response  following  SCI
is  highly  complex,  and  involves  coordinated  interactions  between
various immune cell types [3, 4]. Overactivation of innate immune
cells,  such  as  microglia  and  macrophages,  contributes  to  neuronal
loss and axon degeneration [5, 6], increasing the risk of neurological
decline. Additionally, activation of adaptive immune cells, including
T  helper  1  (Th1)-type  CD4+ and  CD8+ T  lymphocytes,  further
exacerbates demyelination and harms neurons and glia [7, 8].

Notably,  both  innate  and  adaptive  immune  cells  contribute  to
protection  by  promoting  immune  tolerance  [9].  In  microglia,
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lipopolysaccharide  (LPS)-induced  tolerance  reduces  pro-
inflammatory  cytokine  production  and  provides  neuroprotection
[10], a phenomenon observed in animal studies related to ischemic
injury,  Parkinson's  disease,  traumatic  brain  injury,  spinal  cord
injury,  and  neuropsychiatric  disorders  [11−13].  Similarly,
macrophage  tolerance—induced  by  stimuli  such  as  LPS  or  tumor
necrosis  factor  (TNF)—is  characterized  by  decreased  secretion  of
pro-inflammatory  mediators  and  increased  expression  of  anti-
inflammatory  genes  [14],  reflecting  an  M2-like  phenotype.
Regulatory T cells (Tregs) are essential for maintaining the immune
balance  and  preventing  self-reactivity,  and  their  dysfunction  is
linked  to  various  immune-mediated  and  central  nervous  system
disorders [15]. Therefore, inducing immune tolerance in these cells
may  help  regulate  the  local  immune  environment  and  improve
functional outcomes after SCI.

Although  immune  tolerance  induction  strategies  for  central
nervous  system (CNS)  diseases  have  shown promise,  their  clinical
application  is  limited  by  challenges  such  as  complex  induction
protocols,  excessive  immunosuppression,  and  short-lived  effects
[16].  LPS-induced tolerance offers  several  benefits,  including rapid
onset, precise targeting, easy induction, and sustained efficacy, and
has  been  studied  in  microglia  using  multiple  animal  models  [17].
However,  systemic  LPS  administration  causes  widespread
distribution and may lead to adverse effects such as atherosclerosis,
insulin  resistance,  and  chronic  obstructive  pulmonary  disease
(COPD) [18, 19].

Tregs  are  essential  for  immune  tolerance  [20].  While  adoptive
Treg  transfer  can  aid  neurological  recovery  after  SCI,  excessive
immunosuppression  may  paradoxically  impair  neuronal  survival
[21, 22]. Active immunization with self-antigens can promote Treg
expansion  and  offer  neuroprotection  in  some  CNS  diseases  [23];
however, the results vary, with some studies demonstrating that the
administration of myelin basic protein (MBP) after SCI can worsen
tissue  damage  [24].  Therefore,  the  safe  and  effective  induction  of
both  innate  and  adaptive  immune  tolerance  is  crucial  for  the
development  of  protective  immunotherapies  against  SCI.  As
natural nanoscale vesicles, extracellular vesicles (EVs) are promising
candidates  for  immune  modulation  [25].  By  inheriting  the
membrane  components  from  their  parent  cells,  EVs  exhibit
excellent biocompatibility and low immunogenicity, allowing them
to evade immune clearance and remain functionally active for long
periods  [26].  Macrophage-derived  EVs  can  specifically  target
inflamed tissues, and their anti-inflammatory properties and ability
to cross the blood–brain barrier (BBB) are well recognized [27]. In
this  study,  EVs  were  isolated  from  macrophages  preconditioned
with  low-dose  LPS  and  exposed  to  self-antigens.  This  process
mimics and enhances dynamic exposure to phagocytic antigens and
inflammatory stimuli typical of the SCI microenvironment, thereby
promoting immune tolerance in immune cells.

We demonstrated that EVs from trained macrophages promoted
a  tolerant  phenotype  in  the  innate  immune  system  (macrophages
and  microglia)  and  enhanced  the  tolerogenic  capacity  of  Tregs  in
the  adaptive  immune  system.  This  approach  avoids  the  risks
associated  with  LPS  or  myelin  debris  (MD)  by  combining  their
advantages  to  create  dual  immunomodulatory  effects.  Our
"preconditioning-regulation"  dual  tolerance  induction  strategy
establishes  a  robust  protective  immune  microenvironment  that
greatly supports neurological recovery and tissue repair in a mouse
SCI model. These findings indicate that EV-based immunotherapy
with multiple-target  regulatory properties  may be effective  for  SCI
treatment.

 2    Experimental

 2.1    Reagents
Chemicals  and  kits  included:  LPS  (L6143;  Sigma-Aldrich,  USA),
Starch  Broth  (N8300;  Solarbio,  China),  Pierce  Chromogenic
Endotoxin  Quantitation  Kit  (A39552S;  Thermo  Fisher  Scientific,
USA),  Nuclear  Extract  Kit  (40010  &  40410;  Active  Motif,  China),
NF-κB p50 Transcription Factor Assay Kit (41096 & 41596; Active
Motif,  China),  STAT3  Transcription  Factor  Assay  Kit  (45196  &
45696;  Active  Motif,  China),  IL-10  ELISA  Kit  (ML037873;  Mlbio,
China),  IL-1β ELISA  Kit  (ML098416;  Mlbio,  China),  IL-6  ELISA
Kit  (ML098430;  Mlbio,  China),  TNF-α ELISA  Kit  (ML002095;
Mlbio, China), NT-3 ELISA Kit (ML002111; Mlbio, China), BDNF
ELISA Kit (ML002219; Mlbio, China), NGF ELISA Kit (ML002108;
Mlbio, China), Estradiol ELISA Kit (PE223; Beyotime, China), Anti-
mouse-CD86  PE  (MA5-52362;  Thermo  Fisher  Scientific,  USA),
Anti-mouse-CD206  FITC  (MA5-16870;  Thermo  Fisher  Scientific,
USA), Anti-CD63 (Ab217345; Abcam, UK), Anti-Alix (Ab275377;
Abcam,  UK),  Anti-TSG101  (Ab125011;  Abcam,  UK),  Anti-
Calnexin  (Ab313243;  Abcam,  UK),  Anti-IL-10  (12163S;  Cell
Signaling  Technology,  USA),  Anti-IL-1β (12703S;  Cell  Signaling
Technology, USA), Anti-IFN-γ (Ab280353; Abcam, UK), Anti-IL-4
(BS0581R;  Bioss  Antibodies,  China),  Anti-IL-17A  (Ab302922;
Abcam,  UK),  Anti-Foxp3  (12653S;  Cell  Signaling  Technology,
USA),  Anti-CD4  (67786-1-Ig;  Proteintech,  China),  Anti-iNOS
(22226-1-AP;  Proteintech,  China),  Anti-CD206  (24595S;  Cell
Signaling  Technology,  USA),  Anti-F4/80  (71299S;  Cell  Signaling
Technology, USA), Anti-neurofilament (NF) (2837S; Cell Signaling
Technology,  USA),  Anti-GFAP  (60190-1-Ig;  Proteintech,  China),
Rabbit anti-NeuN (24307S; Cell Signaling Technology, USA), Goat
anti-rat IgG (H+L) Alexa Fluor 647 (Ab150159; Abcam, UK), Goat
anti-mouse  IgG  (H+L)  Coralite  594  (SA00013-3;  Proteintech,
China), Goat anti-rabbit IgG (H+L) FITC (SA00003-2; Proteintech,
China),  Anti-rabbit  IgG secondary antibody (ZF-0311;  Zhongshan
Jinqiao,  China),  4',6-diamidino-2-phenylindole  (DAPI)  (C1006;
Beyotime,  China),  Nissl  Staining  Kit  (G1430;  Solarbio,  China),
Intracellular Fixation & Permeabilization Buffer Set (Thermo Fisher
Scientific,  USA),  Mouse  Spleen  Lymphocyte  Isolation  Kit
(LTS1092PK;  TBD,  China),  Lactate  dehydrogenase  (LDH)  Assay
Kit  (WLA072a;  Wanleibio,  China),  Alanine  aminotransferase
(ALT) Assay Kit (WLA114, Wanleibio,  China);  RAW264.7 mouse
mononuclear  macrophage  leukemia  cells  (CL-0190;  ProCell,
China), BV2 mouse microglial cells (CL-0493; ProCell, China), and
PC12  poorly  differentiated  rat  adrenal  pheochromocytoma  cells
(CL-0480; ProCell).

 2.2    Mice
Female  C57BL/6J  mice  aged  6–8  weeks  were  obtained  from  the
Animal  Experimental  Center  at  the  Second  Affiliated  Hospital  of
Harbin  Medical  University,  Harbin,  China.  Female  mice  were
selected for the study because they tend to have fewer postoperative
complications than male mice, and it  is  easier to manually express
the  bladder  after  paralysis.  All  experimental  procedures  were
approved  by  the  Ethics  Committee  of  the  Harbin  Medical
University. The mice were housed in a specific pathogen-free (SPF)
environment at the animal facility of Harbin Medical University.

 2.3    Preparation and fluorescent labeling of myelin debris
Myelin debris  was extracted as previously described [28, 29].  Mice
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were  anesthetized  with  1.25%  2,2,2-tribromoethanol,  followed  by
perfusion  of  20  mL  of  pre-chilled  1×  phosphate-buffered  saline
(PBS)  into  the  cardiac  circulation.  Brain  and  spinal  cord  tissues
were  harvested  and  homogenized  in  a  solution  of  0.32  M  sucrose
dissolved in sterile  water.  The homogenate was placed on top of a
0.85  M  sucrose  solution  to  collect  the  sucrose  interface  (crude
myelin  membrane).  This  was  diluted  with  sterile  water  at  4  °C
before  being  centrifuged  at  75,000g for  30  min  at  the  same
temperature.  To  induce  hypo-oosmotic  shock,  cold  sterile  water
was added at a volume 20 times that of the myelin component and
the  mixture  was  incubated  on  ice  for  30  min.  After  resuspension,
the  sample  was  centrifuged  again  at  75,000g for  30  min  and
resuspended in a 0.32 M sucrose solution before a second layering
onto  a  0.85  M  sucrose  solution.  A  further  centrifugation  step  at
75,000× g and  4  °C  for  30  min  was  performed to  concentrate  the
sample,  after  which  the  bottom  membrane  was  diluted  with  cold
sterile  water.  The  sample  was  further  concentrated  by
centrifugation  at  75,000g at  4  °C,  allowing  for  collection,
lyophilization,  and  weighing  of  the  0.32/0.85  M  sucrose  interface
membrane.  Endotoxin  levels  were  measured  using  a  Pierce
Chromogenic  Endotoxin  Quantitation  Kit  to  ensure  that  they
remained  below  0.03  EU/mL.  For  cell  culture,  a  concentration  of
1.0  mg/mL  of  myelin  debris  was  used.  To  label  the  debris  with
fluorescence,  myelin  was  treated  with  the  nontoxic  dye
carboxyfluorescein  succinimidyl  ester  (CFSE).  This  dye  passively
diffuses into myelin and covalently bonds with the available amines.
For  labeling,  1  mg  of  myelin  debris  was  combined  with  50  µM
CFSE  and  incubated  at  37  °C  for  15  min.  The  debris  was
centrifuged and washed with 100 mM glycine in PBS at 14,000 rpm
for  15  min.  This  washing  was  repeated  twice  under  the  same
conditions, after which the debris was collected and resuspended in
PBS to a final volume of 100 µL for future experiments.

 2.4    Cell culture and training protocols
Sterile starch broth was injected intraperitoneally into healthy mice.
After  48  h,  the  mice  were  euthanized  by  cervical  dislocation  and
immersed  in  75%  ethanol,  and  a  midline  abdominal  incision  was
made  to  expose  the  peritoneal  cavity  under  sterile  conditions.  A
total  of  five  milliliters  of  precooled  sterile  1×  PBS  was  gradually
introduced into the peritoneal cavity, followed by gentle abdominal
massage  for  1  min  to  facilitate  peritoneal  lavage  fluid  recovery,
which  was  collected  using  a  sterile  pipette.  The  samples  were
centrifuged  at  850  rpm  for  5  min,  and  the  supernatant  was
discarded.  The  resulting  pellet  was  resuspended  in  Dulbecco's
modified  eagle  medium  (DMEM)  supplemented  with  10%  fetal
bovine  serum  (FBS),  plated  onto  10-cm  culture  dishes,  and
incubated  for  2  h.  Non-adherent  cells  were  removed,  and  the
primary  macrophages  were  divided  into  three  groups:  a  control
group  (no  stimulation),  a  low-dose  LPS  group  (1  ng/mL),  and  a
high-dose  LPS  group  (1  μg/mL).  After  a  24-h  culture,  the  LPS-
containing  medium  was  replaced  with  PBS  and  the  cells  were
washed three times. The medium was refreshed every two days. On
day 7,  myelin debris (1 mg/mL) was added to each group and the
cells  were  incubated  for  another  24  h.  Finally,  the  cells  and
supernatants  were  collected  for  further  analysis.  All  experiments
were performed under sterile conditions and each experiment was
conducted in triplicate.

 2.5    Isolation of extracellular vesicles
The  EV  isolation  method  is  based  on  a  previously  described
procedure  [30].  First,  the  culture  supernatants  were  subjected  to

sequential  centrifugation  at  300g for  10  min,  then  at  2000g for  20
min,  and  10,000g for  30  min  to  remove  cellular  debris.  The
resulting supernatant was filtered through a 0.22-µm filter and then
ultracentrifuged at 110,000g for 70 min (Himac CP100NX; Hitachi,
Japan)  to  pellet  the  EVs.  The  supernatant  was  removed,  and  the
pellet  was  resuspended  in  PBS.  This  suspension  was
ultracentrifuged  again  at  110,000g for  70  min  to  obtain  purified
EVs. The purified EVs were then resuspended in PBS, divided into
aliquots, and stored at −80 °C until needed.

 2.6    Characterization of extracellular vesicles
An EV suspension of 10 µL was diluted in 1 mL of PBS, thoroughly
mixed,  and  then  analyzed  using  a  nanoparticle  tracking  analysis
(NTA) system (Particle Metrix GmbH, Germany). Each sample was
analyzed  in  triplicate.  Using  ZetaView software  (v8.04.02),  particle
concentration,  size  distribution,  and  average  diameter  were
determined,  with  results  reported  as  mean  ±  standard  deviation
(SD).  For  transmission  electron  microscopy  (TEM),  10  µL  of  the
EV  suspension  was  applied  to  a  carbon-coated  copper  grid  and
incubated  at  room  temperature  for  5  min.  Excess  liquid  was
removed with a filter paper, followed by negative staining with 2%
phosphotungstic  acid  (pH  7.0)  for  2  min.  After  air-drying,  the
samples  were  examined  by  TEM  (Hitachi,  Japan).  Random  fields
were imaged to assess the morphology and size of EVs.

For western blotting (WB) analysis,  total  protein from EVs was
extracted  and  its  concentration  was  measured  using  the
bicinchoninic  acid  (BCA)  assay.  A  total  of  30  µg  of  protein  was
separated  by  10%  sodium  dodecyl  sulfate-polyacrylamide  gel
electrophoresis (SDS-PAGE) at 100 V for 90 min, then transferred
to  polyvinylidene  fluoride  (PVDF)  membranes.  Blocking  was
performed  with  5%  skim  milk  at  room  temperature  for  1  h,
followed  by  overnight  incubation  at  4  °C  with  primary  antibodies
(anti-CD63, anti-Alix, anti-TSG101, and anti-calnexin). After three
washes  with  Tris-buffered  saline  with  Tween  20  (TBST)  (10  min
each), the membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies for 1 h at room temperature. The
signals  were  visualized  using  an  electrochemiluminescence  (ECL)
substrate and imaged.

 2.7    Analysis of vesicle proteins and microglia phenotype
by western blotting
Total  proteins  from  EVs  and  microglia  were  extracted,  and
subsequent steps were performed as described previously.  Primary
antibodies  (anti-IL-10,  anti-IL-1β,  anti-CD86,  and  anti-CD206)
were used for incubation, and membranes were developed with an
ECL substrate kit before image acquisition.

 2.8    Extraction of nuclear proteins and transcription factor
activity assay
Nuclear  proteins  from  macrophages,  microglia,  and  spinal  cord
tissue  were  extracted  using  an  active  motif  nuclear  extraction  kit.
Protein  concentrations  were  measured  using  the  BCA  assay,  then
aliquoted  and  stored  at −80  °C.  The  activities  of  nuclear  factor
kappa-light-chain-enhancer  of  activated  B  cells  (NF-κB)  p50  and
signal  transducer  and  activator  of  transcription  3  (STAT3)  were
measured  in  20  µg  of  nuclear  protein  from  each  group,  using  the
relevant Active Motif Transcription Factor Assay Kits.

 2.9    The enzyme-linked immunosorbent assay (ELISA)
Supernatants were collected from macrophages and microglia in all
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groups  and  centrifuged  at  12,000× g for  10  min  to  remove
impurities.  Peripheral blood was collected from the tail  vein of the
mice  at  different  time  points  for  serum  separation.  The  levels  of
interleukin-1β (IL-1β),  IL-10,  IL-6,  TNF-α,  brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), nerve growth
factor  (NGF) and 17-β-estradiol  (E2)  were  measured using ELISA
kits.

 2.10    RNA isolation and reverse transcription quantitative
polymerase chain reaction (RT-qPCR) analysis
Total  RNA  was  extracted  from  each  group  using  TRIzol  reagent
and analyzed by RT-qPCR. Quantitative PCR was performed using
the  Stratagene  Mx3005p  Real-Time  PCR  System  (Agilent
Technologies, USA). The primer sequences are listed in Table S1 in
the Electronic Supplementary Material (ESM).

 2.11    Library preparation and RNA sequencing analysis
Total  RNA  samples  were  sent  to  OE  Biotech  Co.,  Ltd.  (Shanghai,
China)  for  library  construction  and  sequencing.  Differential
expression analysis was conducted using DESeq2, with significance
thresholds  set  at P <  0.05  and  fold  change  >  2  or  <  0.5.  Gene
Ontology  (GO)  and  Kyoto  Encyclopedia  of  Genes  and  Genomes
(KEGG)  pathway  enrichment  analyses  were  performed  on  the
identified  differentially  expressed  genes  (DEGs),  and  enrichment
was evaluated using normalized enrichment score (NES) and false
discovery rate (FDR) values.

 2.12    Luminex multiplex cytokine assay
Total spinal cord samples collected at days 3 and 7 post-injury were
sent  to  LabEx  Biotech  Co.,  Ltd.  (Shanghai,  China)  for  multiplex
cytokine analysis using Luminex technology.

 2.13    SCI model
The  SCI  model  was  implemented  as  previously  described.  Mice
were  randomly  assigned  to  four  groups:  Trained-EVs,  MD-EVs,
EVs,  and PBS.  Anesthesia  was  administered  via  an  intraperitoneal
injection  of  1.25%  2,2,2-tribromoethanol  (Nanjing  Aibei
Biotechnology  Co.,  Ltd.)  at  a  dose  of  0.01  mL  per  gram  of  body
weight. Once the mouse lost consciousness, a midline incision was
made under sterile conditions to expose and remove the lamina at
the  T10  level,  thereby  revealing  the  spinal  cord.  SCI  was  induced
using  a  heavy  object  drop  apparatus  (RWD  Life  Science),  which
involved releasing a 5 g impact rod from a height of 5 cm to strike
the  exposed  T10  spinal  cord  vertically.  The  muscle  and  skin  were
sutured  in  layers,  and  manual  bladder  expression  was  performed
twice daily after surgery. Two hours after the SCI, mice received an
intravenous  injection  of  100  µg  of  vesicles  in  100  µL  of  PBS;  the
control group received the same volume of PBS.

 2.14    In vivo tracking of vesicle distribution
EVs  from  each  group  were  labeled  with  DiR  fluorescent  dye  by
incubating 100 µg of EVs in a 5 µM DiR solution for 30 min in the
dark.  Two  hours  after  injury  modeling,  DiR-labeled  EVs  were
injected intravenously through the tail vein. At 24 h post-injection,
the fluorescence in various organs, including the liver, heart, spleen,
lungs,  kidneys,  and  spinal  cord,  was  imaged  using  an in  vivo
imaging system.

 2.15    Flow cytometry
BV2  and  RAW264.7  cells  from  different  treatment  groups  were

collected  and  subjected  to  digestion  with  0.25%  trypsin,  then
resuspended  in  PBS  to  form  a  single-cell  suspension  at  a
concentration of  1  ×  106 cells/mL.  An aliquot  of  100  µL from this
suspension was incubated in the dark for 30 min with CD86-PE or
CD206-FITC antibodies.

Mouse spleens were carefully harvested under aseptic conditions.
According  to  the  manufacturer's  instructions,  lymphocytes  were
isolated  using  a  commercial  kit  designed  for  mouse  splenic
lymphocyte  isolation.  The  cells  were  washed  with  PBS  and
resuspended  at  a  density  of  1  ×  106 cells/mL.  After  fixation  and
permeabilization,  the  cells  were  labeled  with  flow  cytometry
antibodies,  including  anti-mouse  CD3-FITC,  CD3-PerCP-
Cyanine5.5,  CD4-PE,  IFN-γ-FITC,  IL-4-APC,  IL-17A-PerCP-
Cyanine5.5, CD25-APC, and FoxP3-PE, with staining conducted in
the  dark  for  30  min.  The  samples  were  analyzed  using  a  flow
cytometer  (A60-Universal;  ApogeeFlow,  England),  and  the
resulting data were analyzed using FlowJo v10.8.1.

 2.16    Fixation and sectioning of spinal cord tissue
Mice  with  SCI  were  anesthetized  following  established  protocols
and  underwent  transcardial  perfusion  with  4%  paraformaldehyde
followed  by  saline.  After  euthanasia,  spinal  cord  tissues  were
collected  for  both  frozen  and  paraffin-embedded  sectioning.  For
frozen  sections,  a  10-mm  segment  of  the  spinal  cord  centered  on
the  injury  site  was  excised  and  fixed  overnight  in  4%
paraformaldehyde. The next day, the tissue was dehydrated using a
graded series  of  sucrose  solutions  (10%,  20%,  and 30%) until  fully
submerged.  After  embedding  in  optical  coherence  tomography
(OCT), the tissue was preserved at −80 °C, sliced into 5-µm cross-
sections  with  a  cryostat,  mounted  on  poly-L-lysine-coated  slides,
and stored at −80 °C until  needed. For paraffin sections, a 10-mm
segment of the spinal cord centered on the injury site was isolated,
fixed  in  4%  paraformaldehyde,  and  embedded  in  paraffin.  Once
embedded, the tissue was sectioned into 5-µm slices.

 2.17    Immunofluorescence
PC12 cells were seeded in the lower chamber of a Transwell insert
pre-coated  with  sterile  coverslips  and  treated  according  to  the
specified  experimental  conditions.  The  cells  were  fixed  at  room
temperature  with  4%  paraformaldehyde  for  15  min  and
permeabilized  with  0.1%  Triton  X-100  for  10  min.  A  working
solution of Actin-Tracker Green-488 (diluted in PBS containing 3%
BSA  and  0.1%  Triton  X-100)  was  added  and  the  cells  were
incubated  at  room  temperature  for  60  min.  After  staining  with
DAPI for 4 min, the coverslip was carefully removed, air-dried, and
mounted  onto  a  glass  slide.  PBS  washes  were  performed  in
triplicate, each lasting 5 min.

Frozen  sections  were  brought  to  room  temperature  and  then
fixed  with  4% paraformaldehyde  at  4  °C for  15  min.  The  sections
were then permeabilized with 0.3% Triton X-100 for 10 min. After
a  30-min  blocking  step  at  room  temperature  using  5%  BSA,
primary  antibodies,  including  F4/80,  Iba-1,  iNOS,  CD206,  CD4,
IFN-γ,  IL-17A,  IL-4,  FoxP3,  NF,  and  glial  fibrillary  acidic  protein
(GFAP),  were  applied  and  incubated  overnight  at  4  °C.  After  the
PBS washes, the appropriate secondary antibodies were added and
incubated  in  darkness  at  37  °C  for  1  h.  The  samples  were  then
stained  with  DAPI  for  5  min  and  mounted  using  an  anti-fade
reagent.  Fluorescence  images  were  captured  using  a  confocal  laser
scanning  microscope  (LSM800;  Zeiss,  Germany)  and  quantitative
data  were  collected  from  randomly  selected  microscopic  fields
across five samples.
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 2.18    Immunohistochemistry
Cross-sections  of  the  spinal  cord  embedded  in  paraffin  were
deparaffinized,  rehydrated,  and  incubated  for  10  min  at  room
temperature  with  3%  H2O2 to  inhibit  endogenous  peroxidase
activity. Antigen retrieval was performed by heating the sections in
citrate  buffer  (pH  6.0)  for  15  min.  After  cooling  naturally,  the
sections  were  washed  three  times  with  PBS.  Tissue  sections  were
incubated for  30 min at  room temperature  with 5% BSA to block
nonspecific  binding  sites,  then  incubated  overnight  at  4  °C  with  a
rabbit  anti-mouse  NeuN  antibody.  Next,  a  goat  anti-rabbit
secondary  antibody  was  applied  and  incubated  at  room
temperature  for  1  h.  The  3,3'-Diaminobenzidine  (DAB)
chromogenic  reaction  was  conducted  for  5–10  min,  after  which
hematoxylin counterstaining was performed for 30 s.  The sections
were differentiated using acid-alcohol,  blued with ammonia water,
dehydrated using graded ethanol solutions, cleared with xylene, and
mounted  in  a  neutral  resin.  From  each  mouse  within  the
experimental  groups,  five  sections  were  randomly  chosen,  and
dendritic  complexity,  defined  as  the  dendritic  area  of  surviving
neurons at the center of the SCI lesion, was evaluated.

 2.19    Nissl staining
Cross-sections of the spinal cord in paraffin were processed using a
Nissl  staining  kit  following  the  manufacturer's  protocol.  The
sections were deparaffinized and rehydrated before being incubated
in a cresyl violet staining solution at 56 °C for 1 h in a controlled-
temperature  incubator.  After  rinsing  with  distilled  water,  the
sections  were  differentiated  in  Nissl  differentiation  solution  for
2  min,  dehydrated with  absolute  ethanol,  cleared with  xylene,  and
mounted  on  slides  with  neutral  resin.  Five  stained  sections  were
randomly selected from each mouse in the experimental group, and
the  average  number  of  neurons  with  intact  Nissl  bodies  at  the
center of the SCI lesion was recorded.

 2.20    TEM of spinal cord myelin
Spinal cords from dissected mice, each measuring 10 mm in length
and located at the center of the injury epicenter, were preserved in a
2.5% glutaraldehyde solution at 4 °C for 24 h. This was followed by
a  2-h  immersion  in  2%  osmium  tetroxide.  The  tissues  underwent
dehydration, standard embedding procedures, and were then sliced
transversely  into  5-μm  sections.  The  sections  were  stained  with
0.5%  toluidine  blue  and  analyzed  using  a  transmission  electron
microscope (Hitachi, Japan).

 2.21    Basso mouse scale (BMS)
The BMS was used to assess hind limb motor function in the SCI
mice.  The  scores  ranged  from 0  (complete  paralysis  with  no  hind
limb  movement)  to  9  (normal  coordinated  gait  with  proper  paw
placement).  Assessments  were  conducted  in  a  quiet  environment
by  placing  the  mice  on  a  smooth  surface  (40  cm  ×  60  cm)  for
continuous  observation  over  5  min.  Two  independent  blinded
observers  scored  left  and  right  hind  limb  function  separately.  The
final  score for each hind limb was the average of  the scores of  the
two observers,  and the  overall  BMS score  for  each mouse was  the
average of the hind limb scores. Assessments were performed at 0,
1, 3, 7, 14, 21, 28, and 35 dpi with at least five mice per group.

 2.22    Catwalk-assisted gait analysis
Gait  function  was  quantitatively  measured  at  35  dpi  using  the
CatWalk  XT  system  (Noldus  Information  Technology,

Netherlands).  Mice  completed  three  days  of  acclimation  training
before testing to ensure voluntary crossing of the walkway. During
testing,  the  mice  were  placed  at  the  start  of  the  CatWalk  runway
and  their  gait  videos  were  recorded  as  they  voluntarily  moved
across  the  transparent  walkway.  Three  valid  trials  were  performed
for each mouse.

 2.23    Drug toxicity assays
Twenty-four  hours  post-injection  of  EVs  via  the  tail  vein,  tissues
from the heart, liver, spleen, lungs, and kidneys were collected, fixed
in  4%  paraformaldehyde,  and  embedded  in  paraffin.  Sections  of
4-μm  thickness  were  prepared  by  dewaxing  with  xylene,  followed
by  rehydration  through  graded  ethanol  washes  and  rinsing  with
distilled  water.  The  sections  were  stained  with  hematoxylin  for
2  min  and  then  rinsed  with  running  water  for  5  min  to  produce
blue nuclei. Next, differentiation was performed in 1% hydrochloric
acid-ethanol  for  30  s,  followed  by  counterstaining  with  eosin  for
1  min.  After  dehydration  using  graded  ethanol  solutions  and
clearing with xylene, the slides were covered with coverslips. Images
were captured by randomly selecting five fields per group using an
electron  microscope.  Lactate  dehydrogenase  (LDH)  and  alanine
aminotransferase (ALT) activities were measured using commercial
assay kits. Absorbance values (optical density (OD)) were recorded
with a microplate reader and analyzed statistically.

 2.24    Statistics analysis
Statistical  analyses  and graph creation were  performed using SPSS
and  GraphPad  Prism  software.  Data  are  presented  as  the  mean  ±
SD. Unpaired two-tailed t-tests were used to compare two groups.
For comparisons involving more than two groups, one-way analysis
of  variance  (ANOVA)  was  performed.  For  data  with  repeated
measures  across  multiple  groups,  a  two-way  repeated-measures
(RM)  ANOVA  was  applied. P <  0.05  was  considered  statistically
significant (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

 3    Results

 3.1    Preparation and characterization of Trained-EVs
Myelin  debris,  acting  as  an  autoantigen,  induces  Treg  generation
and  provides  neuroprotection  in  some  CNS  diseases  but  may
worsen tissue damage after SCI. Macrophages pretreated with low-
dose  LPS  show  significantly  reduced  inflammatory  responses  and
develop immune tolerance upon re-stimulation, whereas LPS alone
carries potential biotoxicity risks [31]. To address these limitations,
we  devised  a  "preconditioning-regulation"  strategy  and  examined
the  effects  of  sequentially  administering  different  doses  of  LPS
followed  by  myelin  debris  on  macrophages.  Macrophages  were
initially  treated  with  either  high-dose  LPS  (1  μg/mL)  or  low-dose
LPS (1 ng/mL) for 24 h,  then washed and medium replaced every
two  days.  On  day  7,  myelin  debris  (1  mg/mL)  was  added  to  all
groups  for  another  24  h  incubation  (Fig.  1(a)).  The  experimental
groups are shown in Fig. 1(b). Cells and supernatants were collected
for analysis of IL-10 and IL-1β mRNA and protein expression using
RT-qPCR and  ELISA,  respectively.  Data  analysis  revealed  that  the
group treated with low-dose LPS followed by MD had significantly
higher levels  of  IL-10 mRNA and protein than both the MD-only
group and high-dose LPS + MD denticulata groups. Meanwhile, IL-
1β mRNA  and  protein  expression  are  notably  decreased  in  this
group  (Figs.  1(c) and 1(d)),  indicating  that  sequential
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administration  of  low-dose  LPS  and  MD  effectively  reprograms
macrophage  immune  responses.  EVs  were  isolated  from  the
supernatants  of  treated  macrophages  and  characterized  using  a
series of assays, confirming successful extraction (Fig. 1(e)).

Furthermore,  phagocytosis  assays  showed  that  CFSE-labeled
myelin debris were effectively engulfed by macrophages (Fig. 1(f)).
Although  variations  in  the  immune  responses  of  macrophages
under  different  treatments  are  well-known,  functional  changes  in

 

Figure 1    Preparation  and  characterization  of  Trained-EVs.  (a)  Schematic  illustration  of  the  preparation  and  isolation  of  Trained-EVs.  (b)  Diagram  shows  the
experimental grouping. (c) RT-qPCR analysis indicating the gene expression levels of IL-10 and IL-1β in the different groups (n = 3, mean ± SD). (d) ELISA was used to
measure  the  protein  levels  of  IL-10  and  IL-1β in  each  group  (n =  4,  mean  ±  SD).  (e)  Western  blotting,  NTA,  and  TEM  characterizing  the  successful  isolation  of
extracellular  vesicles  (scale  bar  =  100  nm).  (f)  Macrophages  effectively  uptake  CFSE-labeled  myelin  debris  (scale  bar  =  10  μm).  (g,  h)  Western  blot  assessment  and
quantitative  analysis  of  IL-10  and  IL-1β levels  in  extracted  vesicles  (n =  3,  mean  ±  SD).  (i)  ELISA  quantifies  IL-10  and  IL-1β in  isolated  EVs  (n =  4,  mean  ±  SD).
(j) Western blot confirming the presence of positive markers Alix, TSG101, and CD63, along with the absence of the negative marker Calnexin. (k) The ultrastructure of
EVs is shown in TEM images (scale bar = 100 nm). (l) NTA analysis displaying EV size distribution (n = 3). (m) The bar chart shows that there is no significant difference
in  particle  size  of  EVs  among  different  batches  in  each  group  (n =  3,  mean  ±  SD).  One-way  ANOVA  with  Tukey’s  post  hoc  test  assessed  statistical  significance.  ns
indicates not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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EVs, which serve as key mediators of intercellular communication,
remain  unclear  under  various  conditions.  To  explore  this,  we
isolated  EVs  from  the  supernatants  of  cells  treated  under  four
different conditions: PBS, MD, high-dose LPS + MD, and low-dose
LPS  +  MD.  These  EVs  were  then  analyzed  for  IL-10  and  IL-1β
protein levels using WB and ELISA. The results showed significant
differences  between  the  two  groups.  Trained-EVs  from  the  low-
dose  LPS  +  MD group exhibit  notably  higher  IL-10  protein  levels
and significantly  lower  IL-1β protein levels  compared to  the  other
groups (Figs. 1(g)–1(i)).

To further investigate the structural and functional differences in
EVs under various treatments,  we isolated EVs the PBS,  MD, and
low-dose LPS combined with MD (Trained) groups and examined
the  expression  of  Alix,  CD63,  TSG101,  and  calnexin  using  WB,
complemented  by  TEM  and  NTA  for  comprehensive
characterization  (Figs.  1(j)–1(l)).  Figure  S17  in  the  ESM  (TEM)
shows multiple  EVs with  uniform spherical  morphology.  Notably,
NTA confirmed a consistent size distribution for EVs in each group
across  three  independent  batches,  with  an  average  diameter  of
~ 120 nm and no significant inter-batch differences, demonstrating
high  reproducibility  of  the  EV  preparation  (Fig.  1(m),  and  Fig.
S18(b) in the ESM).

 3.2    Transcriptomic  changes  in  microglia  induced  by
Trained-EVs and the mechanisms of immune tolerance
Previous  studies  have  confirmed  that  macrophages  and  microglia
exhibit  strong  pro-inflammatory  phenotypes  after  SCI,  which
worsen neurological dysfunction [32]. As immune cells reside in the
spinal  cord,  microglia  play  a  crucial  role  in  controlling  the  initial
inflammatory response following SCI [33].

To determine whether Trained-EVs induce immune tolerance in
pro-inflammatory  microglia,  BV2  cells  were  treated  with  a  high
concentration  of  LPS  (1  μg/mL)  for  24  h  to  simulate  the
inflammatory  environment  [34, 35].  The  cells  were  then  divided
into  PBS  control  and  Trained-EVs  groups,  and  gene  expression
differences were analyzed via RNA-seq. Compared to PBS, Trained-
EVs-treated BV2 cells show significant transcriptional changes, with
144  genes  upregulated  and  139  downregulated  (Fig.  2(a)).  GO
enrichment  analysis  of  the  top  20  downregulated  genes  revealed
significant  enrichment  in  the  immune  response,  inflammatory
response,  cytokine  activity,  and  interleukin-1  receptor  binding
pathways  (Fig.  2(b)).  Specifically,  inflammatory  response
(GO:0006954,  NES  = −1.95,  FDR  =  0.031)  and  immune  response
(GO:0006955,  NES  = −2.2,  FDR  =  0.002)  genes  were  notably
downregulated  in  the  Trained-EVs  group  (Fig.  2(d)),  indicating
effective  suppression  of  inflammation  and  immune  activation  in
BV2 cells. Meanwhile, KEGG analysis of the top 20 downregulated
pathways  highlights  significant  enrichment  of  classical
inflammatory  signaling  pathways,  including  NF-κB,  JAK-STAT,
TNF,  and  IL-17  (Fig.  2(c)).  Complementary  GSEA  further
confirmed  the  widespread  downregulation  of  key  pathways,
including NF-κB (mmu04064, NES = −2.05, FDR = 0.001) and JAK-
STAT  (mmu04630,  NES  = −1.55,  FDR  =  0.083),  in  the  Trained-
EVs group (Fig. 2(e)).

To  validate  the  changes  in  signaling  activity,  we  examined  the
transcriptional  activities  of  NF-κB  p50  and  STAT3.  Both  were
significantly reduced in Trained-EVs compared to those in PBS and
controls  (Fig.  2(f)),  which  aligns  with  the  pathway  enrichment
analysis.  These findings indicate that Trained-EVs inhibit BV2 cell
inflammatory  responses  by  targeting  key  transcription  factors,

thereby  blocking  upstream  pro-inflammatory  signaling  pathways
such as NF-κB and JAK-STAT. Consistent with GSEA and KEGG
pathway  analyses,  Trained-EVs  significantly  reduced  the
transcriptional activities of NF-κB p50 and STAT3 in LPS-activated
microglia,  directly  demonstrating  suppression  of  these  key
inflammatory  signaling  pathways  (Figs.  S7  and  S8  in  the  ESM).
Moreover,  western  blotting  and  ELISA  results  (Figs.  1(g)–1(i))
revealed that Trained-EVs are enriched in IL-10, a cytokine known
to  inhibit  NF-κB  and  JAK-STAT  signaling  and  promote  immune
tolerance  [36, 37].  These  findings  are  consistent  with  previous
reports  that  modulation  of  NF-κB  and  STAT3  signaling  underlies
endotoxin  tolerance  in  macrophages  [14, 35].  A  heatmap  of
inflammation-related  DEGs  shows  that  Trained-EVs  significantly
upregulate anti-inflammatory and immune tolerance genes like Arg-
1 and CD206, while pro-inflammatory genes like IL-1α, IL-1β, and
IL-6  are  notably  downregulated (Fig.  2(g)).  These  results  highlight
the bidirectional regulatory effects of Trained-EVs on BV2 cell gene
expression,  supporting  the  earlier  pathway  enrichment  findings.
They further confirmed that Trained-EVs reprogrammed BV2 cell
transcriptomic  profiles,  shifting  cells  from  a  pro-inflammatory
phenotype toward immune tolerance.

To validate  the  regulatory  effects  at  the  protein  and phenotypic
levels,  flow  cytometry,  WB,  and  ELISA  were  performed  on  BV2
cells.  Flow  cytometry  showed  that  CD86  expression  significantly
decreased,  whereas  CD206  expression  markedly  increased  in
Trained-EVs  compared  to  PBS  (Figs.  2(h) and 2(i)).  These  results
indicated  that  Trained-EVs  modulated  BV2  cell  phenotypes,
promoting a shift toward an anti-inflammatory state. Densitometric
WB  analysis  confirmed  this  trend,  showing  decreased  CD86  and
increased  CD206  expression  in  Trained-EVs  compared  to  PBS
(Fig. 2(j)).  ELISA indicated that pro-inflammatory cytokines TNF-
α,  IL-1β,  and IL-6 are reduced, while anti-inflammatory IL-10 was
elevated  after  trained-EV  treatment  compared  to  PBS  (Fig.  2(k)).
These  results  aligned  with  the  RNA-seq  data,  confirming  at  the
cytokine  secretion  level  that  Trained-EVs  suppress  inflammation
and  promote  immune  tolerance.  TEM  revealed  that  BV2  cells
treated  with  Trained-EVs  exhibited  a  typical  M2-like  tolerant
morphology,  characterized  by  increased  and  elongated  filopodia
(Fig. S1 in the ESM).

Taken together, these findings show that Trained-EVs effectively
cause proinflammatory BV2 cells to shift toward immune tolerance.
This  change  was  validated  by  evidence  at  the  gene  transcription,
signaling,  protein  expression,  and  cellular  morphology  levels,
highlighting  the  important  role  of  Trained-EVs  in  regulating
immune responses in inflammatory microenvironments.

 3.3    Trained-EVs induce neurorestorative and regenerative
effects in microglia in vitro
RNA-seq  analysis  further  demonstrated  that  the  Trained-EVs
induced  neurorestorative  and  regenerative  effects  in  BV2  cells.
Heatmap analysis  of  the  RNA-seq  data  showed that,  compared  to
PBS,  Trained-EVs  significantly  upregulated  neuroregeneration-
related genes,  including Arg-1 and Igf1 (Fig.  3(a)).  KEGG pathway
analysis of the upregulated genes revealed significant enrichment of
the  axon  guidance  pathway  among  the  top  10  enriched  pathways
(Fig.  3(b)).  GSEA confirmed an  overall  upward  trend  in  the  axon
guidance  pathway  (mmu04360,  NES  =  0.85,  FDR  =  1.0)  in  the
trained-EV  group,  along  with  significant  enrichment  and
upregulation  of  the  neurotrophin  signaling  pathway  (mmu04722,
NES = 1.38, FDR = 0.692) (Figs. 3(c) and 3(d)). The axon guidance
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pathway is essential for directing neuronal axonal growth. Trained-
EVs  promote  neurorestoration  and  regeneration  at  the
transcriptional  level  through  activation  of  this  pathway.  RT-qPCR
showed that compared to PBS, Trained-EVs significantly increased
the  mRNA  levels  of  BDNF  and  NT-3  in  BV2  cells  (Fig.  3(e)).

ELISA  further  confirmed  significantly  higher  secretion  of  BDNF
and NT-3 by BV2 cells in the Trained-EVs group than in the PBS
group (Fig. 3(f)).

Rat  pheochromocytoma  cells  (PC12),  which  express  high  levels
of  NGF  receptors,  are  commonly  used  for  axonal  growth  assays.

 

Figure 2    Transcriptomic changes in microglia induced by Trained-EVs and mechanisms of immune tolerance. (a) The volcano plot shows genes that are differentially
expressed  when  comparing  the  Trained-EVs  and  PBS  groups  in  an  inflammatory  context.  (b)  GO  enrichment  analysis  indicates  that  downregulated  DEGs  are
significantly  enriched  in  pathways  related  to  immune  response  and  inflammation,  as  shown  by  the  top  20  terms.  (c)  KEGG  pathway  enrichment  analysis  identifies
significantly  downregulated inflammatory  signaling pathways  (top 20 pathways).  (d)  and (e)  GSEA reveals  significant  suppression of  inflammatory  response,  immune
response, NF-κB, and JAK-STAT signaling pathways. (f) NF-κB p50 and STAT3 transcriptional activities are quantified in BV2 cells under inflammatory conditions (n =
3, mean ± SD). (g) Heatmap shows expression profiles of inflammation-associated DEGs between Trained-EVs and PBS groups (n = 4). (h) and (i) Flow cytometry and
quantitative analysis demonstrate immunophenotypic shifts in BV2 cells toward an anti-inflammatory profile (n = 3, mean ± SD). (j) Western blotting was performed on
BV2 cells stimulated with high-dose LPS. (k) ELISA quantifies TNF-α, IL-1β, IL-6, and IL-10 protein concentrations in culture supernatants across groups (n = 3, mean ±
SD). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Inflammatory  conditions  inhibit  under  inflammatory  conditions
[38].  To  examine  the  effect  of  Trained-EVs  on  axonal  growth
during  inflammation,  a  Transwell  co-culture  system  was
established. Low-differentiated PC12 cells were seeded in the lower
chamber  with  high-dose  LPS  (1  μg/mL)  to  mimic  inflammation.
The BV2 cells were seeded in the upper chamber and treated with
EVs or PBS (Fig. 3(g)). After 24 h of co-culture, the average neurite
length  of  PC12  cells  in  the  Trained-EVs  group  reached  15  μm
(Figs.  3(h) and 3(i)),  greatly surpassing other groups.  Additionally,
ELISA  of  the  BV2  cell  supernatant  showed  that  Trained-EVs
increased NGF secretion (Fig. 3(j)), which supports axonal growth.
This  finding  is  consistent  with  previous  sequencing  and
immunofluorescence data.

These  findings  suggest  that  Trained-EVs  play  a  key  role  in
neurorestoration  and  regeneration,  promoting  axonal  growth  in
PC12  cells  under  inflammatory  conditions  by  regulating  BV2  cell
function.

 3.4    Trained-EVs  induce  transcriptional  changes  and
immune tolerance mechanisms in macrophages in vitro
During  the  pathological  process  of  SCI,  microglia  and  blood-
derived  macrophages  share  roles  in  regulating  inflammation.
However, macrophages contribute more to injury clearance because
of  their  stronger  phagocytic  ability.  Nevertheless,  excessive
macrophage activation can trigger pro-inflammatory responses that
worsen  neurological  dysfunction  [29, 39].  To  create  an
inflammatory model and evaluate the immunoregulatory effects of
Trained-EVs on inflammatory macrophages, the RAW264.7 mouse
macrophage cell line was exposed to a high dose of LPS (1 μg/mL)
for 24 h [40].

Electron  microscopy  (EM)  showed  that  cells  in  the  PBS  group
had  irregular  amoeboid  shapes  with  short,  thick  pseudopodia,
typical  of  a  pro-inflammatory  phenotype.  In  contrast,  the  cells  in
the  Trained-EV  group  showed  significantly  more  and  longer
filopodia (Fig.  S2 in the ESM). RNA-seq was used to compare the

 

Figure 3    Trained-EVs  promote  neurorestorative  and  regenerative  effects  in  microglia in  vitro.  (a)  Heatmap  of  DEGs  related  to  neurorestoration  and  regeneration
between Trained-EVs and PBS groups under inflammatory conditions (n = 4). (b) GO enrichment analysis showing upregulated DEGs (top 10 terms). (c) and (d) GSEA
indicates enrichment in axon guidance and neurotrophin signaling pathways. (e) RT-qPCR displays the expression levels of BDNF and NT-3 genes in BV2 cells subjected
to different treatment groups (n = 3, mean ± SD). (f) ELISA measures BDNF and NT-3 protein levels across different groups under inflammatory conditions (n = 3, mean
± SD). (g) Schematic illustration of the Transwell co-culture system of BV2 and PC12 cells. (h) Measurement and (i) statistical analysis show neurite length in PC12 cells
cultured  under  pathological  conditions  with  various  BV2  cell  treatments  (n =  3,  mean  ±  SD,  scale  bar  =  50  μm).  (j)  ELISA  quantifies  NGF  secretion  levels  in  the
supernatant from the upper Transwell chamber containing BV2 cells (n = 3, mean ± SD). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Nano Research | Vol. 19, No. 3 Jia et al.

94908418 (9 of 19) Nano Research, 2026, 19, 94908418

https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418


gene expression profiles between the PBS- and Trained-EV groups.
The  results  revealed  notable  gene  expression  changes  with  224
upregulated genes and 374 downregulated genes in the trained-EV
group  compared  to  the  PBS  group  (Fig.  S3  in  the  ESM).  GO
pathway  analysis  of  the  top  20  downregulated  genes  revealed
significant  enrichment  in  the  immune  response,  inflammatory
response,  and  cytokine  activity  pathways  (Fig.  S4  in  the  ESM).
GSEA confirmed the significant downregulation of gene sets related
to  the  inflammatory  response  (GO:0006954,  NES = −2.58,  FDR <
0.001)  and  immune  response  (GO:0006955,  NES  = −2.48,  FDR  <
0.001) (Fig.  S5 in the ESM). Additionally,  KEGG pathway analysis
of the top 20 downregulated pathways showed clear suppression of
key  inflammatory  signaling  pathways,  including  NF-κB,  JAK-
STAT,  TNF,  and  IL-17  (Fig.  S6  in  the  ESM).  Complementary
GSEA  further  validated  the  widespread  downregulation  of  key
signaling pathways, such as NF-κB (mmu04064, NES = −2.27, FDR
< 0.001) and JAK-STAT (mmu04630, NES = −2.42, FDR < 0.001),
in the Trained-EVs group (Fig. S7 in the ESM). Transcription factor
activity  assays  indicated  significant  reductions  in  NF-κB  p50  and
STAT3 activities in the Trained-EVs group (Fig. S8 in the ESM). A
heatmap  of  differentially  expressed  inflammatory  genes  showed
marked  downregulation  of  pro-inflammatory  genes,  including  IL-
1α, IL-1β, and IL-6, in the Trained-EVs group (Fig. S9 in the ESM).

Flow  cytometry  and  ELISA  analyses  demonstrated  that  the
Trained-EVs  decreased  the  pro-inflammatory  marker  CD86  and
increased  the  anti-inflammatory  marker  CD206  on  inflammatory
macrophages  (Figs.  S10(a)  and  S10(b)  in  the  ESM).  Additionally,
these  extracellular  vesicles  reduced  the  secretion  of  pro-
inflammatory  cytokines,  such  as  TNF-α,  IL-1β,  and  IL-6,  while
promoting the release of the anti-inflammatory cytokine IL-10 (Fig.
S11 in the ESM). In summary, Trained-EVs suppress the activation
of  key  inflammatory  signaling  pathways  and  coordinately  regulate
inflammatory  factor  secretion  at  the  protein  level,  thereby
systematically reducing inflammatory activation in macrophages

 3.5    Trained-EVs promote the polarization of CD4+ T cells
toward Tregs in the spleen and injury sites in vivo
Figure 4(a) shows a schematic diagram of the in vivo experimental
design.  Dose-gradient  experiments  showed  that  Trained-EVs  at
2–3  mg/kg  achieved  the  most  pronounced  recovery,  defining  the
optimal  therapeutic  window  (Fig.  S19  in  the  ESM).  To  better
understand  the  distribution  and  targeting  of  Trained-EVs in  vivo,
EVs  were  labeled  with  the  fluorescent  dye  DiR  and  fluorescence
levels  in  organs  from  SCI  mice  were  measured  to  assess  their
biodistribution  and  targeting.  The  results  show  that  fluorescence
signals  in  the  EVs  group  were  mainly  concentrated  in  the  liver,
followed  by  the  spleen,  which  is  consistent  with  nanoparticle
clearance  by  the  reticuloendothelial  system.  In  contrast,  both  the
MD-EVs and trained-EV groups exhibited fluorescence enrichment
in  the  liver  and  spleen,  with  significant  signals  at  the  SCI  site
(Figs.  4(b) and 4(c)).  Myelin  debris,  a  neurospecific  component,
may  interact  with  receptors  in  the  injured  microenvironment,
thereby guiding the targeted migration of EVs to the SCI site.

To  investigate  how Trained-EVs  regulate  adaptive  immunity  in
SCI  mice,  splenic  lymphocytes  were  isolated  at  3  dpi  for  flow
cytometry  analysis.  The  results  show  that  the  proportions  of
CD4+CD25+FoxP3+ regulatory  T  cells  (Tregs)  and  IL-4+CD4+ type
2  helper  T  cells  (Th2)  increased  in  the  Trained-EVs  group,  while
the proportions of IFN-γ+CD4+ type 1 helper T cells (Th1) and IL-
17A+CD4+ type  17  helper  T  cells  (Th17)  decreased  (Figs.  4(d)

and 4(e)). These findings demonstrate that Trained-EVs boost Treg
and  Th2  cell  proportions  while  reducing  Th1  and  Th17
differentiation,  thereby  reshaping  the  CD4+ T  cell  subset  balance
and enhancing adaptive immunity in mice.

To  further  investigate  the  immune  microenvironment  at  the
injury site, immunofluorescence analysis was performed at 7 dpi to
assess  the  aggregation of  various  CD4+ T  cell  subsets  in  the  spinal
cord.  The  results  revealed  significant  differences  in  immune  cell
distribution at  the SCI site  between Trained-EVs and PBS groups,
with  increased  Tregs  aggregation  and  reduced  numbers  of  IFN-
γ+CD4+ T  cells  (Figs.  4(f) and 4(g)).  Additionally,  the  IL-4+CD4+

Th2  cell  counts  were  significantly  increased,  whereas  the  IL-
17A+CD4+ Th17  cell  counts  were  notably  lower  than  those  in  the
PBS group (Figs. S12(a) and S12(b) in the ESM). Collectively, these
findings  confirm that  Trained-EVs not  only  systemically  influence
immune cell  differentiation but  also  precisely  modify  the  immune
microenvironment  at  the  injury  site,  reshaping  adaptive  immune
responses and providing dual protection for neural repair after SCI.

 3.6    Trained-EVs successfully induce immune tolerance in
macrophages/microglia  at  injury  sites  and  reverse  the
expression of inflammatory factors
To evaluate the therapeutic effects of the Trained-EVs in SCI mice,
the  cytokine  levels  at  the  injury  site  were  quantitatively  measured
using  a  Luminex  multiplex  cytokine  assay  at  3  and  7  dpi.  The
results  showed  that  Trained-EVs  exhibit  significant  anti-
inflammatory  regulatory  effects  at  various  stages  of  inflammation.
Figures  5(a) and 5(b) provide  clustered  heat  maps  from  the
Luminex analysis at 3 and 7 dpi for the trained-EV and PBS groups
following  SCI.  At  the  early  injury  stage  (3  dpi),  the  IL-1β levels
decreased while the IL-10 levels increased in the Trained-EVs group
compared to PBS (Fig. 5(c)), indicating that Trained-EVs promote
immune  regulation  early  in  the  inflammatory  response.  By  7  dpi,
the  Trained-EVs  group  maintained  and  enhanced  anti-
inflammatory responses, showing significantly higher levels of IL-4
and  IL-10,  along  with  a  notable  decrease  in  pro-inflammatory
cytokines,  such  as  IL-1β,  TNF-α,  and  IL-6,  compared  to  PBS
(Fig.  5(d)).  These  cytokine  changes  confirm  that  the  Trained-EVs
continuously  modulate  the  cytokine  network,  effectively
suppressing the inflammatory cascade.

To further clarify the molecular mechanisms by which Trained-
EVs  regulate  cytokines,  the  transcriptional  activities  of  NF-κB p50
and STAT3 were measured in spinal cord tissue at 3 dpi. Both NF-
κB  p50  and  STAT3  transcriptional  activities  were  significantly
decreased  in  the  Trained-EVs  group  (Fig.  5(e)),  indicating  that
Trained-EVs  suppress  the  synthesis  and  release  of  pro-
inflammatory  factors  by  inhibiting  these  transcriptional  pathways.
This  result  is  consistent  with  the  findings  of  the in  vitro cell
experiments.

Considering the crucial role of macrophages and microglia in the
inflammatory response after SCI [41], immunofluorescence analysis
was performed 7 dpi to measure the expression levels of the M1 pro-
inflammatory marker iNOS and the M2 anti-inflammatory marker
in the spinal cord tissue.  The results showed that the Trained-EVs
significantly influenced the phenotypic distribution of macrophages
and  microglia.  Specifically,  compared  to  other  groups,  the
fluorescence intensity of iNOS-positive macrophages and microglia
was  notably  decreased,  while  the  fluorescence intensity  of  CD206-
positive cells was considerably increased in the Trained-EVs group
(Figs.  5(f)–5(i)).  In  summary,  Trained-EVs  exert  a  dynamic
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Figure 4    Trained-EVs  promote  polarization  of  CD4+ T  cells  toward  Tregs.  (a)  Schematic  illustration  of  the  experimental  design  conducted in  vivo.  (b)  Fluorescence
imaging and (c) statistical analysis show organ distribution of DiR-labeled EVs 24 h after tail vein injection. (d) and (e) Flow cytometry analysis and quantification reveal
CD4+ T cell polarization in the spleen at 3 dpi, assessing the effects of Trained-EVs (n = 5, mean ± SD). (f) Immunofluorescence images revealing the spatial arrangement
of CD4+ T cell subsets at the site of injury at 7 dpi (scale bars = 100 μm). (g) Bar graph quantifying the proportion of CD4+Foxp3+ (Tregs) and CD4+IFN-γ+ (Th1) cells in
different groups (n = 5, mean ± SD). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5    Trained-EVs modulate cytokine profiles and induce immune tolerance in macrophages/microglia.  (a) and (b) Luminex heatmaps show differences in spinal
cord cytokine expression at 3 and 7 dpi between the Trained-EVs and PBS groups (n = 3). (c) and (d) Quantification of Luminex results highlights variations in pro- and
anti-inflammatory cytokine levels at 3 and 7 dpi across groups (n = 3, mean ± SD). (e) Transcription factor activity of NF-κB p50 and STAT3 in spinal cord tissue at 3 dpi
(n =  5,  mean ± SD).  (f)  and (g)  Immunofluorescence images  and quantitative  analysis  display the distribution of  macrophage subtypes  at  the injury site  at  7  dpi.  Bar
graphs show the proportion of F4/80+iNOS+ (pro-inflammatory) and F4/80+CD206+ (anti-inflammatory) cells (n = 5, mean ± SD). (h) and (i) Immunofluorescence images
and quantitative analysis reveal the location of different microglial subtypes at the injury site. The bar graphs depict the percentage of Iba-1+iNOS+ and Iba-1+CD206+ cells
(n = 5, mean ± SD). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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regulatory  effect  on  the  cytokine  network  and  support  the
development  of  an  anti-inflammatory  immune microenvironment
that favors SCI repair.

 3.7    Trained-EVs promote axonal/myelin regeneration and
neuronal survival at the injury site
TEM was used to analyze the myelin structure at 35 dpi to examine
the  effect  of  Trained-EVs  on  remyelination  after  SCI.  The  results
showed  that  the  trained-EV  group  had  a  more  intact  myelin
structure in the spinal cord tissue (Fig. 6(a)). Several morphological
parameters, including the G-ratio, myelinated axon area, diameter,
and myelin thickness, were measured (Fig. 6(b)). A smaller G ratio
indicates  better  myelin  regeneration  [42].  The  Trained-EV  group
exhibited  a  significantly  smaller  G-ratio  than  the  other  groups.
Additionally,  the  Trained-EV  group  showed  an  increased
myelinated axon diameter, area, and myelin thickness in the spinal
cord tissue.

Immunofluorescence analysis was conducted on the spinal cord
samples  at  35  dpi  to  evaluate  the  effects  of  the  Trained-EVs.  NF
staining was used to assess axonal regeneration, with NF acting as a
neuron-specific  intermediate  filament  and  a  crucial  component  of
the  axonal  structure.  GFAP  staining  was  used  to  investigate  glial
scar formation. The results showed that the trained-EV group had a
higher  NF  fluorescence  intensity  and  lower  GFAP  fluorescence
intensity (Figs. 6(c) and 6(d)).

The  neuroprotective  effects  of  the  Trained-EVs  were  further
investigated.  At  35  dpi,  the  spinal  cord  samples  were  subjected  to
NeuN  and  Nissl  staining.  NeuN  immunohistochemical  staining
revealed  that  the  trained-EV  group  exhibited  a  significantly  larger
dendritic  area  and  more  complex  surviving  neurons,  indicating
improved  neuronal  function  recovery  (Figs.  6(e) and 6(f)).  The
Nissl staining results were consistent, showing a notable increase in
Nissl-positive cells in the Trained-EVs group (Figs.  6(g) and 6(h)).
Additionally,  the  protein  levels  of  BDNF and NT-3 in  spinal  cord
tissue  at  7  dpi  were  assessed  using  ELISA  (Fig.  S13  in  the  ESM).
The BDNF and NT-3 levels were significantly higher in the trained-
EV group than in the other groups.

In  summary,  Trained-EVs  promoted  remyelination,  axonal
regeneration,  and  neuronal  protection,  thereby  improving  the
pathological microenvironment after SCI in multiple ways.

 3.8    Behavioral  experiments  were  conducted  to  evaluate
the  recovery  of  hindlimb  function  in  spinal  cord-injured
mice treated with Trained-EVs
The  recovery  of  hindlimb  motor  function  was  evaluated  35  days
after treatment with Trained-EVs (Fig. S14 in the ESM). Compared
with  the  PBS  group,  Trained-EVs  showed  significantly  improved
plantar  stepping,  weight-bearing  frequency,  and  hind  limb
coordination.  The  BMS  was  used  to  assess  recovery  of  motor
function in mice with SCI. At 1 dpi, all subjects displayed complete
hind  limb  paralysis,  resulting  in  a  BMS  score  of  0.  By  35  dpi,  the
Trained-EV  group  showed  significant  improvement,  reaching  an
average BMS score of 5.0 ± 0.71. The other groups displayed lower
scores:  MD-EVs  (2.6  ±  0.55),  EVs  (3.0  ±  0.71),  and  PBS  (1.8  ±
0.459).  Extended  behavioral  evaluations  up  to  56  dpi  revealed  no
further  significant  differences  in  performance  beyond  35  dpi,
indicating  stabilization  of  functional  recovery  (Fig.  7(a)).
Throughout  the  35-day  observation  period,  all  groups  showed
comparable body weight trends up to 21 dpi. After 21 dpi, Trained-

EVs-treated  mice  exhibited  a  gradual  increase  in  body  weight
relative  to  controls,  indicating  good  systemic  tolerance  and
potential  enhancement  of  overall  recovery  (Fig.  S20  in  the  ESM).
CatWalk  gait  analysis  indicated  that  the  Trained-EVs  group
achieved  the  best  hindlimb  recovery,  with  footprint  patterns  and
stride  frequency  similar  to  the  sham  group  and  better  than  the
other  groups  (Fig.  7(b)).  Further  assessment  of  the  maximum
contact  area  and  contact  intensity  (Fig.  7(c))  showed  that  the
Trained-EVs group had a larger maximum contact area and higher
contact intensity (Figs. 7(d) and 7(e)), with no significant difference
in  the  maximum  contact  intensity  compared  to  the  sham  group.
The  footprint  regularity  index  analysis  revealed  that  the  Trained-
EVs group had a higher regularity index, indicating improved gait
coordination  (Figs.  7(f) and 7(g)).  These  results  confirmed  that
Trained-EVs treatment significantly restored motor function in SCI
mice.

To  exclude  hormonal  confounding,  serum  E2  levels  were
quantified  at  0–35  dpi.  E2  levels  showed  normal  physiological
fluctuations  with  no  significant  intergroup  differences,  confirming
that  estradiol  did  not  influence  Trained-EVs-mediated  recovery
(Fig. S23 in the ESM).

To  evaluate  the  biotoxicity  of  the  Trained-EVs,  H&E  staining
was performed on the lungs, liver, and other major organs at 3 dpi.
The results showed that the major organs of the trained-EV group
had normal morphology and structure, with no significant signs of
damage  (Fig.  S15  in  the  ESM).  To  assess  the  potential  hepatic
toxicity of EVs, liver LDH and ALT activities were measured (Fig.
S16 in the ESM). Importantly, no chronic toxicity was observed by
35  dpi.  H&E  staining  of  major  organs  (liver,  spleen,  lung,  heart,
kidney)  revealed  normal  histology  in  Trained-EVs-treated  mice
relative  to  controls  (Fig.  S21  in  the  ESM).  Serum  ALT  and  LDH
levels  at  35  dpi  remained  within  normal  limits  and  showed  no
significant  differences  between  groups,  confirming  sustained
systemic  safety  (Fig.  S22  in  the  ESM).  These  findings  suggest  that
liver  function  in  the  Trained-EV  group  was  similar  to  that  in
normal controls, indicating that Trained-EVs do not exhibit notable
biotoxicity.

 4    Discussion
Excessive  inflammation  following  CNS  injury  often  causes
irreversible  functional  impairments  [43].  In  traumatic  SCI,
dysregulated  innate  and  adaptive  immune  responses  lead  to
excessive  inflammation,  resulting  in  neuronal  damage  and  loss  of
function  [4, 44].  Therefore,  inducing  tolerance  in  both  the  innate
and  adaptive  immune  responses  is  a  key  strategy  for  reducing
excessive  inflammation  and  creating  a  tolerogenic
microenvironment, that promotes functional recovery after SCI [9,
10, 14]. Based on this, we developed a sequential stimulation model
in  which  macrophages  were  first  exposed  to  low-dose  LPS  and
subsequently  to  myelin  debris,  resulting  in  extracellular  vesicles
with  tolerogenic  properties  called  Trained-EVs.  This  method  was
designed  to  work  synergistically  to  induce  immune  tolerance  in
both  the  innate  and  adaptive  systems,  ultimately  promoting
functional recovery following SCI.

Previous  studies  have  shown  that  high  doses  of  LPS  strongly
activate immune cells, amplify inflammation, and exacerbate tissue
injury  [45].  Conversely,  low-dose  LPS  induced  immune  tolerance,
resulting  in  decreased  cellular  responsiveness  to  subsequent
stimulation.  This  tolerant  state  is  marked  by  the  reduced

Nano Research | Vol. 19, No. 3 Jia et al.

94908418 (13 of 19) Nano Research, 2026, 19, 94908418

https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418
https://www.sciopen.com/article/10.26599/NR.2026.94908418


 

Figure 6    Trained-EVs promote axonal/myelin regeneration and neuronal survival after SCI. (a) TEM images show regenerated myelinated axons at 35 dpi (scale bar = 2
μm).  (b)  Quantification of  myelination parameters,  including g-ratio,  myelin thickness,  myelinated axon area,  and axon diameter,  in  each group (n =  5,  mean ± SD).
(c) Immunofluorescence images of spinal cord sections at 35 dpi, stained for NF (shown in green) and GFAP (shown in red), are displayed (low magnification: scale bar =
500 μm; high magnification: scale bar = 100 μm). (d) Quantitative analysis shows the average fluorescence intensity of NF and GFAP in the lesion center (n = 5, mean ±
SD). (e) and (f) Representative images of NeuN immunohistochemistry at 35 dpi and quantitative analysis show neuronal survival in the spinal cord lesion area (scale bar
= 100 μm). The bar graph shows the average dendritic area of surviving neurons per field, based on five randomly selected sections per mouse (n = 5, mean ± SD). (g) and
(h) Representative Nissl-stained sections at 35 dpi and quantitative analysis show neuronal morphology in the lesion area (scale bar = 100 μm). Quantification shows the
average number of Nissl-positive cells per field, based on five randomly selected sections per animal (n = 5, mean ± SD). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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production  of  pro-inflammatory  cytokines  and  increased  anti-
inflammatory  signals,  thereby  supporting  immune  homeostasis
[46, 47]. These findings suggest that low-dose LPS can precondition
macrophages toward a tolerant phenotype, prevent cytokine storms

during  later  inflammatory  phases,  and provide  neuroprotection to
the injured spinal cord [48].

Abundant  myelin  debris  released  after  SCI  often  aggravates
inflammation  and  promotes  an  autoimmune  responses  [42].

 

Figure 7    Trained-EVs promote hindlimb functional recovery after SCI in mice. (a) The scores from the BMS show a gradual recovery across all groups over time (two-
way RM ANOVA with Dunnett’s  multiple  comparisons:  *P <  0.05 for  Trained-EVs compared to PBS; #P <  0.05 for  Trained-EVs vs.  EVs; &P <  0.05 for  Trained-EVs
against  MD-EVs; n =  5,  expressed  as  the  mean  ±  SD).  (b)  Representative  CatWalk  gait  images  and  temporal  stride  diagrams  at  35  dpi.  (c)–(e)  Hindlimb  paw  print
intensity maps and measurements of the maximum contact area and intensity of the left hind paw at 35 dpi (n = 5, mean ± SD). (f) and (g) Step pattern diagrams and
quantification of the regularity index across groups at 35 dpi (n = 5, mean ± SD). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Although previous studies have suggested that the administration of
autoantigens  after  SCI  can  stimulate  Treg  induction  [23],  such
strategies may cause further tissue damage [24]. However, our study
showed  that  when  macrophages  were  activated  by  low-dose  LPS,
the  immunological  role  of  myelin  antigens  was  reprogrammed  to
support immune tolerance. Our results demonstrated that different
doses of LPS combined with myelin debris caused macrophages to
release EVs with diverse cytokine profiles. EVs produced under low-
dose stimulation exhibited higher IL-10 and lower IL-1β, indicating
a tolerogenic phenotype, while high-dose treatment resulted in the
opposite  pro-inflammatory profile.  These findings suggest  that  the
immunological  properties  of  macrophage-derived  EVs  depend  on
the  dose  and  are  closely  regulated  by  the  strength  of  initial
stimulation  [49, 50].  EVs  from  macrophages  preconditioned  with
low-dose  LPS  and  myelin  debris  are  rich  in  IL-10,  and  maintain
tolerogenic features without the adverse effects associated with LPS
or  myelin  debris  alone  [18, 19, 24].  This  may  be  due  to  the
inherently  low  immunogenicity  and  high  biocompatibility  of  EVs
as natural nanocarriers [26].

Conventional  trained  immunity  is  typically  characterized  by
enhanced immune responses and is widely used in cancer therapy
to  boost  antitumor  immunity  [51−53].  In  contrast,  Trained-EVs
demonstrated  a  form  of  "negative  trained  immunity",  marked  by
decreased  rather  than  increased  inflammatory  responses  upon
secondary stimulation. This tolerogenic mode of trained immunity
enables  Trained-EVs  to  send  tolerance-inducing  signals,  making
immune responses in the damaged spinal cord more controlled and
aligned  with  the  goals  of  reducing  inflammation  and  promoting
neuroprotection.

In  the  acute  phase  of  SCI,  innate  immune  cells  are  rapidly
activated and release pro-inflammatory mediators, including IL-1β
and  TNF-α.  These  events  disrupt  the  blood–spinal  cord  barrier,
cause  secondary  necrosis  and  apoptosis  [54−56],  and  create  a
permissive  environment  for  the  subsequent  amplification  of
adaptive  immune  responses.  In  the  subacute  phase,  adaptive
immunity becomes active, especially through the hyperactivation of
Th1 and Th17 CD4+ T cell subsets, which continuously secrete IFN-γ
and IL-17 [57−59].  These responses further increase inflammation
and  suppress  the  repair  processes,  ultimately  leading  to  chronic
neuroinflammation  and  persistent  functional  deficits  [60].  Our
findings showed that Trained-EVs target both innate and adaptive
immunity  simultaneously,  inducing  dual  immune  tolerance.  On
one  hand,  Trained-EVs  effectively  reduced  innate  immune
hyperactivation,  proinflammatory  cytokine  release  and  acute
inflammatory  damage.  In  contrast,  Trained-EVs  promoted  the
polarization  of  Tregs  and  Th2  cells,  strengthening  the  tolerogenic
microenvironment  and  preventing  harmful  overactivation  of
adaptive  immunity,  thus  creating  favorable  conditions  for  spinal
cord repair.

Immune  tolerance  is  a  protective  mechanism  that  reduces
excessive  immune  activation,  and  prevents  self-directed  tissue
damage  [61].  Its  main  feature  is  hypo-responsiveness  to  specific
antigens  or  stimuli,  which  is  essential  for  suppressing  secondary
inflammation  [62].  However,  traditional  strategies  for  inducing
immune  tolerance  often  carry  risks  of  off-target  effects  or  over-
immunosuppression [63, 64]. Emerging evidence indicates that low-
dose  LPS  exposure  can  induce  epigenetic  reprogramming  in
macrophages, leading to long-term tolerance. This process involves
changes  in  chromatin  accessibility  and  histone  modifications,
including  decreased  H3K4me3  and  H3K27ac,  and  increased
repressive  marks  such as  H3K9me2 and H3K27me3 at  promoters

of inflammatory genes [10, 47, 48, 65−67]. Such remodeling silences
TNF, IL-1β, and other pro-inflammatory loci while maintaining or
enhancing  expression  of  anti-inflammatory  genes  such  as  IL-10.
These  mechanisms  have  been  demonstrated  in  both  macrophages
and  microglia,  and  are  now  recognized  as  central  to  endotoxin
tolerance and trained immunity. Our findings suggest that Trained-
EVs  act  as  natural  nanocarriers  capable  of  inducing  localized
immune  tolerance,  thus  enabling  targeted  inflammatory  control
and  supporting  functional  recovery.  Taken  together,  the  results
indicate that this approach enables safe and effective therapy.

Neural  regeneration  and  remyelination  are  essential  for
restoration  of  function  after  SCI  [68].  An  immune-tolerant
microenvironment not only reduces inflammatory damage but also
creates  a  supportive  foundation  for  regeneration  [69, 70].  When
inflammation  decreases,  the  levels  of  reparative  mediators  and
neurotrophic  signaling  increase,  promoting  remyelination  and
axonal  growth  [71].  Immune  regulation  and  tissue  repair  are
interconnected  and actively  coordinated  processes  [72].  Therefore,
establishing  a  tolerogenic  microenvironment  is  crucial  for  long-
term recovery after SCI [73].

In  this  study,  Trained-EVs,  as  tolerance-inducing  vaccines,
combined  the  benefits  of  endotoxin-induced  innate  immune
tolerance  and  autoantigen-driven  Treg  polarization.  By  delivering
tolerance-inducing  signals  through  EVs,  both  innate  and  adaptive
immune  tolerance  are  synergistically  activated,  enabling  systemic
regulation of inflammatory pathways and supporting neural repair
and  axonal  regeneration.  This  approach  offers  a  rapid-onset,
precisely  targeted,  and  multifaceted  immunomodulatory  strategy
for the treatment of SCI, and shows potential as a groundbreaking
immunotherapy  for  SCI  and  other  CNS  injuries,  with  significant
theoretical and practical implications.

 5    Conclusions
In this study, Trained-EVs were created from macrophages treated
with  low-dose  LPS  and  myelin  debris,  which  effectively  induced
tolerance in innate immune cells and influenced adaptive immune
responses,  thereby  fostering  a  protective  immune
microenvironment. Our results suggest that a Trained-EVs vaccine
strategy is a promising immunotherapy approach for the treatment
of autoimmune and inflammatory diseases.
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