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Abstract
In neuroinflammation, distinguishing microglia from macrophages and identifying microglial-specific biomarkers 
in peripheral blood pose significant challenges. This study comprehensively profiled the extracellular vesicles 
(EVs) of microglia and macrophages, respectively, revealing co-expressed EVs with UCHL1 and CX3CR1 as EVs 
derived specifically from microglia in human blood. After extensive validation, using optimized nano flow 
cytometry, we evaluated plasma CX3CR1+/UCHL1+ EVs across clinical cohorts [multiple sclerosis (MS), HTLV-1 
associated myelopathy (HAM), Alzheimer’s disease (AD), and Parkinson’s disease (PD)], along with established 
neurodegenerative markers (NMDAR2A and NFL). The findings discovered a notable rise in CX3CR1+/UCHL1+ 
EVs in MS, particularly heightened in HAM, in contrast to controls. Conversely, AD and PD exhibited unaltered 
or diminished levels of microglial EVs. An integrated model of CX3CR1+/UCHL1+, NMDAR2A+, and NFL+ EVs 
demonstrated promising diagnostic potential for distinguishing MS from controls and HAM. As to the disease 
duration, CX3CR1+/UCHL1+ EVs increased in the initial five years of MS, stabilizing thereafter, whereas NMDAR2A+ 
and NFL+ EVs remained stable initially but increased significantly in the subsequent five years, suggesting their 
correlation with disease duration. This study uncovers unique blood microglial EVs with potential as biomarkers for 
MS diagnosis, differentiation from HAM, and correlation with disease duration.
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Background
Significant alterations in innate and adaptive immunity 
have been observed in the context of aging and neurolog-
ical disorders affecting the central nervous system (CNS). 
Key components of CNS immunity involve resident 
microglia and recruited peripheral macrophages, par-
ticularly in instances where the blood-brain barrier (BBB) 
is compromised [1, 2]. BBB damage is well-established in 
conditions such as stroke [3], encephalitis [4], and clas-
sical neuroinflammatory disorders like multiple sclerosis 
(MS) [5]. More recently, it has become evident that BBB 
damage and neuroinflammation are also prevalent in 
various neurodegenerative disorders, including HTLV-
1-associated myelopathy (HAM), which resembles MS 
clinically [6, 7], Alzheimer’s disease (AD) [8], and Parkin-
son’s disease (PD) [9].

Assessing the activity of innate immune cells in living 
individuals requires a robust technique capable of quan-
tifying and distinguishing between microglial activation 
and that mediated by macrophages. The most effective 
method currently appears to be PET studies utilizing 
ligands that bind to microglia, although the specificity of 
these ligands remains a subject of challenge [10, 11]. To 
circumvent this roadblock, a rapidly evolving technol-
ogy is developed to focus on extracellular vesicles (EVs), 
which not only exhibit tissue and cell specificity but also 
readily traverse the BBB, facilitating the practical detec-
tion of CNS cell-specific biomarkers in peripheral blood 
[12].

In the last few years, blood EVs originating from neu-
rons [13], astrocytes [14], and oligodendrocytes [15] have 
been documented, yet, there is currently no marker that 
definitively enhances the enrichment of EVs derived from 
CNS microglia in blood. This controversy arises primar-
ily from the embryological similarity between microglia 
and macrophages. However, more recent studies have 
amassed compelling evidence establishing microglia as 
a distinct cell population separate from macrophages. 
Specifically, fate mapping has revealed that adult microg-
lia originated from precursors that leave the yolk sac on 
E8.5–E9.0 [16, 17], whereas macrophages derived from 
bone marrow [18]. Moreover, microglial development 
is independent of the transcription factor MYB or col-
ony-stimulating factor 1 (CSF-1) [19], both of which are 
essential for bone-marrow-derived macrophages [20, 21], 
suggesting that it is possible to identify protein markers 
uniquely associated with microglia.

In this investigation, we leveraged advanced pro-
teomics technology, coupled with rigorous validation 
strategies, to reveal CX3CR1+/UCHL1+ EVs as distinc-
tive blood biomarkers for microglia in human peripheral 
blood. Additionally, we showcased that the peripheral 
microglial biomarker, despite notable variability across 

diverse neurological conditions, exhibits promise for 
diagnosing MS and differentiating it from other diseases.

Materials and methods
The workflow to characterize microglial EVs in human 
blood is summarized in Supplementary Fig. S1.

Cell culture
Cell lines BV2 and RAW264.7 were cultured in DMEM 
(Shanghai Peiyuan, L110KJ) supplemented with 10% 
Fetal Bovine Serum (Gibco, 30044333), 100 µg/mL peni-
cillin, and 100  µg/mL streptomycin (Shanghai Peiyuan, 
S110JV). The cells were cultured in a 5% CO2 incubator 
with a humidified atmosphere of air at 37 °C.

The primary microglia were isolated from the cor-
tex of newborn C57 mice. The brain tissue was isolated, 
crushed, and centrifuged at 1,000 × g for 5  min after 
removing the olfactory bulb, cerebellum, hippocam-
pus, and meninges. Subsequently, the tissue was resus-
pended in 1–2 mL of 0.25% trypsin-EDTA (Shanghai 
Peiyuan, S310JV) for 20 s at 37  °C. An equal amount of 
culture medium was used to terminate the digestion. 
After centrifugation, the cell pellet was resuspended in 
F12 medium (Shanghai Peiyuan, L310KJ) supplemented 
with M-CSF (Absin, abs04383), filtered with a 70 μm fil-
ter, and planted on poly-D-Lysine (PDL, Sigma, P6407)-
coated T75 tissue culture flasks. The culture medium 
was replaced by a fresh F12 medium containing M-CSF 
after 24  h. When the primary microglia were confluent 
after culturing for 10–15 days, the cells were shaken at 
a rotation speed of 250 rpm/min for 4–6 h. The primary 
microglia were subsequently collected and seeded into 
six-well PDL-coated plates.

The primary macrophages were isolated from the femur 
and tibia of 6- to 8-week-old C57 mice. After removing 
both ends of the bone, the bone marrow was flushed 
out using DMEM. The cell suspension was collected 
and treated with red blood cell lysis buffer for 10 min to 
remove erythrocytes. The cells were then centrifuged at 
2,000  rpm for 10  min. After removing the supernatant, 
the cell pellet was washed twice with PBS. The cells were 
resuspended in DMEM containing 10% FBS and 10 ng/
mL M-CSF and then transferred into a T75 tissue culture 
flask after filtering through a 70 μm disposable cell filter. 
The primary macrophages were used for experiments 
after approximately 6 days of cell culture.

Mass spectrometry
The urea (Sigma, 33247) lysis buffer (1% protease inhibi-
tor) was used to extract the samples of EVs. The protein 
concentration was determined using a BCA protein assay 
kit (Invitrogen, 23227). SDS-PAGE (Solarbio, P1200) 
was used to detect the protein extraction efficiency and 
check for contamination. An equal amount of samples 
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was taken for analysis based on their concentration. 
After adding 5 mM DTT (Thermo, A39255), the samples 
were then incubated at 56  °C for 30  min. 11 mM IAM 
(Thermo, A39271) was added and the samples were fur-
ther incubated at room temperature for 15 min. 100 µL 
of 0.1  M NH4HCO3 (Fisher, A643-500) was added to 
the ultrafiltration tube (Millipore, UFC5010) and centri-
fuged at 14,000 × g for 15  min. An appropriate amount 
of protein was transferred to the ultrafiltration tube 
and centrifuged at 14,000 × g for 20  min. This step was 
repeated three times, with the addition of 200 µL 0.1 M 
NH4HCO3 and centrifugation at 14,000 × g for 15  min 
each time. The casing pipe was replaced and 300 µL of 
0.1 M NH4HCO3 was added before adding trypsin (Pro-
mega, V5280) with a trypsin to protein mass ratio of 1:50. 
The samples were incubated at 37℃ overnight. After 
centrifugation at 14,000 × g for 15 min, the supernatant 
was collected. 200 µL of 0.1 M NH4HCO3 was added, fol-
lowed by centrifugation at 14,000 × g for 15 min. Finally, 
20% TFA (Macklin, T818781) was added to acidify the 
sample to pH 2–3. Strata X was activated using methanol 
(Phenomenex, 8B-S100-AAK), and then the Strata X col-
umn was balanced with 0.1% TFA. The acidified peptides 
were transferred to Strata X and the hydrolysate flowed 
through. The salt was demineralized using 0.1% TFA and 
eluted once with 80% ACN. The sample was then tested 
on the Exploris 480 after spin-drying.

Quantitative real-time-PCR (qPCR)
When the cell reached confluence, 1 mL of Trizol (Invi-
trogen, 15596018CN) was added to each well for extrac-
tion of total RNA. The cell lysate was collected into a 
1.5 mL RNase-free EP tube. Then 0.2 mL of chloroform 
was added and gently shaken for 15 s. The samples were 
incubated at room temperature for 10 min and then cen-
trifuged at 12,000 rpm for 10 min at 4  °C. The colorless 
water phase supernatant was transferred to a new 1.5 
mL RNase-free EP tube. After the addition of the same 
amount of isopropyl alcohol, the mixture was shaken up 
and down. Subsequently, the samples were incubated at 
room temperature for 10  min and then centrifuged at 
12,000 rpm for 10 min at 4  °C. After washing with 75% 
ethanol, the total RNA was dissolved in 20–30 µL of 
DEPC water. The OD value was measured using Nano-
drop. The genomic DNA was removed and the RNA was 
reverse-transcribed into cDNA (Takara, RR047A). The 
primer sequence is shown in Table  1. The cDNA sam-
ple was mixed with primer and Syber Green (Takara, 
RR420A), and then ABI Q5 fluorescence quantitative 
PCR was performed for amplification.

Western blot (WB)
Equal amounts of total protein from cells or EVs were 
separated by 10% SDS-PAGE gels and then transferred 
to PVDF membranes (Millipore, ISEQ00010). The mem-
branes were incubated with primary antibodies (listed 
in Table  2) overnight at 4  °C after blocking with TBST 
containing 5% skim milk. After washing with TBST for 
10 min for 3 times, the membranes were incubated with 
secondary antibody for 1 h at room temperature. Bands 
were exposed by an enhanced Chemiluminescence detec-
tion kit (BIO-RAD, 1705062) and captured with a BIO-
RAD ChemiDoc MP multi-function Chemiluminescence 
imager. Gray value analysis of the images was performed 
by ImageJ software, with β-ACTIN gray values serving as 
the control.

Table 1 The list of primer sequence
Name Forward Reverse
Cx3cr1  G A G C A T C A C T G A C A T C T A C C T C C  A G A A G G C A G T C 

G T G A G C T T G C A
Uchl1  G A A G C A G A C C A T C G G A A A C T C C  G G A C A G C T T C T 

C C G T T T C A G A C
Flt1  T G G A T G A G C A G T G T G A A C G G C T  G C C A A A T G C A G 

A G G C T T G A A C G
Dock4  G A T A G G A G A G G T G G A T G G C A A G  C G C C T T G A G A T G 

C A G A T C G T A G
Map3k5  G G T C A T T C A G G C A T C C G A G A A G  C A G A A G T C C A C 

G A G T T C C T G C T
St6gal  G C A G G A T C T C T G A A G A A C T C C C  T T G T G C C C A C A T 

C C T G T T G G A A G
Hira  T C A C A G A A C G G T C C A A A G C C A C  C T C C T T G A C G A 

G G T T C T G C T C T
Dgcr2  A C C A C C C T A T G A G G C G T C T A T C  C C T T C A A T G C C A 

C C A T C T C T T G G
Entpd1  C T G G A C A A G A G G A A G G T G C C T A  G A C T G T C T G A G A 

T G A G G C T T A G C
Traf6  T T T C C C T G A C G G T A A A G T G C C C  A C C T G G C A C T T 

C T G G A A A G G A C
Dab2ip  C G A G A C C C T T T C C A A C A C A G C A  G T G T G G A C A T C C 

C T C A G G A T A C
Galnt10  C T G T G A A G C C A A C G T C A A C T G G  A C A T T T C C C A G T 

C G A A G G C A C C
Gapdh  C A T C A C T G C C A C C C A G A A G A C T G  A T G C C A G T G A G 

C T T C C C G T T C A G

Table 2 The WB antibody information used in the present work
Antibody Supplier, Cat no. Dilution
CX3CR1 Novus, 76,949; Abcam, 

217,291
1:1000

UCHL1 Novus, nb600-1160; Protein-
tech, 14730-1-AP

1:1000

FLT1 Novus, nb600-1004 1:1000
ALIX CST, 2171 S 1:1000
TSG101 Proteintech, 28283-1-AP 1:1000
CD63 Proteintech, 67605-1-Ig 1:1000
CD9 Santa Cruz, SC-13,118 1:500
β-ACTIN Proteintech, 81115-1-RR 1:2000
Rabbit secondary antibody Proteintech, PR30011 1:5000
Mouse secondary antibody Proteintech, PR30012 1:5000
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Immunofluorescence
The cells were sub-cultured on confocal dishes. When 
the optimal density was reached with a confluence of 
25–30%, the cells were fixed with 4% paraformaldehyde 
(PFA) for 20 min at room temperature. After incubation 
with a blocking buffer (consisting of 1% BSA, 0.3% Tri-
ton X-100, and 4% normal goat serum in PBS) for 30 min 
at room temperature, the samples were incubated with 
primary antibodies against CX3CR1 (C-X3-C motif che-
mokine receptor 1, Novus, 76949, 1:500) and UCHL1 
(Ubiquitin C-terminal hydrolase L1, Proteintech, 14730-
1-AP, 1:500) overnight at 4 °C. Subsequently, the samples 
were incubated with fluorophore-conjugated second-
ary antibodies (Invitrogen, A11008, 1:1000; Invitrogen, 
A11035, 1:1000) for 1  h at room temperature. Nuclei 
were stained with a diluted DAPI (Sigma, D9542, 1:5000) 
solution. Immunofluorescence images were observed and 
captured by confocal microscopy (Olympus FV3000).

After dewaxing and hydration of paraffin-embedded 
tissue sections, antigen retrieval was performed using 
10 mM sodium citrate (pH 6.0, Servicebio, g1201-1  L) 
at 120  °C for 3  min. Following 1-hour block with 1% 
BSA, the sections were incubated with primary antibod-
ies against CX3CR1 (Abcam, ab167571, 1:500), UCHL1 
(Proteintech, CL594-14730, 1:500), IBA1 (Abcam, 
ab283319, 1:500), NEUN (Abcam, ab177487, 1:500), 
GFAP (Proteintech, 16825-1-AP, 1:500), CC1 (Abcam, 
ab16794, 1:500), and CD31 (CST, 89C2, 1:500) at 4  °C 
overnight. Subsequently, the samples were incubated 
with fluorophore-conjugated secondary antibodies (Invi-
trogen, A32723, 1:1000; Invitrogen, A21245, 1:1000) for 
2 h at room temperature after washing with PBS 3 times. 
Nuclei were stained with DAPI (1:5000). Immunofluo-
rescence images were observed and captured by confocal 
microscopy (Leica STELLARIS 8).

EVs isolation
EVs were extracted from human plasma by an ultracen-
trifugation methodology as previously described [13, 
14]. Briefly, the plasma was isolated from whole blood 
by centrifugation at 300 × g for 10 min at 4 °C to remove 
erythrocytes and at 2,000 × g for 15 min at 4 °C to remove 
platelets. 110 µL of isolated plasma was then centri-
fuged at 12,000 × g for 30  min at 4  °C to remove large 
cell debris. The 100 µL of supernatant was diluted with 
900 µL of PBS which had been filtered through a 0.22 μm 
filter. The mixture was carefully balanced and ultracen-
trifuged at 100,000 × g for 70 min at 4 °C by an ultracen-
trifuge (Beckman Coulter Optima MAX-XP centrifuge, 
TLA-55 rotor). The pellet was resuspended with 1 mL of 
PBS and ultracentrifuged again with the same condition. 
The EVs were dissolved in 200 µL of PBS and stored at 
-80ºC before detection.

EVs were extracted from the conditioned medium of 
cultured cells. When the cells were cultured in DMEM 
without FBS for 48 h, the conditioned medium was col-
lected and centrifuged at 1,500 × g for 10 min at 4 °C. The 
supernatant was then centrifuged at 3,000 × g for 15 min. 
Subsequently, the supernatant was centrifuged at 7,800 
× g for 30 min at 4 °C. The supernatant was further cen-
trifuged at 200,000 × g at 4  °C for 2 h. The pellets were 
resuspended with 1 mL of PBS and centrifuged again at 
200,000 × g at 4 °C for 2 h. The EVs were dissolved in 200 
µL of PBS and stored at -80 °C before detection.

Nano flow cytometry analysis
The concentration of EVs carrying specific markers was 
measured according to our previous description [13, 14]. 
Briefly, the EVs were labeled with primary antibodies and 
then conjugated with fluorophores by Zenon IgG labeling 
kits (Invitrogen). CX3CR1 (Novus, 76949) was labeled 
using the Zenon Alexa Fluor 488 Rabbit IgG labeling 
kit (Invitrogen, Z25302). UCHL1 (Proteintech, 14730-1-
AP) was labeled using the Zenon Alexa Fluor 647 Rabbit 
IgG labeling kit (Invitrogen, Z25308). NMDAR2A (Invi-
trogen, MA5-27693) was labeled using the Zenon Alexa 
Fluor 647 mouse IgG2b labeling kit (Invitrogen, Z25208). 
NFL (Proteintech, 60189-1-Ig) was labeled using the 
Zenon Alexa Fluor 488 mouse IgG1 labeling kit (Invitro-
gen, Z25002). The immunoglobulin homologous control 
corresponding to each antibody was also labeled under 
the same conditions. A negative control was included by 
using the same volume of PBS instead of a specific anti-
body during the labeling reaction. The labeled antibod-
ies were added to 5 µL of samples (0.1 µg of equivalent 
antibody amount per sample) and incubated overnight at 
4 °C. Afterward, the samples were fixed with 20 µL of 4% 
PFA at 26 °C for 20 min and then diluted to 100 µL with 
PBS. Finally, the samples were analyzed using the Cyto-
flex LX (Beckman).

Stochastic optical reconstruction microscopy (STORM)
After incubation with antibodies for 18 h, the plasma EVs 
were fixed with 4% PFA and then immersed in 200 µL of 
sample buffer (50 mM Tris-HCl, pH8.0, 10 mM NaCl, 
and 10% Glucose) for STORM detection. All images were 
obtained using the ultra-high-resolution Nikon A1 con-
focal total internal reflection microscope (N-STORM/
A1R). The fluorophores of Alexa 561, Alexa 488, and 
Alexa 647 were excited by 561 nm, 488 nm, and 647 nm 
semiconductor lasers, respectively.

Clinical samples collection
Plasma samples from 303 subjects (78 healthy control 
(HC), 138 patients with MS, and 29 patients with HAM, 
21 patients with AD, and 37 patients with PD) were 
obtained from Fujian Medical University. To further 
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Fig. 1 (See legend on next page.)
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evaluate AD and PD cohorts, additional 123 plasma 
samples (53 HC, 36 patients with AD, and 34 patients 
with PD) were obtained from The First Affiliated Hospi-
tal, Zhejiang University School of Medicine. All proce-
dures were performed in compliance with relevant laws 
and institutional guidelines and approved by the appro-
priate institutions (Clinical Research Ethics approval 
no.NCT04386018 from Fujian Medical University and 
no.2022-043 from The First Affiliated Hospital, Zhejiang 
University School of Medicine), and informed consent 
was obtained from each patient. The privacy rights of 
human subjects had always been observed. MS patients 
were diagnosed based on the 2017 McDonald MS diag-
nostic criteria. Peripheral blood and the DNA of cerebral 
spinal fluid (CSF) was extracted to assess the HTLV-1 
proviral load (PVL) in HAM patients using real-time 
PCR, following the HAM/TSP diagnostic criteria. All 
HAM patients were HTLV-1 antibody positive. AD and 
PD participants underwent extensive clinical evalua-
tion, using the inclusion and exclusion criteria as well as 
sample collection procedures that have been previously 
described [22–26].

Transmission electron microscope (TEM)
The extracted EVs were suspended in PBS and dripped 
onto a copper grid with a pore size of 2 nm. After incu-
bation at room temperature for 2  min, the liquid was 
removed from the side of the grid using filter paper, and 
the samples were negatively stained with a 3% phospho-
tungstic acid solution at room temperature for 5  min. 
Following the removal of excess dye and drying at room 
temperature, the EVs were observed and captured by the 
Talos 120 kV transmission electron microscope.

Nanoparticle tracking analysis (NTA)
The NanoSight NS300 instrument was utilized for 
nanoparticle tracking to analyze the size and concentra-
tion of particles. To conduct direct scattering measure-
ments, 10 µL of EVs were diluted in a 1:100 ratio with 
0.22 μm filtered PBS to a final volume of 1 mL. The opti-
cal microscope was used to photograph, track, and ana-
lyze the scattered light signal and Brownian motion of 
the collected EVs. Three repeated videos (60 s each) were 
captured for each fraction. All fractions were analyzed 

with the same threshold by the NTA 3.2 software (Nano-
Sight, Amesbury).

The single molecule array (Simoa)
The levels of serum NFL were measured using ultra-sen-
sitive Simoa technology (Quanterix, MA, US) on Quan-
terix SR-X, following the manufacturer’s instructions. 
According to human NF-light V2 advantage kits (Quan-
terix, 104073), sera were diluted at a 1:4 ratio for the 
assay. Calibrators and quality controls were measured in 
duplicate. All sample measurements were performed in a 
single run. The operators conducting the measurements 
were blinded to the participants’ disease status and clini-
cal information.

Data analysis
All statistical analyses were performed by utilizing SPSS 
25.0 (IBM) or Prism 9.0 (GraphPad Software). All values 
are presented as Mean ± standard error of mean (SEM). 
The normality of the data distribution was assessed using 
the Shapiro-Wilk test. To compare the mean of total par-
ticle number (independent of any fluorescent cell type 
marker) or the ratio of a specific positive marker to total 
events for scattering tests, we employed either the Mann-
Whitney U test (for two sets) or one-way nonparametric 
ANOVA, Kruskal-Wallis test (for three sets). ROC curves 
were generated to evaluate the sensitivity and specificity 
of the analyte in distinguishing MS from HCor HAM. 
Logistic regression was used to create a comprehensive 
model that incorporated multiple plasma biomarkers. We 
only used a single, relatively large cohort for this inves-
tigation, so to prevent overfitting from testing multiple 
parameters, we took several precautions. First, we ran-
domly split our samples (n = 67 for HC, 113 for MS, and 
29 for HAM) into independent training and test datas-
ets in a 4:1 ratio. On the training data, we employed two 
models (Linear regression [27] and Random forest [28]) 
and evaluated their performance using 5-fold cross-val-
idation [29]. Finally, we evaluated the trained models on 
the independent test dataset using Python. A significance 
level of P < 0.05 was considered statistically significant.

(See figure on previous page.)
Fig. 1 UCHL1 was a highly specific protein in BV2 EVs confirmed by mass spectrum screening. (A) Characteristic electron microscopy images of the EVs 
derived from BV2 and RAW264.7. (B) Representative NTA images showed the population of EVs derived from BV2 and RAW264.7. (C) WB images showed 
the exosome markers (TSG101, CD63, and ALIX) expressed in the EVs of BV2 and RAW264.7. (D) The bar plot and Volcano plot showed the different 
proteins between BV2 and RAW264.7 EVs. (E) KEGG analysis of different proteins between BV2 and RAW264.7 EVs. (F) GO analysis of different proteins 
between BV2 and RAW264.7 EVs. (G) qPCR verified the top 10 of different proteins between BV2 and RAW264.7. (H) WB images showed the UCHL1 expres-
sion in BV2 and RAW264.7 and the EVs secreted from those cells. (I) Quantification of the relative integrated intensity of cell protein and EVs protein in 
BV2 and RAW264.7 by WB. (J) Typical WB images for CX3CR1 and UCHL1 and their quantification of relative integrated intensity in different mouse organs. 
***p < 0.001 versus other groups. (K) Representative images for double labeling CX3CR1 and UCHL1, along with the quantification of double-positive par-
ticles in BV2 and RAW264.7 EVs. All values are mean ± SEM. n = 3–4 in each group. **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance
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Results
Identification of microglial specific EVs
To identify microglial-specific EV markers, using ultra-
centrifugation, EVs were initially enriched from the con-
ditioned media of BV2 microglial cell line and RAW264.7 
bone marrow macrophage cell line, respectively. The EVs 
were characterized extensively with TEM (transmis-
sion electron microscope), NTA (nanoparticle track-
ing analysis), and WB (Western blot) techniques. TEM 
imaging revealed that the isolated components exhib-
ited cup-shaped or vesicular morphology with diameters 
ranging from approximately 30 nm to 150 nm (Fig. 1A). 
NTA studies indicated that the primary peak particle size 
of EVs derived from BV2 cells was 108.3  nm, while the 
size of EVs derived from RAW264.7 cells was 101.8 nm 
(Fig.  1B). Furthermore, WB results confirmed the pres-
ence of typical EV markers such as CD63, ALIX, and 
TSG101 (Fig.  1C). These results collectively demon-
strated the characteristic of the isolated EVs from both 
cell lines.

With the EVs characterized above, the protein pro-
files were analyzed using unbiased mass spectrometry. 
As depicted in the bar plot and volcano plot (Fig.  1D), 
we identified 290 uniquely upregulated and 158 down-
regulated proteins in BV2-derived EVs compared to 
RAW264.7-derived EVs. KEGG analysis demonstrated 
that these differential genes were primarily enriched in 
glucose and lipid metabolism pathways (Fig.  1E). Fur-
thermore, GO analysis revealed that the corresponding 
differential genes were intimately associated with cell 
composition, glucose metabolism, oxidative stress, and 
Golgi apparatus organization (Fig. 1F).

When comparing the mass-spectrometry results with 
the Human Protein Atlas database (https://www.protein-
atlas.org/), we identified the top 10 microglial-specific 
proteins that were highly expressed in BV2-derived EVs 
but not in RAW264.7-derived EVs (Table  3). Among 
these differential proteins, UCHL1 emerged as a prom-
ising candidate for distinguishing microglial EVs from 

those of macrophages. This is supported by elevated 
gene expression quantified by qPCR (Fig.  1G) and a 
pronounced increase in UCHL1 protein expression in 
BV2 cells compared to RAW264.7 cells and their associ-
ated EVs (Fig. 1H, I) as shown by WB results. Together, 
these results suggest that UCHL1 could potentially 
serve as a specific protein to distinguish microglia from 
macrophages.

On the other hand, it is known that UCHL1 is not 
expressed exclusively in microglia. Indeed, the WB 
results showed that the expression of UCHL1, while rel-
atively higher in the brain compared to other organ tis-
sues in adult mice, was not unique to the brain (Fig. 1J). 
To isolate microglial EVs more specifically, we utilized a 
nano flow cytometry platform that identifies a microglial 
population using double biomarkers. Specifically, in the 
following series of investigations, in addition to UCHL1, 
we added CX3CR1, a protein co-expressed uniformly 
and specifically in both microglia and macrophages for 
the definition of microglia EVs. As shown in Fig.  1K, 
CX3CR1 and UCHL1 double-positive particles in EVs 
secreted by BV2 were significantly more abundant than 
those in EVs secreted by RAW264.7.

To substantiate the specificity of CX3CR1 and UCHL1 
beyond cell line cultures, we conducted qPCR, WB, 
and immunofluorescence analyses on primary cultured 
microglia and macrophages. For the CX3CR1, although 
gene expression was significantly higher in primary 
microglia than in primary cultured macrophages at the 
qPCR level (Fig.  2A), WB analysis, immunofluores-
cence, and flow cytometry showed comparable levels of 
CX3CR1 expression in both cell types (Fig.  2B, C, D). 
On the other hand, consistent with our previous results, 
the mRNA levels of Uchl1 in primary cultured microg-
lia were significantly higher than those in primary cul-
tured macrophages (Fig.  2A). Furthermore, both WB 
and immunofluorescence staining also confirmed that 
the protein expressions of UCHL1 in primary microglia 
were notably higher than those in primary macrophages 

Table 3 The differential genes between BV2 and RAW264.2 screened by mass spectrum
Confidence Accession Description Coverage [%] MW [kDa] BV2/RAW264.7 p value
High P35969 FLT1 4 149.8 100 1.23929E-16
High Q9R0P9 UCHL1 14 24.8 100 1.23929E-16
High P59764 DOCK4 1 226.4 100 1.23929E-16
High O35099 MAP3K5 3 154.4 100 1.23929E-16
High Q61666 HIRA 4 111.7 100 1.23929E-16
High P98154 DGCR2 2 60.7 100 1.23929E-16
High P70196 TRAF6 2 60 100 1.23929E-16
High Q64685 ST6GAL 4 46.6 100 1.23929E-16
High Q3UHC7 DAB2IP 3 131.6 100 1.23929E-16
High Q9R0A0 PEX14 3 41.2 100 1.23929E-16
Note Coverage (%) represents how much percentage that the peptides fraction identified by mass spectrometry took up in the whole protein. MW = Molecular 
weight. Because the signals for certain proteins can be detected in BV2 EVs via mass spectrometry but not in RAW 264.7 EVs, the system defaults the fold change 
(BV2/RAW264.7) to 100

https://www.proteinatlas.org/
https://www.proteinatlas.org/
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(Fig. 2B, C). Finally, nano flow cytometry results showed 
a remarkable enrichment of UCHL1+/CX3CR1+ particles 
in primary microglial EVs compared to those in primary 
macrophage EVs (Fig. 2D).

To validate the specificity of co-labeling of CX3CR1 
and UCHL1 as unique microglial markers, two additional 
investigations were conducted. First, at organ level, as 
expected, CX3CR1 and UCHL1 are not only expressed in 
brain tissue but also in the liver, stomach, and esophagus 

Fig. 2 Specific co-expression of CX3CR1 and UCHL1 in microglia. (A) Quantification of the relative mRNA expressions of Cx3cr1 and Uchl1 in primary 
cultured Bone marrow-derived macrophage (BMDM) and microglia by qPCR. (B) Representative images of WB showed the expression of CX3CR1 and 
UCHL1 in primary cultured BMDM and microglia. (C) Representative immunostaining images for CX3CR1 and UCHL1 in primary cultured BMDM and 
microglia. (D) Images for double labeling CX3CR1 and UCHL1 in the EVs from BMDM and microglia and quantification of the double positive particles by 
Cytoflex LX. (E) Representative immunostaining images for CX3CR1 and UCHL1 in human brain, liver, stomach, and esophagus sections. (F) Representa-
tive immunostaining images for CX3CR1 and UCHL1 colocalization in different cell types (IBA1 for microglia, NEUN for neuron, GFAP for astrocyte, CC1 
for oligodendrocyte, CD31 for brain microvascular endothelial cells) in human brain sections. All values are mean ± SEM. n = 3–4 in each group. **p < 0.01, 
***p < 0.001, ****p < 0.0001
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of mice (Fig. 1J), however, the highest co-localization of 
both proteins was in the brain (Fig. 2E). At cellular level 
to evaluate the cell types co-localized with CX3CR1 and 
UCHL1 in the brain, we performed immunofluorescent 

staining for CX3CR1, UCHL1, and cell markers (IBA1, 
NEUN, GFAP, CC1, and CD31) using human brain tissue 
sections. The results demonstrated that co-localization of 
CX3CR1 and UCHL1 was only present in IBA1-positive 

Fig. 3 (See legend on next page.)
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microglial cells (Fig.  2F). These findings cooperatively 
underscore the development of a novel biomarker for dis-
tinguishing microglia from macrophages.

Characterization of microglial EVs in human plasma
To probe the possibility of microglia-derived EVs as a 
biomarker for neurological disorders, we optimized a 
strategy to capture microglia-derived EVs from human 
plasma, with the method developed previously in our lab 
[13]. EVs extracted from human plasma were observed by 
TEM after ultracentrifugation to analyze their morphol-
ogy and size. The double-layer membrane structure, with 
a diameter of about 30–150  nm, was observed in cup-
shaped or vesicular-shaped EVs (Fig.  3A). NTA results 
showed that the enrichment peak was about 70  nm 
(Fig. 3B). Furthermore, WB results showed that the EVs 
from plasma concurrently contained EV markers (ALIX 
and CD9) and microglial markers (CX3CR1 and UCHL1) 
(Fig. 3C).

To further validate the identification of microglial-
derived EVs from human plasma, an ultra-high resolu-
tion imaging technique (STORM) was employed. The 
results showed that microglial markers CX3CR1 and 
UCHL1 were co-localized with exosome marker CD9 
on the membrane of EVs (Fig.  3D i). Additionally, co-
localization of NFL, a marker commonly used in MS pro-
gression analysis, was also observed together with CD9 
on EVs (Fig. 3D ii). Another synaptic-associated protein, 
NMDAR2A, a neuronal EV marker, has been previously 
verified by our laboratory to co-localize with CD9 [13].

To develop a practical method to robustly measure 
CX3CR1 and UCHL1 double-positive microglial EVs in 
plasma, we further optimized the nanoscale flow cytom-
etry assay used routinely in our lab. The results showed 
that CX3CR1+, UCHL1+, and NFL+ EVs were clearly 
detectable in plasma, with only a small amount of posi-
tive signal detected in the isotype IgG control group, 
blank group, and EVs-depleted plasma (Fig.  3E). Fur-
ther study with nano flow cytometry indicated that the 
CX3CR1 and UCHL1 double-positive particles were 
precisely captured in human plasma EVs (Fig.  3F). For 
stability and reproducibility testing, the antibodies of 
CX3CR1, UCHL1, and NFL were diluted with four 

different dilution ratios (1:25, 1:50, 1:100 or 1:200) and 
the same test was performed for 5 consecutive days. The 
results showed that these antibodies had a stable label-
ing percentage of EVs with different dilution ratios and 
different testing time points (Supplementary Fig. S2). 
The standard sample (fluorescent beads of known size) 
was run periodically to calibrate the differences between 
batches. All the above results proved the labeling assay 
had reasonable stability and reproducibility.

Microglial EVs in the diagnostics of MS
To explore potential clinical applications of the newly 
developed microglial EVs markers, we preliminarily 
explored the levels of these markers in several represen-
tative neurodegenerative diseases, including MS, AD, 
and PD, all of which involve some degree of neuroinflam-
mation. This analysis included 25 MS patients, 21 AD 
patients, 37 PD patients, and 11 HC from Fujian Medical 
University. Clinical characteristics are shown in Table 4. 
Notably, the number of CX3CR1+/UCHL1+ EVs was sig-
nificantly increased in the plasma of the MS group, while 
it did not change significantly in AD or PD patients com-
pared to the HC group (Supplementary Fig. S3). Next, we 
focused on MS, using HAM as a relevant disease control 
group due to its clinical similarity to MS. Samples were 
selected based on clinical diagnostic criteria and included 
MS (multiple sclerosis, n = 113), HAM (HTLV-1-associ-
ated myelopathy, n = 29), and HC (healthy control, n = 67). 
The characteristics of the clinical cohorts are summa-
rized in Table 5.

Using CX3CR1+/UCHL1+ EVs as the microglial EV 
markers, our results indicated a significant increase in 
CX3CR1+/UCHL1+ EVs in the MS group when com-
pared to the HC group. Notably, the HAM group exhib-
ited even higher numbers of microglial EVs compared to 
the MS group (Fig.  4A). Recognizing the potential neu-
rodegenerative aspects in MS due to axonal degeneration 
alongside demyelinating lesions, we also included the EVs 
containing the synaptic-associated protein NMDAR2A, 
which decreases in AD significantly [13], and the EVs 
containing axon protein NFL, a marker commonly 
used to reflect neurodegeneration [30, 31], to assess the 
extent of neurodegenerative response. Remarkably, the 

(See figure on previous page.)
Fig. 3 Characterization of microglia-derived EVs in human plasma. (A) A representative. TEM image of EVs isolated from human plasma showed dou-
ble-layered membrane-bound vesicles. (B) NTA showed a population of EVs with a peak around 70 nm. (C) Representative images of WB showed the 
expression of microglia-specific markers (CX3CR1 and UCHL1) and EV markers (ALIX and CD9) in the isolated EVs from plasma, raw human plasma and 
the supernatant of plasma ultracentrifugation. (D) Typical STORM images showed CX3CR1 and UCHL1 colocalized on the CD9 marked EV membranes. 
Moreover, NFL was localized on the CD9-marked EV membranes. Notably, the size of EV signals in STORM exceeds 200 nm, which may be attributed to 
PFA fixation and the algorithm-based approach, both of which introduce certain biases when characterizing the size of EVs. (E) Representative histograms 
showed the populations of EVs positive for each marker (CX3CR1, UCHL1, and NFL), fluorophore-conjugated IgG isotype control, a blank (fluorophore 
only, no antibody) control experiment, and UC-depleted (plasma with depletion of EVs by ultracentrifugation). Quantification data of positive EVs de-
tected by the flow cytometry-based assay demonstrating the specificity of EV assays. (F) Representative images for double labeling of microglial EV mark-
ers (CX3CR1 and UCHL1) and isotype IgG in a pooled human plasma sample (combined plasma from 40 individuals). All values are mean ± SEM. n = 3 in 
each group
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proportion of NMDAR2A- and NFL-positive EVs in the 
peripheral blood of MS patients was significantly higher 
compared to the HC group. Furthermore, the HAM 
group exhibited even higher levels of microglial EVs in 
comparison to the MS group, especially in the portion of 
the particles < 150 nm (Fig. 4B, C), i.e., those within the 
size of typical exosomes.

The ROC analysis was carried out to evaluate the 
diagnostic performance of CX3CR1+/UCHL1+ EVs in 
differentiating patients with MS from HC or patients 
with HAM. Comparing patients with MS and HC, 
the AUC (Area Under the Curve) analysis value was 
0.72 (95% CI = 0.63–0.81) for CX3CR1+/UCHL1+ EVs, 
0.86 (95% CI = 0.80–0.92) for NMDAR2A+ EVs, and 
0.70 (95% CI = 0.61–0.78) for NFL+ EVs, respectively 
(Table  6). Although the performance of CX3CR1+/
UCHL1+, NMDAR2A+ or NFL+ EVs alone was modest in 

distinguishing MS from HC, the integrative analysis com-
bining all these biomarkers, a method commonly used in 
flow cytometry, further increased the diagnostic power in 
distinguishing MS from HC with an AUC of 0.89 (Fig. 4D; 
Tables  6 and 95% CI = 0.83–0.94). Similarly, the integra-
tive model also amplified the diagnostics in differentiat-
ing MS from HAM with an AUC of 0.92 (Fig. 4E; Tables 6 
and 95% CI = 0.84–0.98). To avoid overfitting from using 
a single cohort with multiple parameters, the cohort 
was randomly split into the training and test datasets, 
respectively, at a ratio of 4:1, followed by cross-validation 
analysis [29] (with two models, linear regression [27] and 
random forest [28]). The results largely replicated those 
from the logistic regression analysis (Supplementary Fig. 
S4). It is also important to note that the diagnostic values 
were not affected when age differences among different 
groups were factored in (Supplementary Fig. S5).

Having established the role of CX3CR1+/UCHL1+ EVs 
in diagnosing MS and differentiating it from HAM, we 
focused on the earlier observation that microglial EVs 
did not change significantly in AD or PD compared to 
HC (Supplementary Fig. S3), despite both diseases being 
associated with clear neuroinflammation. Given the lim-
ited sample size of the cohort from Fujian Medical Uni-
versity, we collected another set of samples, including 36 
AD patients, 34 PD patients, and 53 HC, from the First 
Affiliated Hospital of Zhejiang University for validation. 
The clinical characteristics are shown in Table  7. The 
results of this cohort indicated that, consistent with the 
preliminary study, the number of CX3CR1+/UCHL1+ 
EVs did not differ in PD patients but decreased signifi-
cantly in AD patients compared to HC (Supplementary 
Fig. S6).

Taken together, these data demonstrate that combin-
ing CX3CR1+/UCHL1+, NMDAR2A+, and NFL+ EVs 
from plasma displays a potential capability to distinguish 
MS from HC and HAM, but the peripheral response of 
microglial EVs to various neurological disorders are quite 
different.

Microglial EVs over the duration of MS
MS patients progress clinically, but unpredictably, during 
the disease duration. We analyzed the EV markers with 
MS disease duration for at least 10 years. Intriguingly, 
there were no clear trends in these EV markers (data not 
shown) over the duration of 10 years. Given that MS has 
a higher probability of clinical progression after the initial 
five years [32], next, we selected the first five years as a 
cutoff point. Remarkably, different trends in EV biomark-
ers were observed among MS patients between the 0–5 
year and 5–10 year intervals. Specifically, the microglial 
CX3CR1+/UCHL1+ EVs showed an increasing trend in 
the first five years after the onset of MS symptoms but 
became stable in the following five years. In the patients 

Table 4 Summary of the demographics and clinical data of MS, 
AD, PD, and HC participants from Fujian Medical University

HC MS AD PD
 Case no 11 25 21 37
CX3CR1+/
UCHL1+ 
(%)

0.26 ± 0.11 0.58 ± 0.45 0.24 ± 0.10 0.31 ± 0.12

 Age mean = 32.48
range: 23–62

mean = 39.5
range:20–60

mean = 62.43
range: 49–77

mean = 67.19
range: 47–78

Sex (male: 
female)

6:5 10:15 8:13 25:12

Note CX3CR1+/UCHL1+ (%) are presented by mean ± SEM

Table 5 Summary of the demographics and clinical data of MS 
and HAM participants

HC MS HAM
 Case no 67 113 29
CX3CR1+UCHL1+ (%) 0.24 ± 0.11 0.34 ± 0.39 0.65 ± 0.37
NMDAR2A (%) 1.22 ± 0.57 2.21 ± 1.01 3.69 ± 1.54
NFL (%) 1.43 ± 0.76 2.15 ± 1.25 3.69 ± 1.94
Age mean = 25.86

range: 22–40
mean = 35.41
range: 9–71

mean = 50.07
range: 33–61

Sex (male: female) 10:57 32:81 5:24
Disease duration (year) --- mean = 7.1

range: 0.1–23
mean = 10.04
range: 0–20

EDSS --- 3.1 ± 1.9 4.19 ± 1.33
Subtype (RRMS: PPMS: 
SPMS)

--- 95:10:8 ---

NFL (Simoa, pg/mL, 
n = 70)

--- 25.13 ± 38.85 ---

CSF HTLV-1 antibody --- --- All (+)
Plasma HTLV-1 
antibody

--- --- All (+)

PBMC virus titers --- --- 10.87 ± 6.89
Note CX3CR1+/UCHL1+ (%), NMDAR2A (%), NFL (%), EDSS, NFL (Simoa, pg/
mL, n = 70), and PBMC virus titers in the table are presented as mean ± SEM. 
EDSS = Expanded Disability Status Scale, RRMS = Relapsing Remitting Multiple 
Sclerosis, PPMS = Primary Progressive Multiple Sclerosis, SPMS = Secondary 
Progressive Multiple Sclerosis, CSF = Cerebrospinal Fluid, PBMC = Peripheral 
Blood Mononuclear Cell
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Fig. 4 (See legend on next page.)
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with HAM, however, the CX3CR1+/UCHL1+ EVs did not 
alter significantly during the whole duration of 20 years 
(Fig. 5A). On the other hand, for the neurodegenerative 
markers, NMDAR2A+ and NFL+ EVs showed a relatively 
stable trend within the first five years after the onset of 
MS, while gradually increasing in the next five years. 
Conversely, for the patients with HAM, NMDAR2A+ and 
NFL+ EVs showed a consistently decreasing trend over 
the duration of 20 years (Fig. 5B, C).

Discussion
The current study represents significant progress on 
multiple fronts. Primarily, the investigation successfully 
pinpointed a distinctive combination of UCHL1 and 
CX3CR1 markers, allowing for the precise identification 
of EVs originating from CNS microglia in human blood. 
Furthermore, the study illustrated the potential diag-
nostic utility of combining microglia-derived EVs with 
neuron-derived EVs for both diagnosing and differenti-
ating MS and related disorders. Lastly, the integration of 
microglial EVs with neuronal EVs may be useful for mon-
itoring the disease duration of MS.

Distinguishing between microglia and macrophages in 
CNS research has posed a significant hurdle. Tradition-
ally, microglia have been considered the resident CNS 
macrophages due to their shared origin and developmen-
tal process [33]. However, as mentioned earlier, recent 
studies challenge this notion, revealing that microglia and 
macrophages may derive from distinct sources express-
ing different genes or proteins [19, 34]. For example, 
transcriptional analysis shows that microglia and mac-
rophages have different characteristics, despite sharing 
some common antigens, including CX3CR1, CD11b, and 
CD45 [35, 36]. Some studies have identified several pro-
teins, including TMEM119, P2RY12, SALL1, and HEXB, 
as specific to microglia [37–40]. Nevertheless, our results 
indicated that most, if not all, of those reported “microg-
lial specific genes/proteins” were not only expressed in 
microglia-derived but also macrophage-derived EVs 
(Supplementary Fig. S7). To clearly distinguish between 
EVs derived from microglia and those from macro-
phages, we initiated an unbiased screening process using 
mass spectrometry to analyze the distinctive protein pro-
files in EVs released from BV2 microglia and RAW264.7 
macrophage cell lines. Our findings uncovered specific 
proteins were expressed exclusively in microglial EVs 

when compared to those from macrophages (Fig.  1). 
After further refinement, UCHL1 emerged as the pri-
mary candidate.

Proximity proteomics analysis identified that UCHL1 
was an essential regulator of NLRP3-mediated IL-1β pro-
duction in human microglia [41]. However, UCHL1 is 
not exclusively expressed in microglia. Indeed, UCHL1 
is a multifunctional protein highly expressed in the brain 
and spinal cord, especially in neurons, playing an impor-
tant role in regulating the level of cellular free ubiquitin, 
redox state, and the degradation of select proteins [42]. 
To mitigate potential interference from EVs transporting 
UCHL1 released by other cell types, we employed a dual 
labeling approach, i.e., co-labeling UCHL1 with CX3CR1, 
a shared robust marker for microglia and macrophages. 
This strategy enhanced the precision of identifying 
microglia-specific EVs in cell lines, primary microglia, 
and ultimately in human brain tissue (Figs. 1 and 2).

To determine whether microglia-derived EVs in 
peripheral blood could serve as potential diagnostic 
markers for various neurodegenerative diseases involv-
ing neuroinflammation [43, 44], we assessed their per-
formance in patients with MS, HAM, AD, and PD. 
Remarkably, while alterations in microglial EVs were 
rather consistent in MS patients, the peripheral identi-
fication of microglia-derived EVs in other neurological 
diseases exhibited significant variations. In the cohort 
from Fujian Medical University, compared to HC, HAM 
patients demonstrated a substantial increase in microg-
lial markers (see below for further discussion), whereas 
neither AD nor PD exhibited significant changes (Supple-
mentary Fig. S3). Given these unexpected results on AD 
and PD, considering the well-documented activation and 
clustering of microglia around aggregated proteins like 
β-Amyloid (Aβ) plaques in AD [45, 46], another cohort 
study from the First Affiliated Hospital of Zhejiang Uni-
versity was performed for verification. The results of this 
cohort showed a significant decrease in microglial EVs in 
AD (Supplementary Fig. S6), with no significant differ-
ences between PD and other groups. What distinguishes 
CNS neuroinflammation associated with MS or HAM 
from the neuroinflammation unequivocally linked to AD 
[47] or PD [48]? The question is rather difficult to answer 
because the elevated peripheral microglial EVs in MS and 
HAM might be due to CNS microglial activation, altered 
synthesis or trafficking of EVs, and a compromised BBB.

(See figure on previous page.)
Fig. 4 Performance of CX3CR1+/UCHL1+, NMDAR2A+, and NFL+ EVs in MS cohort. The percentage of biomarker-positive particles in the total of 150,000 
particles counted by nano flow cytometry is shown in the graphs. (A) The percentage of CX3CR1+/UCHL1+ EVs was significantly higher in MS than in HC, 
and remarkably lower in MS than in HAM. (B) The percentage of NMDAR2A+ EVs was significantly higher in MS than in HC, and markedly lower in MS than 
in HAM. (C) The percentage of NFL+ EVs was significantly higher in MS than in HC, and markedly lower in MS than in HAM. (D) ROC curves showed the 
separation of MS from HC using EVs carrying CX3CR1 + UCHL1, NMDAR2A and NFL. An integrative model including all EV markers distinguishes MS from 
HC. (E) ROC curves showed the separation of MS from HAM using EVs carrying CX3CR1 + UCHL1, NMDAR2A and NFL. An integrative model including all 
EV markers distinguishes MS from HAM. All values are mean ± SEM. n = 67 for HC, 113 for MS, and 29 for HAM. **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no 
significance
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MS, a chronic autoimmune disease, is characterized 
by demyelination and a significant increase in microglial 
populations within active lesions [49]. Microglia clear 
myelin debris [50] and release EVs containing inflam-
masome components, recruiting inflammatory cells 
[51]. In contrast, HAM is driven primarily by microglial 
activation linked to HTLV-1 proviral DNA levels [52]. 
HTLV-1-infected CD4 T cells, secreting IFN-γ, trigger 
microglial activation via CD8 T cell recognition [53]. 

Table 6 AUC value in ROC analysis (logistic regression analysis)
Marker Comparison

MS vs. HC MS vs. HAM HC vs. HAM
AUC 95% CI AUC 95% CI AUC 95% CI

CX3CR1 + UCHL1 0.72 0.63–0.81 0.88 0.80–0.95 0.79 0.70–0.88
NMDAR2A 0.86 0.80–0.92 0.78 0.69–0.88 0.96 0.92–0.99
NFL 0.70 0.61–0.78 0.74 0.63–0.85 0.86 0.77–0.95
Combine 0.89 0.83–0.94 0.92 0.84–0.98 0.96 0.92–1.00
Note AUC = Area under the curve, CI = Confidence interval

Table 7 Summary of the demographics and clinical data of 
AD, PD, and HC participants from the First Affiliated Hospital of 
Zhejiang University

HC AD PD
 Case no 53

0.52 ± 0.49
mean = 68.78
range: 50–91
31:22

36 34
CX3CR1+/UCHL1+ (%) 0.35 ± 0.33 0.37 ± 0.27
 Age mean = 81.44

range: 61–96
mean = 72.69
range:36–89

Sex (male: female) 28:8 14:20
Note CX3CR1+/UCHL1+ (%) are presented by mean ± SEM

Fig. 5 Analysis of the disease duration of microglia- and synapse-derived EVs in MS and HAM. (A) The relationship between the number of CX3CR1+/
UCHL1+ particles and disease duration in MS and HAM. (B) The relationship between the number of NMDAR2A+ particles and disease duration in MS 
and HAM. (C) The relationship between the number of NFL+ particles and disease duration in MS and HAM. n = 54 for MS and 28 for HAM. *P < 0.05 and 
**P < 0.01
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Given the distinct pathophysiology of MS and HAM, the 
level of microglial activation and subsequent secretion of 
CX3CR1+/UCHL1+ EVs into the peripheral blood likely 
differ (Fig. 4A).

The integrity of BBB is another critical factor to con-
sider. The BBB dysfunction in HAM is more severe than 
that in MS, which might be due to the susceptibility of 
cerebral endothelial cells to retroviral infection, thereby 
disrupting the expression of tight junctions in brain 
endothelial cells [54], and resulting in higher levels of 
microglial EVs in peripheral blood of HAM compared to 
MS. However, the hypothesis can be disputed readily as 
AD and PD are both linked to BBB dysfunction, yet with-
out displaying an elevation in microglial EVs in blood 
EVs. Regardless of the underlying pathogenesis explain-
ing the observed differences in microglial EVs in the 
peripheral blood of various neurological diseases, never-
theless, it is evident that these newly identified markers 
offer significantly improved differential power (Fig. 4, S3 
and S6) in distinguishing MS from HAM, AD, PD, and 
HC.

The differentiation of MS from HAM using newly iden-
tified microglial EV markers is crucial, as HAM patients 
often manifest similar myelopathy symptoms and imag-
ing changes to those observed in progressive forms of MS 
[55]. Remarkably, a significant number of HAM patients 
initially receive a diagnosis of primary progressive MS 
(PPMS). Currently, the detection of peripheral PVL in 
CSF serves as the primary method to diagnose HAM 
[56], with no other sufficiently reliable biomarker avail-
able to distinguish HAM from typical PPMS. In essence, 
the newly identified microglial EV markers not only con-
tribute to confirming an MS diagnosis but also play a 
potential role in facilitating the differential diagnosis of 
MS from HAM.

As mentioned earlier, neurodegeneration develops 
invariably during the duration of MS progression [57]. 
Recent studies suggest that blood-free NFL performs 
reasonably well in assessing MS disease progression, 
however, different or better progression markers are 
necessary [58]. In this study, we extended our analysis 
to include the synaptic protein NMDAR2A+ EVs and 
the axon-related protein NFL+ EVs in plasma, aiming 
to achieve two goals. First, these markers enhanced the 
ability to distinguish between MS and HC or individuals 
with HAM (Fig. 4). The other major advantage of includ-
ing neuronal markers is the increased ability to measure 
MS progression more objectively. Explicitly, when assess-
ing microglia-derived EVs alone, the markers showed an 
upward trend within the first five years after the onset 
of MS symptoms, becoming stable in the next five years 
(Fig.  5). This pattern differs from the performance of 
the markers in HAM patients, where a more extended 
increase was observed over the entire disease duration. 

The mechanisms underlying this difference remain to be 
investigated, however, it might be attributed to abnor-
mal phosphorylation of neurofilaments and the strip-
ping of synaptic proteins in cortical callosal projecting 
neurons. Support for this hypothesis can also be found 
in our study, where EVs carrying NMDAR2A or NFL dis-
played a relatively stable pattern within the first five years 
of MS and then exhibited a gradual increase in the sub-
sequent five years (Fig.  5), signifying that the disease is 
progressing toward neurodegeneration later in the dura-
tion of MS when the release of microglial EVs from the 
CNS was stabilized [59]. On the other hand, it is obvi-
ous that the MS type of neurodegeneration is different 
from what is observed in the plasma of HAM patients, 
likely due to more extensive neurodegeneration, similar 
to what we have observed in AD patients [60]. It is also 
crucial to note that the EV forms of NFL are well-corre-
lated with the free forms of NFL in MS patients during 
disease progression, although the direction of changes is 
opposite (Supplementary Fig. S8). These results indicate 
that the transformation of NFL+ EVs and free-form NFL 
in plasma is related to the underlying mechanisms of dis-
ease progression, clearly warranting further investigation.

The present study has several limitations: (1) The lim-
ited number of cases for AD, PD, and HAM necessi-
tates the inclusion of more patients, particularly those 
recruited from multiple medical centers, to validate the 
preliminary results reported in this study pertaining 
to clinical cohorts. (2) The average ages of the HC, MS, 
and HAM cohorts are statistically different. We have 
confirmed that the percentage of CX3CR1+/UCHL1+ 
EVs had no relationship with age in MS, HAM, or HC 
(Supplementary Fig. S5), and secondary analysis also 
addressed this issue again through covariable analysis (p 
(CX3CR1+/UCHL1+) = 0.079, p (NMDAR2A+) = 0.461, 
p (NFL+) = 0.697). However, efforts should be made to 
minimize age differences in future studies. (3) There are 
several subtypes of MS, including RRMS and SPMS, 
but there are no clear clinical, imaging, immunologic, 
or pathologic criteria to confidently delineate patient 
progression from RRMS to SPMS [61, 62]. This issue 
is further complicated by the fact that most of the MS 
patients in our cohort had RRMS, limiting our ability to 
correlate microglial markers with different MS subtypes. 
Future studies should investigate the association between 
microglial EVs and MS subtypes in better-characterized 
cohorts, including those with longitudinal follow-up, 
to identify and assess progression markers and explore 
how these markers respond to therapy. A validation 
study using an independent cohort is also crucial to fur-
ther reduce the risk of overfitting when testing multiple 
markers in a single cohort. (4) In this study, blood sam-
ples from Fujian Medical University were collected post-
meals, whereas those from The First Affiliated Hospital, 
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Zhejiang University School of Medicine were obtained 
pre-meals, which may introduce variability associated 
with mealtime. Although the results obtained in AD 
and PD patients were largely replicated in two different 
cohorts, future investigations should eliminate differ-
ences in sample collection processes, particularly when 
involving samples from various geographically diverse 
hospitals. (5) Last but not least, although combining 
microglial markers with neuronal markers (NMDAR2A+ 
and NFL+ EVs) significantly improved differentiation 
power, the use of microglial EVs as a standalone tool is 
limited due to overlap with HC and HAM patients, i.e., 
further investigation is needed to identify better markers 
for better managing MS clinically.

Conclusions
In summary, this study introduced a novel biomarker 
for identifying microglial specific EVs in human blood 
through the dual labeling of CX3CR1 and UCHL1. We 
investigated the diagnostic and differential diagnostic 
potential of these CX3CR1+/UCHL1+ EVs in conjunction 
with NMDAR2A+ and NFL+ EVs for MS. Although fur-
ther investigation is needed, our study offers a novel per-
spective on utilizing microglia-derived EVs in peripheral 
blood as a biomarker for the diagnosis and differential 
diagnosis of MS and related disorders.
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