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Myeloid Microvesicles Are a Marker and
Therapeutic Target for Neuroinflammation
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Objective: Microvesicles (MVs) have been indicated as important mediators of intercellular communication and are
emerging as new biomarkers of tissue damage. Our previous data indicate that reactive microglia/macrophages
release MVs in vitro. The aim of the study was to evaluate whether MVs are released by microglia/macrophages in
vivo and whether their number varies in brain inflammatory conditions, such as multiple sclerosis (MS).
Methods: Electron and fluorescence microscopy and flow cytometry were used to detect myeloid MVs in the
cerebrospinal fluid (CSF) of healthy controls, MS patients, and rodents affected by experimental autoimmune
encephalomyelitis (EAE), the animal model of MS.
Results: Myeloid MVs were detected in CSF of healthy controls. In relapsing and remitting EAE mice, the
concentration of myeloid MVs in the CSF was significantly increased and closely associated with disease course.
Analysis of MVs in the CSF of 28 relapsing patients and 28 patients with clinical isolated syndrome from 2
independent cohorts revealed higher levels of myeloid MVs than in 13 age-matched controls, indicating a clinical
value of MVs as a companion tool to capture disease activity. Myeloid MVs were found to spread inflammatory
signals both in vitro and in vivo at the site of administration; mice impaired in MV shedding were protected from
EAE, suggesting a pathogenic role for MVs in the disease. Finally, FTY720, the first approved oral MS drug,
significantly reduced the amount of MVs in the CSF of EAE-treated mice.
Interpretation: These findings identify myeloid MVs as a marker and therapeutic target of brain inflammation.
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mall membrane vesicles, released by most cell types,

include shed microvesicles (MVs), also called ecto-
somes, which bud directly from the plasma membrane,
and exosomes, which result from exocytosis of multive-
sicular bodies."™ Shed MVs are characterized by high
levels of externalized phosphatidyl serine (PS),” whereas
exosomes typically express tetraspan proteins such as
CD63 or CD9. Membrane vesicles produced from dis-
tinct cells are molecularly different from each other,

reflecting the differential expression of proteins of various
donor cells. Constituents of MVs may also vary depend-
ing on the state (eg, resting, stimulated) of donor cells.®
MV cargo includes nucleic acids (mRNA, microRNA,
DNA), soluble and integral cellular proteins, and lipids.
For all these constituents, vesicle biogenesis serves as a
mechanism of regulated assembly, protection from dis-
persal and degradation, efficient extracellular release, or

transfer to target cells. Because they serve as units of
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multiple biochemical information,' the efficacy of inter-
cellular signaling allowed by MVs is far superior to that
of direct cell to cell contacts or secreted factors. Accord-
ingly, MVs potently influence the phenotype of sur-
rounding cells.” Because of their small size, some extrac-
ellular vesicles can move from the site of discharge by
diffusion and be retrieved from several biological fluids,
such as blood, urine, and synovial fluid, where they are
emerging as clinically valuable markers of disease states.®”
'% Shed MVs are quite large in size (200-1,000nm in di-
ameter) and can be directly quantified in biological fluids
by flow cytometry, in contrast to exosomes (50—100nm),
which are below the detection limit of the methodology.
Recent studies have shown that exosomes and shed
MVs are released by brain cells. Although little is known
about their molecular composition, accumulating evi-
dence indicates that MVs produced by distinct types of
brain cells play important functions in the central nerv-
ous system (CNS), both in health and after damage.7 For
example, exosomes derived from oligodendrocytes can
control myelination,11 and those produced from
Schwann cells may support local axonal protein synthesis
by delivering ribosomes to injured axons.'? Conversely,
exosomes released by neurons may exert detrimental
function, spreading pathogenic agents or degenerative
proteins like beta-amyloid and alpha-synuclein.®%'%'4
Finally, MVs released from glioma can transfer oncogenic
proteins.”” A specialized type of MV release has been
described for microglia. Microglial cells, like other mye-
loid cells that express the P2X; adenosine triphosphate
(ATP) receptor, shed MVs from the cell surface when
exposed to P2X agonists.”'® Although it is known that
MVs derived from reactive microglia contain inflamma-
tory cytokines, such as interleukin (IL)1f, no informa-
tion is available about their existence and biological activ-
ity within the brain. Although microglia are the immune
cells of the CNS, which provide the first line of defense
in brain pathologies,'” all reports that exploited the diag-
nostic value of MVs in CNS diseases have focused so far
on MVs derived from platelets, endothelial cells, or oli-
godendrocytes.*”'® The possibility that microglia-derived
MVs exist in vivo and may represent biomarkers of
inflamed CNS has never been explored. We addressed
this hypothesis in the prototypic inflammatory disease of
the CNS, multdple sclerosis (MS), and in experimental
autoimmune encephalomyelitis (EAE), the widely charac-
terized model of the human disease, in which microglia
activation and infiltration of peripheral macrophages are
strictly associated with disease severity, contributing to
clinical symptoms.'® Here we report that MVs of mye-
loid origin are detectable in the cerebrospinal fluid (CSF)
of humans and rodents and that their concentration
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increases upon brain inflammation. In addition, we show
that myeloid MVs, by spreading inflammation, may con-
tribute to the disease pathogenesis.

Materials and Methods

Human Subjects

Human CSF samples were obtained for diagnostic purpose
from subjects with clinically isolated syndrome (CIS; n = 28)
or definitive MS (n = 72) according to revised McDonald cri-
teria,”” attending the MS Center of the San Raffacle Hospital.
Five patients had primary progressive MS (PPMS); among
relapsing—remitting MS (RRMS) patients, 39 were clinically
stable and 28 were sampled during an acute attack before intra-
venous steroid pulse. Clinical data are summarized in the Sup-
plementary Table. None of the MS patients was under immu-
nomodulatory or immunosuppressive treatment. Six subjects
with neuromyelitis optica (NMO), positive for NMO-Ig, 18
patients with other inflammatory neurological disorders (includ-
ing aseptic encephalitis, recurrent myelitis, recurrent optic neu-
ritis, Behget disease, Guillain—Barre syndrome, chronic inflam-
matory demyelinating polyradiculoneuropathy, inflammatory
radiculitis), 18 patients with other noninflammatory neurologi-
cal disorders (including normal pressure hydrocephalus, parkin-
sonism, Parkinson disease, motor neuron disease, noninflamma-
tory peripheral neuropathies related to diabetes, vitamin
deficiency, alcohol, isolated ischemic nerve palsy, leukodystro-
phy, spinocerebellar ataxia, pseudobulbar palsy), 5 patients with
CNS infectious diseases, and 5 patients with tumors were also
included in the analysis. CSF from age- and sex-matched
healthy donors (n = 13) without known neurological disease
was collected from subjects undergoing local anesthesia for or-
thopedic surgery. This research project was approved by the
ethical committee of the San Raffaele Scientific Institute, and
all subjects signed written informed consent.

Animals

Sprague Dawley and Lewis rats, and C57BL/6 and SJL/j mice
were purchased from Charles River (Wilmington, MA).
Enzyme acid sphingomyelinase (A-SMase) knockout (KO)
mice”’ were a kind gift of Dr Edward H. Schuchman to A.V.
CX3CR1-EGFP** mice were kindly provided by E Kirchhoff.
All efforts were made to minimize animal suffering and to
reduce the number of animals used, in accordance with the Eu-
ropean Communities Council Directive of September 20, 2010
(2010/63/UE). All procedures involving animals were per-
formed according to the guidelines of the Institutional Animal
Care and Use Committee of the San Raffaele Scientific
Institute.

Isolation of MVs from Rodent CSF

Rats or mice were anaesthetized by intraperitoneal injection of
4% cloralium hydrate; CSF was sampled from the cisterna
magna using a glass capillary and checked for the absence of
blood contamination. CSF pooled from 2 to 5 rats was diluted

with 0.5 to 1ml ice-cold phosphate-buffered saline (PBS)
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containing protease inhibitors and either subjected to differen-
tial centrifugation to obtain 3 vesicles pellets—P2, P3, and
P4—as previously described,” or pelleted at 110,000 x g for 1
hour to obtain the whole MV fraction. The resulting pellets
were cither resuspended in sodium dodecyl sulfate (SDS) sam-
ple buffer for Western blotting, or resuspended (and fixed when
needed) for electron microscopy (EM) or fluorescence

microscopy.

EM

P2, P3, and P4 CSF vesicles or apoptotic bodies from ultravio-
let-irradiated N9 microglial cells (Supplementary Fig 1) were
fixed with 4% paraformaldehyde and adsorbed to 400-mesh
Formvar/carbon-coated grids. Grids were contrasted with 1%
uranyl acetate and analyzed with a Philips (Best, the Nether-
lands) CM10 transmission electron microscope. Immunogold
labeling for CD11b/c (OX42) was performed on MVs adsorbed
to grids and incubated for 1 hour with antirat primary antibody
(Ab), followed by 12nm gold-coupled secondary Ab. MVs were
then treated with 1% glutaraldehyde for 20 minutes and finally
subjected to negative staining. MVs from primary rat microglia
were used as positive controls, whereas synaptic vesicles from
rat crude synaptome preparation were used as negative controls.

Fluorescence Microscopy

MVs from rat or mouse CSF were resuspended in about 20ul
of PBS buffer, stained with Annexin-V-FITC, CD11b-PE,
NBD-C6HPC, or IB4-FITC, spotted on glass slides, and
observed with an inverted Zeiss (Thornwood, NY) Axiovert
200M microscope. Staining of fixed MVs with Abs directed
against intracellular epitopes, that is, IBA-1, glial fibrillary
acidic protein (GFAP), myelin basic protein (MBP), CDG63,
and SNAP-25, was performed as follows. Primary Ab was
added in a 1:1 volume of PBS buffer containing goat serum
and 0.3% TritonX-100, and incubations were allowed for 1
hour at room temperature (RT). Primary Ab-conjugated MVs
were then washed with PBS and pelleted before incubation
with fluorochrome-conjugated secondary Abs for 2 hours at RT
and further washing in PBS. Repelleted labeled MVs were then
spotted on glass slides and observed under the microscope. CSF
collected from CX3CRI-EGFP mice was directly stained for
Cd11b, spotted on a glass microscope, sealed, and analyzed.

Western Blotting

P2, P3, and P4 MVs of rat CSF were resuspended in SDS sam-
ple buffer, loaded on a single lane of a 12% polyacrylamide gel,
and blotted onto nitrocellulose filters (see Supplementary Fig
1); 0.2ug of corpus callosum homogenate, 10ug of rat brain,
and 1ug of cortical astrocyte lysate were run in the same gel, as
positive controls. Selected proteins were detected with specific
Abs followed by horseradish peroxidase—conjugated secondary
Abs and revealed using an ECL system. Samples from MV-
stimulated cultured astrocytes (10ug) were processed similarly.
Optical density of immunolabeled bands was measured with
version 1.35 Image] software (National Institutes of Health, Be-
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thesda, MD), and average values and standard error (SE) were

calculated over 3 independent experiments.

Flow Cytometry Analysis of Rodent

and Human CSF

Human or mice CSF was directly stained with fluorescein iso-
thiocyanate (FITC)-conjugate isolectin B4 from Bandeiraea sim-
plicifolia (IB4-FITC; Sigma, St Louis, MO) and/or annexin-V-
APC in 1% bovine serum albumin. Specificity of IB4 labeling
was evaluated on MVs produced by cultured microglia by pre-
treating IB4-FITC with 1M melibiose (6-O-a-D-galactopyrano-
syl-D-glucose) for 30 minutes (Supplementary Fig 4) as previ-
ously described.”> CSF was then diluted in PBS buffer, and
labeled MVs were acquired within a fixed time interval on a
Canto II HTS flow cytometer (Becton Dickinson, Franklin
Lakes, NJ). Data were analyzed using FCS 3 software (Becton
Dickinson). Unstained and single-color controls were used to
properly set photomultiplier tube voltages and compensations.
Forward scatter (FSc) height and width were used to discard
doublets or aggregates. Using side scatter and FSc, a vesicle gate
was determined over the instrument noise (set by running PBS
filtered through a 100nm filter). Within this gate, IB4-positive
events (number of events/ul) were evaluated as a parameter of
myeloid MV concentration in the CSE In the first set of
experiments, the vesicular nature of detected events was con-
firmed by using the lipophilic membrane styryl dye FM1-43.
In addition, in vitro generated MVs were analyzed and sorted
using similar flow-activated cell sorting (FACS) parameters on a
FACSAria followed by fluorescence microscopy analysis.

Isolation and Quantification of MVs

Shed In Vitro

A Micro BCA protein assay kit (Thermo Fischer Scientific,
Waltham, MA) was used to determine the protein concentra-
tion of MVs shed upon exposure to 3'-O-(4-benzoyl) benzoyl
ATP (BzATP; 100uM) or constitutively released from micro-
glial cells or mesenchymal stem cells.

Spectrophotometric quantification of MVs shed from pri-
mary microglia was performed in Krebs Ringer solution as
described previously.” Briefly, cells were incubated with 50uM
NBD-C4-HPC, washed, and stimulated with 100uM BzATP
for 20 minutes. Supernatant was collected and centrifuged for
10 minutes at 300 x g and 4°C to remove cells and debris,
and the total fluorescence was assayed at 485/535nm with the
spectrophotometric system Tecan Infinite500 (Tecan Group,
Mannedorf, Switzerland).

Glial Cells Cultures and In Vitro Stimulation

Primary microglia and purified cultures of astrocytes were iso-
lated from mixed cultures of cortical astrocytes, established
from E21 embryonic rat pups, and maintained as previously
described.'® Murine BV2 microglial cells were provided by Dr
E Aloisi and grown in RPMI, supplemented with 5% fetal
bovine serum. Murine N9 microglia cells were grown as previ-
ously described.’® Glial cells were exposed to either 0.4ug/ml
lipopolysaccharide (LPS) or Thl cytokines (100U/ml IL1p,
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200U/ml tumor necrosis factor [TNF]o and 500U/ml inter-
feron [IFN]y) for 24 hours to shed MVs for different time
points (24, 48, and 72 hours). Shed MVs, used as stimulus (P2
and P3 fractions), were freshly isolated from the supernatants
of primary microglia, conditioned by cells for 30 minutes upon
100uM BzATP stimulation. Recipient glial cells were exposed
to an amount of MVs produced by twice as many donor
microglia (1:2 receiving cells to donor cells relative ratio; 2ug/
ml) unless otherwise specified. To reduce the level of activation,
recipient astrocytes were prestarved overnight in serum-free me-
dium and kept in low (1%) serum medium during exposure to
MVs. To minimize the activation of donor and recipient micro-
glia, half of the medium in which microglia were kept after
shaking from mixed glial cultures was replaced with fresh low
(1%) serum medium. At the end of activation, recipient glia
were washed and either lysed in SDS sample buffer for Western
blotting, harvested with TRIzol for reverse transcriptase poly-
merase chain reaction (RT-PCR) analysis, fixed with 4% para-
formaldehyde for immunocytochemistry, loaded with the cal-
cium dye FURA-2/AM for calcium imaging, or analyzed by
flow cytometry after surface staining with CD86-PE for 20
minutes (at least 5 x 10* events/sample were analyzed).

RT-PCR

Total RNA was isolated from rat primary astrocytes/microglia
using an miRNeasy Qiagen (Valencia, CA) kit following the
manufacturer’s protocol. To remove any contaminating genomic
DNA, total RNA was digested with DNase. ¢cDNA synthesis
was performed using the ThermoScript RT-PCR system (Invi-
trogen, Carlsbad, CA) and random hexamers as primer. The
resulting cDNAs were amplified using TagMan Gene Expres-
sion Assay (Applied Biosystems, Foster City, CA). The mRNA
expression was normalized to the label of glyceraldehyde-3-

phosphate dehydrogenase mRNA.

Cell Fluorescence Analysis of Recipient Glia
Surface stainings for CD11b-PE and IB4-Texas red were carried
out for 20 minutes at 4°C or 3 minutes at RT, before fixing
the cells. Iba-1, GFAP, and phalloidin staining was performed
on cells fixed with 4% paraformaldehyde. Nuclei were stained
with  DAPI  (4-6-diamidino-2-phenylindole).  Cells  were
mounted and observed with a Leica (Bannockburn, IL) SP5
confocal microscope.

[Ca?*]; Determination

Astrocytes, after exposure to shed MVs for 72 hours, were
loaded with 10uM Fura-2/AM for 45 minutes at 37°C in cul-
ture medium. Polychrome IV (TILL Photonics, Leuven, Bel-
gium) was used as a light source. Fura-2 fluorescence images
were collected after excitation at 340 and 380nm wavelengths,
and the emitted light was acquired at 505nm and 1 to 4Hz.
The ratio values in discrete areas of interest were calculated
from sequences of images to obtain temporal analyses. Calcium
concentrations were expressed as F340/380 fluorescence ratios.
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Lentivirus Injections

Mice (n = 5 per group) were anesthetized with 2,2,2-tribro-
moethanol (10mg/ml; 1/27 of body weight), and the head was
placed in a stereotactic injection apparatus (David Kopf Instru-
ments, Tujunga, CA). Vesicular stomatitis virus-pseudotyped
lendivirus (LV) LV-PGK-IFNy and LV-PGK-TNFg, previously
described in Muzio et al,24 were injected within the right lateral
ventricle at the following coordinates: A, +0; L, +0.8; and D,
—2.4. CSF was collected 10 days after lentivirus injection.

Relapsing-Remitting and Nonrelapsing

Rodent EAE

Nonrelapsing EAE (nr-EAE) was induced in female C57Bl/6
mice by immunization with 200ug/mouse of MOG3;5_ss (Espi-
kem, Florence, Italy) and 2 injections of pertussis toxin (500ng/
mouse) the day of immunization and 48 hours later. A reduced
concentration of pertussis toxin (250ng/mouse) was used to
induce EAE in 6-week-old female A-SMase™'~ mice with a
SV129 background and their littermates, in consideration of the
young animal age, necessary to avoid interference with the inher-
ent phenotype of these mice, consisting of ataxia and mild trem-
ors, which appears after about 10 weeks of age.”"” To obtain
subclinical EAE for focal MV injections, mice were immunized
with 50pug/mouse of MOGs;s_ 55 and 250ng/mouse of pertussis
toxin. Relapsing—remitting EAE (r-EAE) was induced in female
SJL/j mice by 2 immunizations, 7 days apart, with 2004g/mouse
of PLP39_151 (Espikem) and 4 injections of 500ng of pertussis
toxin the day of immunization and 48 hours later. CSF was col-
lected at 10, 20, and 60 days postinjection (dpi), in nr-EAE and
at 29, 35, and 48 dpi in r-EAE mice. Female Lewis rats weigh-
ing about 150g were immunized under the skin of the flanks
using 1mg lyophilized spinal cord homogenate emulsified in a
total of 200ul of complete Freund adjuvant. Weight and clinical
score were assigned according to a standard and validated on a 0
to 5 scale, described in Furlan et al.?® Cumulative disease score
was calculated by summing the neurological scores recorded daily
for each mouse along the whole period of observation.

MV Injections in EAE Mice

Naive mice and mice with subclinical EAE (see above), 20 days
postimmunization, were stereotactically injected in the corpus
callosum (coordinates: Omm anterior, 1.0mm lateral to the
bregma, and 2.2mm in depth) with MVs (P2-P4 fractions)
derived from primary microglia dissolved in 1ul of sterile saline
(2ug/ul). MVs from bone marrow—derived mesenchymal cells
(2ug/ul) and liposomes, mimicking the phospholipid composi-
tion of the plasma membrane (8nmol/ul), were used as con-
trols. Liposomes were prepared as follows. Bovine brain phos-
phatidylcholine (PC), PS, sphingomyelin (SM), and cholesterol
(60:10:10:20, molar ratio), were dissolved in chloroform. The
lipid mixtures were evaporated under a nitrogen stream, dried
for 1 hour at 50°C and resuspended in PBS at 40°C to obtain
multilamellar vesicles. Small unilamellar vesicles were obtained
by sonicating multilamellar vesicles. Mice were killed 72 hours
after MV/liposome injection to analyze formation of focal
lesions at the site of administration.
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Neuropathological and Flow Cytometry
Analysis of Spinal Cords

Brain tissue sections were fixed, embedded in paraffin, and
stained with hematoxylin and eosin, Luxol fast blue, and Biel-
showsky to reveal perivascular inflammatory infiltrates, demyeli-
nated areas, and axonal loss, respectively. Infiltrating microglia
and T cells were stained using IB4, anti-CD3, and anti-CD4,
revealed using a biotin-labeled or fluorescent (Alexa Fluor Dyes;
Molecular Probes, Eugene, OR) secondary antirat antibody.
Inflammatory infiltrates, demyelinated areas, and axonal loss
were quantified on an average of 10 complete cross sections of
spinal cord per animal, representative of whole spinal cord lev-
els. Perivascular inflammatory infilerates, T cells, and macro-
phages were evaluated as the number per square millimeter,
whereas demyelinated areas and axonal loss were expressed as
the percentage per square millimeter.

To analyze by flow cytometry infiltrating immune cells,
spinal cords were dissected out, and homogenized through a
70um cell strainer. Mononuclear cells were isolated by 30/40/
80/100% Percoll gradient, and 40 to 80 fractions were washed
twice before FACS staining with allophycocyanin (APC)-conju-
gated anti CD45, APC-Cy7-conjugated anti-CD11b, and PE-
Cy7-conjugated anti-CD4 Abs (all Abs from BD Biosciences,
San Jose, CA) to detect microglia/macrophages or T cells, respec-
tively. Cells were collected on Canto II HTS flow cytometer and
analyzed using FCSexpress software (Tree Star, Ashland, OR).

Chemicals and Antibodies

ATP, BzATP, LPS, Fura-2/AM, fluorescein isothiocyanate
(FITC)- and APC-annexin V, IB4-FITC, IB4-Texas red, phal-
loidin-Texas red, and melibiose were from Sigma-Aldrich (St
Louis, MO). CellTracker green CMFDA was from Molecular
Probes, propidium iodide (PI) was from BD Biosciences,
NBD-C4-HPC was from Invitrogen, IL1f was from Euroclone
(Devon, UK), TNFo and IFNy from R&D (Minneapolis,
MN). The following antibodies were used: antimouse CD11b-
PE (BD Biosciences), antihuman CD63-PE (BD Biosciences)
or antimouse CD63 (M13; Santa Cruz Biotechnology, Santa
Cruz, CA), antirat CD86 (eBioscience, San Diego, CA), anti-
mouse GFAP (Sigma-Aldrich), antihuman calnexin (Sigma-
Aldrich), antimouse 2’,3'-cyclic nucleotide 3’-phosphodiesterase
(Chemicon, Temecula, CA), antimouse MBP (Chemicon), anti-
mouse SNAP-25 SMI 81 (Sternberger Monoclonals, Luther-
ville, MD), antirabbit Iba-1 (Wako Chemicals, Richmond, VA),
IB4-FITC (Sigma), anti-CD3 (Serotec, Oxford, UK), anti-CD4
(BD Biosciences), anti-OX42 (Harlan Sera-Lab, Loughborough,
UK). PC, PS, cholesterol, and SM were from Sigma-Aldrich.
Mesenchimal stem cells were purchased from Neuro-Zone (Mi-
lan, Traly).

Statistical Analysis

All data are presented as mean or median * standard deviation
or SE from the indicated number of experiments. Data were com-
pared using the Student # test for parametric data or the Mann—
Whitney U test for nonparametric data or non-normally distributed
data. Differences were considered to be significant if p < 0.05.
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Results

Microglia/Macrophage-Derived MVs Can

Be Detected in Healthy CSF

Small membrane MVs, similar in size to both shed MVs
and exosomes released from cultured glial cells, were
detected by negative staining EM in the CSF collected
from healthy rodents (Fig 1). The presence of shed MVs,
characterized by externalized PS, was assessed by fluores-
cence microscopy and by direct flow cytometry analysis
with annexin-V, which binds externalized PS. We
excluded the presence of apoptotic bodies, which are
much larger and denser than the vesicles we found in the
CSF (see Supplementary Fig 1C-E). Fluorescence mi-
croscopy and Western blotting analysis revealed that
MVs display neuronal, astrocytic, oligodendroglial (see
Supplementary Fig 1A, B), or microglia/macrophage
markers, thus indicating that they originate from all these
brain cells. The microglia/macrophage origin of MVs
was definitely confirmed by immunogold EM with anti-
bodies to CD11b/c (OX42; Supplementary Fig 2A, B)
and by the recovery of enhanced green fluorescent pro-
tein (EGFP)-positive MVs in the CSF collected from
CX3CRI1-EGFP transgenic mice,*
express EGFP. Given the fact that peripheral macro-

in which microglia

phages under normal CNS conditions do not penetrate
into the brain,?” the presence of EGFP-labeled MVs in
the CSF suggests that they derive from resident micro-
glia. Thus, the healthy CSF drains MVs from all the
neural cell lineages tested, including those, like neurons
and oligodendrocytes, that are strictly parenchymal and

have no contact with liquoral spaces.

Neuroinflammation Enhances the Levels of
Microglia/Macrophage-Derived MVs in the CSF
We and others have shown that both the typical danger
signal ATP and the bacterial component LPS enhance

the release of MVs from microglia/macrophages.16’28’29

Here we show that Thl cytokines (TNF-o, INF-y, and
IL1p) are the best priming stimuli for MV shedding (see
Fig 1]), consistent with their ability to induce massive
formation of blebs at the cell surface, characterized by
accumulation of Iba-1 (see Fig 1K). Notably, a linear
correlation exists between production of MVs and levels
of in vitro cell activation (Supplementary Fig 3). To vali-
date these results in vivo and verify whether production
of MVs from microglia/macrophages increases during
brain inflammation, we stereotactically injected a group
of mice into the ventricular cavity with lentiviral vectors
codifying for INF-y or TNF-o. This treatment induces
infiltration of macrophages and expansion of microglia

in the periventricular area and in the choroid plexus,
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FIGURE 1: Microvesicles (MVs) of microglia/macrophage origin are present in the healthy cerebrospinal fluid (CSF). (A) MVs of
decreasing size isolated from the CSF of healthy rats by differential centrifugation (P2, P3, P4 fractions) and analyzed by nega-
tive staining electron microscopy. Corresponding frequency histograms, indicating the size distribution of MVs pelleted at
increased centrifugal force, are shown on the right (P2, n = 51; P3, n = 73; P4, n = 237 ). (B-D) Examples of CSF MVs ana-
lyzed by fluorescence microscopy using the fluorescent phosphocholine analog NBD-C6-HPC to label the lipid bilayer of MVs
(B), the shed MVs marker annexin-V-FITC (C), and the exosomal marker CD63 (D). (E) Flow cytometry analysis of MVs present
in human CSF, directly stained for annexin-V-APC. (F) Fluorescence micrographs of enhanced green fluorescent protein (EGFP)*
MVs present in the CFS of CXCR3-EGFP transgenic mice, stained for the microglia/macrophage marker CD11b-PE before
microscope observation. (G, H) CSF MVs positive for the microglia/macrophage markers Iba-1 (G) or IB4-FITC (H). (I) Immuno-
gold labeling of a CSF MV for the myeloid marker OX42. (J) The histogram shows the spectrophotometric quantification of
MVs shed from resting or reactive microglial cells, prelabeled with NBD-C6-HPC and exposed to the P2X; agonist 3'-O-(4-ben-
zoyl) benzoyl adenosine triphosphate (Bz; 100uM) for 20 minutes. Note the significant increase in MV production in microglia
preactivated with Th1 cytokines or lipopolysaccharide (LPS). (K) Primary microglia exposed to Th1 cytokines for 24 hours,
showing numerous blebs at the plasma membrane enriched in Iba-1 (upper panels). Double staining for surface CD11b and
Iba-1 in control and Th1-treated BV2 microglial cells (lower panels). *p < 0.05, **p < 0.01.

mimicking the expansion of myeloid cells, which occurs
during EAE (Fig 2).2***3! Flow cytometry analysis of
IB4" MVs revealed a dramatic increase of myeloid cell-
deriving MVs in the CSF of mice injected with cytokine-
expressing vectors as compared to mice who received
control vector and sham-treated animals (see Supplemen-
tary Fig 4 for MV characterization). This increase leads
myeloid MVs to become the vast majority (>90%) of
the total population of CSF MVs in both TNF-o- and
IFN-y-injected mice (not shown). These results represent

the proof of principle that the amount of IB4™ micro-
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glia/macrophage-derived MVs in the CSF reflects the
activation state of myeloid cells in vivo.

To address the possibility that MV production
from reactive microglia/macrophages increases also dur-
ing a chronic neuroinflammatory disease, we quantified
myeloid MVs in the CSF of mice affected by EAE. We
found that IB4" MVs increased significantly, reaching
90% of total CSF MVs in mice with either nr-EAE or 1-
EAE, mimicking the 2 most common clinical forms of
human MS (see Fig 2).3? The absolute amount of micro-
glia/macrophage MVs was closely associated with the
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ments is shown). (G, H) Frequency histograms indicating the size distribution of MVs in the CSF of healthy rats or EAE rats, at
peak of neuroinflammation. The size of MVs (not exceeding 1um) rules out the apoptotic body nature of the vesicles (nhumber
of analyzed MVs: 361 naive CSF; 396 EAE CSF). IFN = interferon. *p < 0.05, **p < 0.01.
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disease course, peaking at onset and during clinical relap-
ses, and decreasing in the chronic phase of the disease.
EM analysis of the CSF of EAE rats excluded that the
increase of MVs during neuroinflammation was due to
apoptotic bodies, and confirmed instead an increase in
MVs of larger size, likely plasma membrane-derived
MVs.

Microglia-Derived MVs Deliver a
Proinflammatory Signal

To define whether microglia/macrophage-derived MV
represent causative and/or amplifying agents of inflam-
mation, primary glial cells were exposed in vitro to MVs
shed from either Th1/LPS-primed or unstimulated
microglia. A dose-dependent activation of astrocytes was
induced by MVs produced by LPS-preactivated micro-
glia, as indicated by the upregulation of mRNAs for the
inflammatory markers IL1f, IL6, inducible nitric oxide
synthase (iNOs), and cyclooxygenase-2 (COX-2) 48
hours after addition of MVs. Of note, a less robust
response was evoked by MVs produced by resting micro-
glia (Fig 3). Seventy-two hours after exposure to MVs,
astrocytes appeared hypertrophic and displayed numerous
thicker processes, showed increased GFAP expression,
and increased cytoplasmic calcium concentration. Pri-
mary microglia responded in vitro to MVs by upregulat-
ing the T-cell coreceptor ligand CD86 on the cell sur-
face, suppressing the expression of the tissue repair
marker mannose receptor CD206,°>° and increasing
the expression of the inflammatory markers iNOs, IL6,
IL1f, and COX-2. Activation of glial cells was likely
mediated by direct interaction of MVs with recipient
cells (Supplementary Fig 5SA-C) and was associated with
the delivery of cytoplasmic components from donor to
recipient microglia. By using PCR primers specific for
mouse IL1f, we detected murine IL1f transcript in the
RNA extracted from rat microglia previously exposed to
murine MVs for 5 hours (Supplementary Fig 6). Interest-
ingly, the transfer of MVs between glial cells spontane-
ously occurred in cultures, as indicated by the association
of green fluorescent protein (GFP)™ MVs, derived from
GFP-P2X,—expressing microglia, with adjacent astrocytes
(see Supplementary Fig 5D).

To validate these finding in vivo, we stereotactically
injected MVs derived from cultured microglia into the
brain of mice affected by subclinical EAE.*® Injections
were performed into the corpus callosum, a site usually
devoid of inflammation during EAE.*” Seventy-two
hours after injection, we found infiltrating CD45"
inflammatory cells close to the site of injection and along
the needle track in all MVs-injected EAE mice (10 of
10; Fig 4A). In the same areas, we found several ameboid
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Iba-1" cells, not detectable in control mice injected with
saline (0 of 3), liposomes (0 of 3; not shown), or MVs
derived from nonrelated cultures, that is, mesenchimal
stem cells (0 of 3; see Fig 4B). Liposomes were injected
as MV controls based on the recent finding that lipids
from MVs but not synthetic liposomes mediate the stim-
ulatory activity of microglial MVs toward neurons.”® In
all controls Iba-1" cells, although recruited along the
needle track, were fewer and maintained their ramified
morphology. The same occurred in naive mice injected
with microglia-derived MVs (not shown). These data
suggest that MVs may contribute to the formation of
focal inflammatory lesions and propagate microglia acti-
vation in the presence of permissive conditions such as

the EAE proinﬂammatory environment.

A-SMase KO Mice Are Highly Resistant to EAE

We have previously shown in A-SMase controls the bud-
ding of MVs from the plasma membrane and that MV
shedding is abolished in A-SMase KO glial cells.” There-
fore, to further explore the pathogenic role of MVs in
vivo, we induced EAE in A-SMase KO mice.?! Because
these mutants develop neurological signs starting from
10 to 12 weeks of age, EAE was induced in 6-week-old
animals, and the disease was monitored until 8 weeks of
age. Notably, A-SMase KO mice were highly resistant to
the development of EAE as compared to wild-type (WT)
littermates (see Fig 4E; Supplementary Fig 7). The lower
score of A-SMase KO mice was associated with an
expected lower amount of myeloid MVs in the CSE, ab-
sence of tissue damage, and reduced perivascular infil-
trates in the spinal cord (see Fig 4C, D). Consistently, a
decreased number of CD45°“CD11b* microglia and
CD45"CD4" T cells was detected by flow cytometry
among mononuclear cells isolated from the spinal cord
of A-SMase KO mice. Overall, these data confirm that
shed MVs may have pathogenic functions during EAE.

Microglia/Macrophage MVs Are Elevated

in the CSF of MS Patients

To verify whether the findings obtained in the mouse
model can be extended to humans, we collected CSF
from 2 independent cohorts of healthy donors, patients
with CIS, patients with definite PPMS or RRMS, the
latter during a stable phase of the disease (stable RRMS)
or during an acute attack (acute RRMS), and patients
from other neurologic diseases. Myeloid MVs were sig-
nificantly increased in the CSF from both CIS and
relapsing RRMS patients (Fig 5). Based on receiver oper-
ator characteristic curves, we set the cutoff value at 1.6
MVs/ul, obtaining a sensitivity of 85% and specificity of
100% in distinguishing CIS patients from healthy
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activated microglia. Data are representative of 2 separate experiments. (E) Real time PCR for cyclooxygenase-2 (COX-2), IL6,
IL1B, iNOS, IL10, and transforming growth factor (TGF)-$ in control astrocytes, and cells activated overnight with LPS or Th1
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Data are representative of 3 separate experiments. Fluorescent images reveal increased surface expression of the activation
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staining. (I) Quantitative flow cytometry analysis of CD86 surface expression in microglia maintained in control condition,
treated for 3 hours with LPS or incubated overnight with MVs derived from Th1-primed microglial cells. *p < 0.05, **p < 0.01.

controls, and a sensitivity of 82% and specificity of 82% lesions in MS patients (R = 0.972), but not with other

in differentiating stable from relapsing MS patients. clinical parameters (Supplementary Table). These data
Thus, MVs significantly increase when inflammatory indicate CSF MVs as a novel exploratory biomarker of
processes, as reflected also by magnetic resonance imag- microglia/macrophage activation.

ing findings, predominate. A linear correlation was found Interestingly, FTY720, a drug recently approved for
between levels of CSF MVs and gadolinium-positive the treatment of MS, and known to cross the blood—
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FIGURE 4: Microglia/macrophage-derived microvesicles (MVs) amplify brain inflammation. (A, B) Coronal sections of the brain
of experimental autoimmune encephalomyelitis (EAE) mice injected in the corpus callosum with microglia-derived MVs, or MVs
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are representative of 3 controls injected with MSC-MVs, and 10 mice injected with microglial MVs. (C, D) Quantification of
IB4" macrophages (C) and CD3™ T cells (D) in the spinal cord of EAE enzyme acid sphingomyelinase (A-SMase) knockout (KO)
mice and wild-type (WT) littermates. (E) Median clinical score of A-SMase KO mice and WT littermates affected by nonrelaps-
ing EAE (n = 5 mice per group). (F) Quantitative flow cytometry analysis of annexin-V* MVs shed upon 1mM adenosine tri-
phosphate (ATP) into the supernatants from control (C) primary microglia or microglia pretreated with FTY720 (FTY; 10uM) for
30 minutes. Note that FTY720 prevented ATP-induced MV shedding (left side; Mann-Whitney). Flow cytometry quantification
of IB4* MVs in the cerebrospinal fluid collected at 30 days postinjection (dpi) from nonrelapsing EAE mice, treated daily with
FTY720 (1mg/kg) via oral gavage or control saline. The histogram shows a significant reduction in the concentration of MVs in
EAE mice treated with the oral drug (right side; Mann-Whitney). *p < 0.05.

brain barrier, has been identified as a specific inhibitor of normal CNS and become promptly activated in response
A-SMase,” the enzyme that controls MV production. to brain alterations. Resident microglia are traditionally
This finding opens the possibility that inhibition of MV distinguished from inflammatory peripheral ~macro-
shedding from reactive microglia or infiltrating macro- phages, which derive from a common myeloid progeni-
phages by FTY720 may, at least in part, contribute to its tor, but migrate to the brain only upon CNS damage or
direct CNS therapeutic action.® Consistent with this hy- inflammation.’ Previous studies indicated that microglia
pothesis, FTY720 completely abolished the ATP-induced and other myeloid cells in vitro can shed MVs, which
release of shed MVs from primary mouse microglia (see store and release the proinflammatory cytokine IL1f, to-
Fig 4F) without impairing P2X; receptor activation (not gether with  inflammosome components'®*>*  and
shown). Furthermore, clinical amelioration of EAE mice MHCII protein, a central player in the adaptive immune
upon treatment with FTY720 (not shown) was associated response.28 These data suggest that MVs produced from
with decrease of MV to baseline levels in the CSF (see reactive myeloid cells may propagate inflammation and
Fig 4F). provide an efficient route for rapid dissemination and

presentation of antigens. In addition, our recent results
indicated that microglia-derived MVs interact with the

Discussion plasma membrane of neurons and enhance excitatory
Microglia are myeloid cells of hematopoietic origin, resi- transmission,”® possibly contributing to the excessive
dent in the brain, which show a resting phenotype in potentiation of neurotransmission, which occurs in
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FIGURE 5: Myeloid microvesicles (MVs) are a novel biomarker of neuroinflammation. (A) Quantitative flow cytometry analysis
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. . 44
neuroinflammatory diseases.” However, whether MVs

exist and play a role in vivo is still elusive. The aim of

this work was to investigate the existence of MVs of

markers or derived from CX3CRI1-EGFP-expressing cells
suggests that MVs originate from resident microglia in
the normal brain. However, MVs may also originate

microglia origin in vivo and to explore their possible role
during inflammatory brain diseases. We showed, by elec-
tron and fluorescence microscopy, the presence of MVs
positive for myeloid markers in the CSF of healthy
rodents and humans, indicating that myeloid cells can
secrete MVs in vivo. Given that peripheral macrophages
are virtually absent in healthy brain parenchyma, the
presence in the CSF of MVs positive for myeloid
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from the low number of macrophages that are present at
choroid plexus and within leptomeninges in the unin-
jured brain. The capability of MVs to travel away from
parenchymal microglia and to enter the CSF is consistent
with the presence in the CSF of MVs of neuroectodermal
origin, including neurons and oligodendrocytes, that are
strictly parenchymal and have no contact with liquoral
space. Neurons and astrocytes have been described to
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release MVs in vitro.> >4 However, to our knowledge,
this is the first evidence that rodent and human CSF
contain MVs derived from these brain cells.

Quantification of MVs by flow cytometry indicated
an increase in the absolute amount of microglia/macro-
phage MVs in EAE mice. Choroid plexus, which is in
direct contact with the CSF and has been identified as
the site of first entry of inflammatory cells and peripheral
macrophages during EAE,>*?! represents the more plau-
sible source of increased amounts of myeloid MVs dur-
ing neuroinflammation. Consistent with this possibility,
myeloid MVs were detected in plexus from mice injected
with inflammatory cytokines, and MV shedding could be
induced in EGFP-myeloid cells of CX3CR1 transgenic
plexus under ATP stimulation (Supplementary Fig 8).
Because small volumes of CSF collected from single mice
do not allow the use of beads for exosome capture,'®*
exosomes cannot be accurately analyzed by flow cytome-
try. We could not therefore distinguish between the 2
populations of extracellular membrane vesicles of myeloid
origin. However, the majority of events above the detec-
tion limit of the flow cytometer most likely represent
large MVs, originating from the plasma membrane of
microglia/macrophages. Consistent with this possibility,
MVs of larger size were detected by EM in the CSF of
EAE rats as compared to naive animals.

One of the main accomplishments of this study is
the finding that the concentration of microglia/macro-
phage-derived MVs in mouse CSF reflects the course and
severity of EAE. Consistently, the amount of MVs in
human CSF is higher in patients presenting with the first
clinical symptom of MS or in relapsing patients as com-
pared to patients in a stable phase of the disease or healthy
controls. These results link the events of microglia activa-
tion and infiltration of peripheral macrophages to the pro-
cess of MV secretion. They also identify CSF myeloid
MVs as novel exploratory biomarkers of microglia/macro-
phage activation in vivo. In MS, the most common neuro-
inflammatory disease, CSF MVs may be useful as a com-
panion tool to monitor disease activity and the efficacy of
drugs, or to identify very active patients likely to need a
prompt shift to second-line treatments or CIS patients
needing early treatment. Microglia activation, however, is
also associated with several other CNS diseases (eg, neuro-
myelitis optica, brain tumors) that in fact display increased
CSF MVs. Thus, CSF MV monitoring may provide valua-
ble information in several different neurological disorders.

Microglia are considered to be at the borderline
between inflammation and neurodegeneration, with both
detrimental and protective roles.*""** The evidence that
different methods of activation result in different func-
tional phenotypes of myeloid cells, ranging from purely
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phagocytic and tissue destructive to immunomodulating
and promoting tissue remodeling,49 has led to the idea
that suppressing microglia or modulating/redirecting its
activation holds a therapeutic potential for progressive
forms of MS and for neurodegenerative disorders.”®
However, information on the quality of the microglial
activation in vivo in humans is missing, as are reliable
biomarkers to monitor the efficacy of drugs targeting
activated microglial cells. We propose that MVs pro-
duced by microglia/macrophages and leaking into the
CSF may represent a rich source of information on
microglia/macrophage activation in the brain, which may
lead to the identification of specific disease cell signature
through the analysis of their content.

The second main accomplishment of our study is
the demonstration that increased amounts of microglia/
macrophage-derived MVs actually promote neuroinflam-
mation. The proinflammatory activity of MVs was dem-
onstrated in vitro by the dose-dependent induction of
inflammatory markers in recipient glial cells. The glial
reaction was associated with interaction with MVs and
with MV-mediated transfer of IL1 mRNA. Accordingly,
our unpublished observations suggest that MVs depleted
of their content greatly lose their capacity to activate
astrocytes, thus playing against the possibility that surface
lipids of MVs may be responsible for inflammatory activ-
ity, as previously suggested.’’ However, further studies
are required to identify the active component of MVs
and to determine whether MV internalization and trans-
fer of genetic information contribute to the proinflam-
matory response target cells. The pathogenic role of MVs
in the inflammatory response was demonstrated in vivo
by showing that injection of microglia-derived MVs
induces the formation of inflammatory foci at the site of
delivery. This was further corroborated by the finding
that A-SMase KO mice, genetically impaired in MV pro-
duction, are largely protected from EAE. Mice lacking
A-SMase develop a phenotype similar to Niemann-Pick
type A disorder,”"*” an inherited disease characterized by
progressive visceral organ abnormalities and neurodegen-
eration, which leads to growth retardation and death in
carly childhood. A-SMase KO mice appear normal at
birth and develop normally until about 8 to 10 weeks of
age, when ataxia and mild tremors become noticeable, as
a result of Purkinje cell neurodegeneration.25 Of note,
despite growth defects, incipient neurodegeneration, and
slight gliosis in the gray and white matter,”” we found
that 8-week-old EAE KO animals weighed about 20%
more than EAE WT littermates. Moreover, EAE KO
mice displayed no demyelinating lesions and less perivas-
cular infiltrates in the spinal cords as compared with WT
littermates, thus strongly linking A-SMase deficiency and
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impairment in MV shedding to EAE amelioration. We
cannot exclude, however, that other changes in the CNS
and immune system of A-SMase KO animals may con-
tribute to the reduced inflammatory response.

The possibility that MV shedding may represent a
contributor to EAE pathogenesis is in agreement with the
amelioration of EAE severity in mice treated with antago-
nists selective for the ATP receptor P2X,’* and with the
reduced incidence of the disease in P2X; KO mice, where
P2X;-induced MV shedding is necessarily impaired.”

The pathogenic contribution of MVs to the disease
is finally suggested by our observation that FTY720, a
recently approved oral drug for MS®* that protects mice
from EAE,” strongly inhibits MV shedding from myeloid
cells both in vitro and in EAE mice, possibly blocking A-
SMase activity.”” Although reduction of CSF MVs detected
in FTY720-treated EAE mice may reflect multiple thera-
peutic actions, exerted by FTY720 both inside the CNS
and in the periphery,”’ the possibility arises that the thera-
peutic efficacy of the drug may at least in part derive from
reduced MV production and limited propagation of MV-
mediated inflammatory signal within brain parenchyma.
Given that MVs are a unique way for exchanging inte-
grated signals, targeting MVs may represent a therapeutic
strategy more advantageous than classical approaches aimed

at neutralizing single inflammatory molecules in MS.

Conclusions

Opverall, our data link activation of myeloid cells in vivo
to propagation of MVs as cargo structures delivering proin-
flammatory signals and identify myeloid MVs as a novel
therapeutic target and a companion tool for MS diagnosis.
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