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Abstract

Microparticles (MPs) are secreted by all cells, where they play a key role in intercellular communication, differentiation,
inflammation, and cell energy transfer. P2X7 receptor (P2X7R) activation by extracellular ATP (eATP) causes a large MP
release and affects their contents in a cell-specific fashion. We investigated MP release and functional impact in microglial
cells from P2X7R-WT or P2X7R-KO mice, as well as mouse microglial cell lines characterized for high (N13-P2X7Rig") or low
(N13-P2X7RI°W) P2X7R expression. P2X7R stimulation promoted release of a mixed MP population enriched with naked
mitochondria. Released mitochondria were taken up and incorporated into the mitochondrial network of the recipient cells
in a P2X7R-dependent fashion. NLRP3 and the P2X7R itself were also delivered to the recipient cells. Microparticle transfer
increased the energy level of the recipient cells and conferred a pro-inflammatory phenotype. These data show that the
P2X7R is a master regulator of intercellular organelle and MP trafficking in immune cells.
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Introduction

Information exchange is a vital function of all living organ-
isms, whether unicellular or multicellular. Neurotransmitters,
hormones, growth factors, and inflammatory mediators are usu-
ally released and travel across the intercellular space as individ-
ual molecules, but often they are packed in the lumen of exo-
somes/vesicles/particles, collectively referred to as microparti-
cles (MPs), to be delivered to nearby or faraway target cells.!
While exosomes originate from cytoplasmic multivesicular bod-
ies, extracellular vesicles are the result of plasma membrane
budding; thus, they usually contain cytoplasmic components,
including mitochondria.?®> Mechanism of MP release has been
the focus of intense scrutiny over the last two decades, leading
to the identification of the crucial role played by extracellular
ATP (eATP) acting at the P2X7 receptor (P2X7R).*®

It is an established fact that eATP is an ubiquitous messen-
ger accumulating at sites of trauma, cancer, or inflammation
and also acting as a modulator of neurotransmission in the cen-
tral nervous system (CNS).>° Effects of eATP are mediated by
the well-known P2 receptor family, notably at inflammatory and
cancer sites by the P2X7R subtype.!* Verderio and co-workers
showed previously that astrocyte-derived eATP causes vesicle
shedding from microglia.> We showed a similar effect of eATP
in human dendritic cells.®” The potent MP-releasing activity of
eATP acting at the P2X7R has become textbook knowledge ever
since.'? This eATP effect is of special interest because, besides
promoting MP release, this nucleotide also modulates MP con-
tents and is itself carried by the MPs.%13 The discovery that MPs

contain functioning mitochondria that can be transferred to the
target cells has added an additional level of interest and com-
plexity to the pathophysiological function of these extracellular
structures.?

Naked mitochondria have also been identified in the mixed
vesicle population, collectively referred to as shed MPs.®*
We recently observed that a massive release of mitochondria-
laden MPs as well as of naked functional mitochondria is trig-
gered by eATP stimulation of mouse melanoma tumor cells
via the P2X7R.® The function of extracellular free mitochon-
dria is still debated; nonetheless, there is good evidence that
these organelles undergo cell-to-cell transfer via tubular struc-
tures,’> MP uptake,'® or phagocytosis and can be incorporated
into the target cell mitochondrial network. Mitochondria trans-
fer is increasingly recognized as a key process in tissue repair,'/
in CNS homeostasis,’® and in immune-cancer cell interaction,
as a determinant of immune evasion.’ While macrophages
appear to be a leading participant in the process of mitochon-
drial transfer, both as donors and recipients,” much less is
known about that role in microglia. In the CNS, there is good
evidence that mitochondria transfer occurs between astrocytes
and microglia, and bi-directionally between neurons and astro-
cytes,?! but only scattered observations report an inter-microglia
mitochondria transfer.”? Exchange of mitochondria between
neurons and glia, or between microglial cells, is thought to be
relevant in a multiplicity of neuroinflammatory and neurode-
generative diseases, and thus potentially exploitable for thera-
peutic purposes.
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In the present study, we set to investigate how P2X7R expres-
sion affects mitochondria release and microglia-to-microglia
mitochondria transfer, and whether it modulates the MP cargo.
To address this issue, we used primary microglia from P2X7R-
WT or P2X7R-KO mice, as well as the N13 microglia cell line
expressing high levels of the P2X7R (N13-P2X7R™g"), and a vari-
ant thereof selected in our laboratory for low P2X7R expres-
sion (N13-P2X7R!°%). We found that P2X7R expression on the
donor cells strongly affects both basal and eATP-stimulated MP
release, as well as MP uptake by the target cells. The MP frac-
tion released upon eATP stimulation contained a heterogenous
population of small vesicles, mitochondria-containing vesicles,
and naked mitochondria. Upon interaction with the target cell,
mitochondria and MP components (including the P2X7R itself)
were transferred to the recipient cells. Microparticles derived
from N13-P2X7RMigM very efficiently transferred the P2X7R to
N13-P2X7R"V¥, thus enabling restoration of P2X7R-dependent
responses, including reversible plasma membrane permeabi-
lization, the hallmark of P2X7R function. Furthermore, the abil-
ity to generate multinucleated giant cells (MGCs), typical his-
tological features of chronic inflammation, was also restored.
Microparticle-mediated transfer between microglial cells might
be an efficient mechanism for the modulation of neuroinflam-
mation.

Materials and Methods
Experimental Model and Study Participant Details

Cell Culture

N13-P2X7RMgh and N13-P2X7R% cells were grown in RPMI-
1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 10% heat-inactivated FBS (Gibco, Thermo Fisher Scien-
tific, Waltham, MA, USA), 100 U/mL penicillin, and 100 xg/mL
streptomycin (both from Sigma-Aldrich, cat. # P4333) (complete
medium). In some experiments, sucrose medium containing
300mM sucrose, 1mm K,HPO4, 1mmM MgSO,, 5.5mM glucose,
and 20 mMm HEPES (pH 7.4) was used. Primary mouse microglial
cells were isolated from 2-d-old C57BL/6 mice as described by
Sanz et al.?® and Lian et al.?* Briefly, a mixed astrocyte/microglia
population was seeded into cell culture flasks and incubated
at 37°C in a CO; incubator for 5-7d. To obtain microglia, the
flasks were shacked, and the floating cells collected. Microglial
cells were plated in high glucose DMEM supplemented with
2mwm GlutaMAX™ (Gibco, Thermo Fisher Scientific), 10% heat-
inactivated FBS, 100U/mL penicillin, and 100 xg/mL strepto-
mycin (complete medium). Animal experimentation was carried
out under authorization from the Italian Ministry of Health (n.
744/2018-PR and n. 264/2021-PR).

Method Details

Microparticle Preparation
N13-P2X7RHigh and N13-P2X7RM¥ cells (5 x 10° cells) were
seeded into 6-well plates in complete medium and cultured
overnight. Cells were then rinsed and further maintained in
fresh complete medium in presence or absence of 0.4 mm ATP
for 24 h in a CO, incubator at 37°C. Primary mixed glial cells were
cultured in T75 cm? tissue culture flask in complete medium for
9-12d. Cells were then rinsed and further maintained in com-
plete medium (without serum) in presence or absence of 0.2 mm
Bz-ATP for 12h in a CO, incubator at 37°C.

Then, the cell supernatant was withdrawn and centrifuged
at 800 x g for 10min to remove floating cells and cell debris.

Falzonietal. | 3

Microparticles were then isolated by centrifugation at 10000 x g
for 1h at4°C.

Staining With CellTrace™ Carboxyfluorescein Succinimidyl Ester,
Calcein/AM, MitoTracker Green, or MitoTracker Red

Cells (5 x 10°) or MPs thereof were incubated in complete RPMI
medium in the presence of CellTrace™ carboxyfluorescein suc-
cinimidyl ester (CSFE) (5um) (Thermo Fisher Scientific, cat. #
C34554), calcein/AM (1 ug/mL) (Thermo Fisher Scientifc, cat. #
C1430), MitoTracker Green FM (400 nm) (Thermo Fisher Scientifc,
cat. # M7514), or MitoTracker Red FM (400 nM) (Thermo Fisher
Scientific cat. # M22425) in a CO, incubator for 20 min at 37°C.
At the end of this incubation cells were rinsed and resuspended
in fresh complete RPMI medium, while MPs were washed with
warm (37°C) PBS, centrifuged at 10000 x g for 30 min, and resus-
pended in 500 L of either complete RPMI or sucrose medium.
Fluorescence was analyzed in a thermostat-controlled (37°C)
and magnetically stirred Cary Eclipse fluorescence spectropho-
tometer (Agilent Technologies, Milano, Italy) or with a confocal
microscope (LSM Carl Zeiss, Oberkochen, Germany) equipped
with a plan-apochromat 63x oil immersion objective. Living pri-
mary microglial cell images were acquired with a confocal laser
scanning microscope Olympus FV3000, equipped with a 60x oil
immersion lens (numerical aperture 1.4), a digital zoom of 2x,
and a pinhole set at 1 airy unit on thermostated (37°C) and
humidity-controlled (CO, 5%) stage. 488 nm and 561nm exci-
tation lasers were used to acquire Mitotracker green and Mito-
tracker red probes, respectively.

Oxygen Consumption

Oxygen consumption was measured according to the recom-
mended protocol, “O, kit Abcam” (cat. # AB197243). Briefly, the
MP pellet isolated from 5 x 10° cells was suspended in 100 uL of
sucrose solution supplemented with 0.2mm CaCly, and trans-
ferred to a fluorimeter cuvette containing 400 uL of sucrose
solution supplemented with 1mmMm EGTA to a final volume of
500 L. This MP suspension was then incubated with 40 uL of
Abcam reagent. Oxygen consumption was measured at the 340
and 642 nm excitation and emission wavelengths, respectively,
in the thermostat-controlled fluorescence spectrophotometer
(Agilent Technologies) described above for 30min. Carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (2.5 uM), or
oligomycin (10 xg/mL) were added as a stimulant or an inhibitor,
respectively, of mitochondrial respiration.

Cell Proliferation Assay

Cell proliferation assay was performed using the crystal vio-
let technique. Briefly, 10* cells per well were plated in 12-well
plate and cultured at 37°C in a CO, incubator in the presence
or absence of MPs isolated from either N13-P2X7RMgh or N13-
P2X7RM% cells stimulated with 0.4mmMm eATP. At the 0, 24, 48,
and 72 h time points cells were fixed with 4% paraformaldehyde,
stained with 0.1% crystal violet, extracted with acetic acid 10%,
and analyzed by spectrophotometry (OD 595 nm) in a microplate
reader (Wallac Victor3 1420, PerkinElmer, Wellesley, MA, USA).

Measurement of Microparticle and Cellular ATP Content

ATP was measured in MP or cell lysates with the
luciferase/luciferin method (Enliten rluciferase/luciferin cat. #
FF2021, Promega, Italy) in a Firezyme luminometer (Biomedica
Diagnostics Inc, Windsor, Canada). Data were expressed as
relative luminescence units (RLU) and converted into ATP
concentration with an appropriate calibration curve.
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Measurement of Microparticle Potential

Microparticle membrane potential (A¥m) was qualitatively
measured by monitoring the uptake of the positively charged
tetramethylrhodamine methyl ester (TMRM) (Thermo Fisher Sci-
entific, cat. # 134361) at a concentration of 10nm by confocal
microscopy at an emission wavelength of 570 nm, as previously
described.?

Western Blotting

Cells and MPs were lysed in the following lysis buffer: 300 mm
sucrose, 1mm Kp,HPO,;, 1mmMm MgSO4, 5.5mM glucose, 20 mm
HEPES, 1 mM benzamidine, 1 mm phenylmethylsulfonyl fluoride
(PMSF), 0.2 ug/mL DNase (cat. # D5025), and 0.3 ng/mL RNase
(cat. # R5875) (all Sigma-Aldrich). Proteins were separated on
NuPage Bis-Tris 4%-12% precast gel (Thermo Fisher Scientific cat.
# NP0335BOX) and transferred to nitrocellulose membrane (GVS
Life Sciences cat. # 1228243). After incubation for 1h with TBS-
Tween-20 (0.1%) (Sigma-Aldrich, cat. # P9416) supplemented
with 2.5% non-fat powdered milk and 0.5% BSA to saturate
unspecific binding sites, membranes were incubated overnight
with primary antibodies at 4°C. The anti-NLRP3 polyclonal
antibody (Novus, cat. # NBP2-12446) was diluted 1:500. The
anti-cytochrome C rabbit antibody (cat. # Ab 133504, Abcam),
anti-VDAC/porin rabbit polyclonal antibody (cat. # Ab 15895,
Abcam), anti-TOM20 rabbit polyclonal antibody (Merck, cat.
# HPA011562), anti-TIM23 rabbit polyclonal antibody (Thermo
Fisher Scientific, cat. # PA5-71877), anti-P2X7R polyclonal anti-
body (Merck, cat. # P8232), and anti-carbonic anhydrase II poly-
clonal antibody (Merck, cat. # HPA001550) were used at the 1:1000
dilution. Membranes were incubated with a secondary goat anti-
rabbit HRP-conjugated antibody (Thermo Fisher Scientific, cat. #
A16096) at 1:3000 dilutions for 1h at room temperature.

Transmission Electron Microscopy (TEM) of Isolated Microparticles
The MP pellet obtained as described was fixed with 1%
paraformaldehyde and 1.25% glutaraldehyde in 0.15wm cacody-
late buffer, postfixed in 2% osmium tetroxide, dehydrated by
sequential passages in increasing acetone concentrations, and
included in Araldite Durcupan ACM (Merck, cat. # 44613). Ultra-
thin sections were prepared with the Reichert Ultracut S ultrami-
crotome, counterstained with uranyl acetate in saturated solu-
tion and lead citrate according to Reynolds,?® and analyzed with
Hitachi H800 (Hitachi High Technologies Corporation, Brughiero,
Italy), or Thermo Fisher Scientific™ Talos™ L120C transmission
electron microscopes (TEM).

Immunogold Labeling of Isolated Microparticles

Microparticles were fixed in 0.4% paraformaldehyde and perme-
abilized with 0.05% Triton X-100 at room temperature in PBS
for 20 min, followed by incubation at room temperature in 2%
BSA-supplemented PBS for 20 min to block nonspecific binding.
Microparticles were then incubated overnight with the primary
anti-TOM20 rabbit polyclonal antibody (Merck, cat. # HPA011562)
diluted 1:100 in 0.2% BSA-containing PBS. Microparticles were
thoroughly washed in PBS and bound antibodies were detected
with protein A coated with 20-nm gold at the final dilution of
1:100in 0.2% BSA-containing PBS. Finally, MPs were rinsed in PBS
and processed for electron microscopy.

Lucifer Yellow Uptake

N13-P2X7RHigh or N13-P2X7RY were seeded in 24-well plas-
tic dishes (20 x 10* per well) in complete RPMI medium for
24 h. Cells were then rinsed and incubated in 300 L of a saline
solution containing 125 mm NacCl, 5mwM KCl, 1 mM MgSO4, 1 mm

NaH,PO4, 20 mM HEPES, 5.5 mm glucose, 250 uM sulfinpyrazone,
S5mM NaHCOs, and 1mm CaCl,, pH 7.4, supplemented with
1mg/mL lucifer yellow. ATP was then added at the concentra-
tion of 3mmM and the monolayers were incubated in a CO, incu-
bator (37°C). After 15min, 5Smm MgSO, was added to each well
to chelate excess ATP*~, the monolayers were rinsed twice with
the above saline solution and further incubated in 400 uL of
FBS- and phenol red-free RPMI for microscopy. To quantitate
lucifer yellow fluorescence, cells were lysed with 4 uL of Triton
X-100 for 10 min under continuous stirring, supernatants were
withdrawn, and fluorescence quantitated fluorimetrically at the
excitation/emission wavelength pair 428/540. Florescence was
normalized on the protein content measured by the Bradford
method.

Real Time PCR

Total RNA was extracted from cells or MPs with Trizol Reagent
(Thermo Fisher Scientific, cat. # 1559626), and purified with the
Pure Link RNA kit (Thermo Fisher Scientific, cat. # 12183018A)
as per the manufacturer’s instructions. One pg of total mRNA
was reverse transcribed with the High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, cat # 4374966). Two
microliter of cDNA were used as a template for qRT-PCR. Taqg-
Man probes for expression of P2X7R (Thermo Fisher Scien-
tific, cat. # MmO00440578_.m1) and NOD-LRR- and pyrin domain-
containing protein 3 (NLRP3) (Thermo Fisher Scientific, cat. #
MmO00840904_.m1) genes and TagMan probe for G3PDH house-
keeping gene were selected from the ready-to-use gene expres-
sion assay (Thermo Fisher Scientific, cat. # 435239E). A compar-
ative analysis using the AACT method was used to quantitate
the fold increase of target cDNA relative to N13 cells.

Statistical Analysis

Data were analyzed with the GraphPad Prism 9 software (Graph-
Pad Software, Inc., La Jolla, CA, USA). Statistical significance was
calculated with either a two-tailed Student’s t or ANOVA test,
assuming equal SD and variance. All data are shown as the
mean =+ standard error of the mean (SEM). Differences were con-
sidered significant at P < 0.05. Coding: *P < 0.05; P < 0.01;
***P < 0.001; ***P < 0.0001.

Results

Resting or stimulated microglial cells are known to release a
mixed population of MPs of different sizes containing both exo-
somes and plasma membrane-derived extracellular vesicles.> 12
Accruing evidence supports a key role of the P2X7R in MP release
in microglia as well as in other cell types.®7-?7-28 N13-p2X7RHigh
and N13-P2X7R% microglial cells were loaded with the cyto-
plasmic marker dyes calcein/AM (Figure 1A-D) or CSFE (Figure
1E-H), then rinsed and incubated in the absence or presence of
either eATP or the more potent analogue benzoyl-ATP (Bz-ATP).
As shown in Figure 1, N13-P2X7RHg cells (Figure 1A and B), but
not N13-P2X7RM% (Figure 1C and D), released MPs into the cul-
ture medium within a few minutes of incubation in the pres-
ence of the P2X7R agonists. Challenge with eATP (Figure 1E) or
Bz-ATP (Figure 1F), up to a concentration of 1 or 0.5 mMm, respec-
tively, significantly increased MP release from N13-P2X7RMigh
cells, several fold and time-dependently (Figure 1H), while MP
release from N13-P2X7R%Y was negligible. Microparticle release
was linearly related to the eATP but not to the Bz-ATP concentra-
tion, arguably because BzATP concentrations higher than 0.3 mm
cause necrotic cell death. Both eATP- and Bz-ATP-stimulated MP
release was mitigated, albeit not fully inhibited, by pretreatment
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Figure 1. N13 microglial cells release MPs in a P2X7R-dependent fashion. Five x10°> N13-P2X7RHig" (A) or N13-P2X7RM¥ (C) cells were loaded with the cytoplasmic
marker calcein/AM (1 ug/mL) in RPMI complete culture medium for 20 min, then rinsed, re-suspended in the same medium, and challenged with 0.4 mm eATP for
15min to trigger MP (arrow) release [(B, eATP-stimulated N13-P2X7R"i€"; D, eATP-stimulated N13-P2X7R%¥)]. (E-H) Cells were loaded with CSFE (5 M) and incubated
with increasing concentrations of eATP (E) or BzATP (F) for 60 min. (G) cells were treated with 0.3 mm oxidized ATP (oxo) for 1 h at 37°C prior to stimulation with either
eATP or BzATP. (H) Time course of MP release in the presence or absence of either 0.4 mm eATP or 0.2 mm BzATP. To measure MP fluorescence, cell supernatants were
withdrawn, centrifuged at 10000 x g (4°C) for 1h to concentrate the MPs, and the pellet re-suspended in 500 L of sucrose medium. Fluorescence was measured in a
fluorimeter cuvette at the 488/520 nm wavelength pair. Data are means =+ SEM of three to four experiments each performed in triplicate. ** = P < 0.01; *** = P < 0.001;
*#** = P < 0.0001 by Student t-test (E-G), or two-way ANOVA (H). Fluorescence images were acquired with a Nikon Eclipse TE 300 inverted fluorescence microscope
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with the potent covalent P2X7R blocker oxidized-ATP (oxo-ATP)
(Figure 1G), as previously shown.?® P2X7R blockade did not fully
prevent MP release due to the likely stimulation of P2Y receptors
by ATP as well as BZATP.*®

N13-P2X7RMigh cells were then labeled with the selective
mitochondrial marker Mitotracker Green FM and left unchal-
lenged (Figure 2A) or stimulated with eATP (Figure 2B). Besides
intracellular organelles, also extracellular MPs were stained by
this dye, suggesting that they contain mitochondria (Figure 2A
and B, arrows). To further characterize the mitochondrial con-
tent, MPs were isolated, as described in Materials and Methods,
from the supernatants of resting (Figure 2C and D), or eATP-
stimulated (Figure 2E and F) N13-P2X7RM™&" microglia, incu-
bated in the presence of either calcein/AM (Figure 2C and E)
or the selective, potential-sensitive mitochondrial stain Mito-
traker Red FM (Figure 2D and F), and analyzed for fluorescence
emission. Henceforth, MPs released from N13-P2X7RMgh or N13-
P2X7RY" microglia will be referred to as MP-P2X7RMi€" or MP-
P2X7RY% respectively. As shown in Figure 2G, calcein-positive
MPs are about twice as many as those positive for Mitotracker
Red, suggesting that either not all calcein-positive MPs con-
tain mitochondria, or that calcein- and MitoTracker Red-positive
extracellular vesicles are separate MP populations. To verify
this latter hypothesis, we co-labeled the source N13-P2X7RHigh
cells with both calcein/AM and MitoTracker Red FM prior to
eATP challenge. Image merging showed that quite a few MPs
were yellow, indicating co-localization, and suggested that the
MP fraction contained a mixed population of naked mitochon-
dria, MPs containing mitochondria, and mitochondria-less MPs
(Figure 2H).

To further verify the presence of mitochondria, MPs were
examined by transmission electron microscopy (TEM) and
labeled with immunogold using an antibody against a spe-
cific transporter of the outer mitochondrial membrane (TOM20).
Microparticle-P2X7RHig? | recovered from the supernatant of
eATP-stimulated N13-P2X7RHigh cells, contained naked mito-
chondria (Figure 2I) that were specifically labeled by the anti-
TOM?20 antibody (Figure 2J). Thus, as previously shown by us and
by other investigators,? 831 MPs are a rather heterogenous popu-
lation containing a plethora of intracellular molecules and even
intracellular organelles, including mitochondria. Microparticles,
whether released spontaneously (Figure 2K) or upon eATP stim-
ulation (Figure 2L-N), were also strongly stained by the potential-
sensitive dye TMRM, a further proof of a membrane poten-
tial, negative inside. Accordingly, addition of the mitochondrial
uncoupler FCCP (Figure 2M) or of the electron transport chain
inhibitor rotenone (Figure 2N) fully abrogated TMRM fluores-
cence.

As additional characterization, we probed by Western blot-
ting the MP fraction for canonical mitochondrial markers, for
the inflammasome protein NLRP3, and for the P2X7R itself.
Microparticle-P2X7R°" compared to MP-P2X7RHig? had a lower
content of Cyt C, VDAC1, TOM20, and TIM23, as well as of NLRP3
and P2X7R (Figure 3A-H). Challenge of the N13-P2X7RHigh or N13-
P2X7RY¥ cells with eATP or BzATP caused a marked increase in
the content of mitochondrial markers, P2X7R and NLRP3 in MP-
P2X7RHigh but a significantly lower one in MP-P2X7RMo%,

A highly heterogenous MP population containing vesicles of
various sizes and mitochondria was also released by primary
microglia (Supplementary Figure S1). Interestingly, MPs released
from P2X7R-KO microglia contained less material compared
to those from P2X7R-WT, and mitochondria were distinctly
smaller, as previously shown by our laboratory.?? Stimulation
with BzATP (or with ATP) also increased the MP content of P2X7R

and of the mitochondrial markers TIM23 and TOM20 (Supple-
mentary Figure S2). An increase in the MP content of these mark-
ers was also caused by BzATP stimulation of P2X7R-KO microglia,
suggesting that also other P2 receptors, likely P2Y receptors, con-
tribute to BzATP-stimulated mitochondria release.*®

Besides NLRP3 and P2X7R proteins, MPs also contained their
respective mRNAs (Figure 31 and J). Challenge of N13-P2X7RHigh
with eATP had a differential effect on the NLRP3 and P2X7R
mRNA content in both the source cells and in the released MP-
P2X7RMigh, as NLRP3 mRNA was increased while P2X7R mRNA
was decreased (Figure 3I and J). Again, changes in NLRP3 or
P2X7R mRNA levels in the eATP-stimulated MP-P2X7RXY were
negligible.

Despite the identification of mitochondria in the MP fraction
by morphological, biochemical, and immunolabeling techniques
and demonstration of a FCCP-sensitive membrane potential, the
formal proof that mitochondria in the MP fraction were able to
support respiration and associated oxidative phosphorylation
(OxPhos) was still required. Thus, we investigated whether MPs
support O, consumption sensitive to canonical mitochondrial
poisons such as FCCP and oligomycin. We were unable to use the
SeaHorse technology since it was impossible to make MP adhere
to the bottom of SeaHorse dishes without damaging the MPs
themselves; thus, we turned to a fluorometric technique based
on O, quenching of the Abcam reagent (see Materials and Meth-
ods). Microparticles exhibited a basal oxygen consumption that
was further stimulated by FCCP and fully blocked by oligomycin,
thus confirming its dependency on ATP synthesis (Figure 3K). In
agreement with the higher mitochondrial content, unstimulated
MP-P2X7RHigh accumulated an about 10-fold higher iATP content
compared to MP-P2X7RI (Figure 3L). The iATP content of MP-
P2X7RHigh and to a lesser extent that of MP-P2X7RM% | was fur-
ther enhanced by stimulation with eATP or Bz-ATP of the respec-
tive source cells prior to the MP collection (Figure 3L).

We next investigated the fate of the released MPs to ver-
ify whether, as reported in other cell types, they might be
taken up by target microglial cells. Donor N13-P2X7RHigh or N13-
P2X7RMW cells (5 x 10°) were labeled with Mitotracker Green
FM. Then, MPs released over a 24-h incubation were recov-
ered as described in Materials and Methods, and the same dose
of MPs administered either to unlabeled N13-P2X7RMe" or to
unlabeled N13-P2X7RV “target” cells. Unlabeled N13-P2X7RHigh
cells were incubated for 24 h with Mitotracker Green FM-labeled
MP-P2X7RHigh | rinsed, and then analyzed (Figure 4A). This pro-
longed co-incubation caused a strong staining of intracellular
vesicular and filamentous structures in the recipient unlabeled
N13-P2X7RHig?, Alternatively, unlabeled N13-P2X7RM¥ cells were
incubated with Mitotracker Green-labeled MP-P2X7R€", In this
case, staining of intracellular structures was much weaker.
Then, unlabeled N13-P2X7RHig" cells were challenged with Mito-
tracker Green-labeled MP-P2X7R%Y, and finally, N13-P2X7RM%
were challenged with Mitotracker Green-labeled MP-P2X7RM".
In both these latter cases, staining of intracellular organelles in
the recipient cells was very weak, albeit slightly stronger when
N13-P2X7RMe" were challenged with MP-P2X7RO%.

To verify that mitochondria in the MP fraction transferred
to the target cells were able to fuse with the endogenous
mitochondrial network, recipient N13-P2X7RMeh (Figure 4B,
upper panels) or N13-P2X7RY cells (Figure 4B, lower panels)
were labeled with Mitotracker Red FM, and co-incubated in
the presence of Mitotracker Green FM-labeled MP-P2X7RMigh,
Within 6h, nearly all the added MPs were taken up by N13-
P2X7RHigh but not by N13-P2X7R. Image merging showed an
almost perfect colocalization with the endogenous, red-stained
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Figure 2. Released MPs contain mitochondria. N13-P2X7RHigh (A, B) cells (10°) were seeded onto 13-mm-diameter round glass coverslip and stained with the mitochon-
drial selective dye MitoTracker Green FM (200 nMm) for 15min at 37°C. The coverslips were then placed on the heated (37°C) stage of a Nikon inverted microscope as
described in the legend to Figure 1, and either left unchallenged (A) or stimulated with 0.4 mm eATP for 5min (B). Yellow arrows indicate MitoTracker Green FM-stained
MPs. In panels C-F, supernatants from resting (C, D) or 0.4 mm eATP-stimulated (E, F) N13-P2X7"ig" were stained with calcein/AM (C, E) or MitoTracker Red FM (D, F) and
analyzed with a Zeiss LSM510 confocal microscope equipped with a 63x oil immersion plan-apochromat objective. (G) Calcein/AM- or MitoTracker Red FM-positive
MPs released from resting or eATP-stimulated N13-P2X7g" released over a 60-min timespan were quantitated. (H) Microparticles released over a 24 h incubation
period from eATP (0.4 mm)-challenged N13-P2X7RMi€" cells co-labeled MitoTracker Red FM (200 nm) and calcein/AM (1 M), were isolated as described in Materials and
Methods and analyzed by confocal microscopy with rodhamine (upper) or fluorescein (middle) filters, and merged (lower). Microparticles isolated from N13-P2X7RHigh
were analyzed by TEM without (I) or with (J) immunogold labeling with an antibody against the specific mitochondrial protein TOM20. Microparticles isolated from
resting (K) or 0.4 mm eATP-stimulated (L-N) N13-P2X7RHig" were stained with TMRM and analyzed by confocal microscopy. 2.5 v FCCP (M), or 200 nm rotenone (N) were
also added. Bars = 20 um (A-F), 10 um (H, K-N). Data are means + SEM from three independent experiments each performed in triplicate. **** P < 0.0001 by unpaired t
test.
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Figure 3. Microparticle-P2X7RHig" compared to MP-P2X7R!°% express higher levels of NLRP3, P2X7R and mitochondrial markers. N13-P2X7R™€? and N13-P2X7Rl°¥ cells
were plated in 75cm?2 culture flasks and stimulated with 0.4 mMm eATP or 0.2 mMm BzATP for 24 h. At the end of this incubation, MPs were isolated and processed for
Western Blotting analysis (A, B) as described in Materials and Methods. Carbonic anhydrase was used as a loading control. Densitometry (C-H) was performed with
Image]J software. mRNA was isolated from control or eATP-stimulated (0.4 mm) MPs (P2X7R, I), (NLRP3, J), and from MPs released during a 24-h incubation. CTRL: control
resting cells. (K) Oxygen consumption by MP-P2X7RHig" in the absence or presence of FCCP or oligomycin. Control (CTRL): O, consumption in the absence of MPs. (L)
Intracellular ATP (ATP) content of MP-P2X7Rig? and MP-P2X7RL%. ATP was measured as described in Materials and Methods. Data are means + SEM from three to
four independent experiments. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001 by unpaired t test.
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Figure 4. Released mitochondria are taken up by target N13 microglial cells in a P2X7R-dependent fashion. (A) Unlabeled N13-P2X7R€" or N13-P2X7R'% were let adhere
to 24-well dishes, rinsed, and further incubated in complete RPMI medium for 24 h with MitoTracker Green FM-labeled MP-P2X7RHigh or MP-P2X7R%¥ previously isolated
from MitoTracker Green FM-labeled source N13 cells (see Materials and Methods). At the end of this incubation, the monolayers were rinsed to remove extracellular
MPs, fresh medium was added, and the cells analyzed by confocal microscopy as described in the legend to Figure 1. (B) N13-P2X7R™i€" (upper panel) or N13-P2X7RMo%
(lower panel) were loaded with MitoTracker Red FM (400 nMm) at 37°C for 20 min, then thoroughly rinsed and further incubated at 37°C in complete RPMI medium for
24h with MP-P2X7RHig" released from MitoTracker Green-stained N13-P2X7RHigh, At the end of this incubation period cells were analyzed by confocal microscopy.
(C) Intracellular ATP content of N13-P2X7RHig" or N13-P2X7R™Y after 3 or 24h (1 d) of co-incubation with MP-P2X7R™i€" (D) WB of control or MP-P2X7RMig"-pulsed
N13-P2X7RHigh or N13-P2X7RL¥ cell lysates. Actin was used as loading control. (E-G) Densitometric analysis. Isolation of MP-P2X7RHig" and co-incubation with either
N13-P2X7RHigh or N13-P2X7RI°% were performed as described in Materials and Methods. (A) Bar = 20 um; B, bar = 10 um. * P < 0.05; ** P < 0.01; *** P < 0.001; *** P < 0.0001
by unpaired t test.
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mitochondrial network in N13-P2X7RM€" but far less in N13-
P2X7RMW cells (merge). Mitochondria uptake also enhanced the
total ATP content of the recipient cells, but especially of the
N13-P2X7RHig? | since iATP levels in these cells after a 24h (1d)
incubation in the presence of MPs almost doubled (Figure 4C).
Furthermore, co-incubation of N13-P2X7RHigh or N13-P2X7RLoW
with MP-P2X7RHigh increased the TIM23, TOM20, and P2X7R
content of the recipient cells (Figure 4D-G).

Transfer of mitochondria also occurred in primary microglia.
Recipient cells from P2X7R-WT mice were challenged with
MPs isolated from N13P2X7Mie cells (Figure 5A), and after 6h
examined for MP uptake. Image merging showed a substantial
co-localization, suggesting fusion of the supplemented mito-
chondria with the endogenous mitochondrial network. Then,
MP-N13P2X7'°% were administered to microglia from P2X7R-
WT mice, but in this case little uptake occurred, and merg-
ing showed almost no colocalization (Figure 5B). Microglia from
P2X7-KO mice showed very little MP uptake and no colocal-
ization, whether challenged with MP-P2X7RHigh or MP-P2X7RLoW
(Figure 5C-D). We were forced to use in these experiments MPs
originating from the N13 cell line rather than from primary
microglia because the amount of MPs released from primary
cells was too small to allow visualization of a reproducible
uptake.

To rule out the possibility that spillover of green or red flu-
orescence might at least partially confuse the mitochondria
uptake and colocalization analysis, we run control experiments
with single fluorochrome-labeled cells showing that there was
absolutely no spillover of red fluorescence into the green chan-
nel and vice versa (Supplementary Figure S3).

Next, we verified whether MPs challenge could modify cell
responses. Cells with high P2X7R expression exhibit the pecu-
liar reversible permeabilization of the plasma membrane trig-
gered by exposure to eATP,**-% a feature witnessed by lucifer
yellow uptake by N13-P2X7RHigh cells (Figure 6A). In contrast,
N13-P2X7RMY microglia was refractory to eATP-mediated per-
meabilization, as shown by near-absent dye uptake (Figure
6C). Incubation in the presence of MP-P2X7RMi€" only slightly
enhanced the already high lucifer yellow uptake in N13-
P2X7RHigh cells (Figure 6B) but had a significant impact on this
dye uptake in N13-P2X7R!V cells (Figure 6D). Measurement of
cell-associated fluorescence shows that incubation in the pres-
ence of MP-P2X7RM€" almost doubled lucifer yellow uptake by
N13-P2X7RM% cells (Figure 6E). In addition, incubation of N13-
P2X7RMigh cells in the presence of MP-P2X7RHig" almost dou-
bled their proliferation rate, both at the 48 and 72h time points
(Figure 6F). The effect of the incubation of N13-P2X7RHigh with
MP-P2X7R!% was much smaller, albeit still statistically signifi-
cant (Figure 6F). N13-P2X7R!V cells showed a lower basal prolif-
eration rate compared to N13-P2X7RMigh a well-known feature
of P2X7R-less cells,**38 and their proliferation was enhanced by
incubation with MP-P2X7RHig" and to a lesser extent with MP-
P2X7RYV (Figure 6G).

Expression of the P2X7R confers several inflammatory fea-
tures to mononuclear phagocytes, among which is the ability
to generate MGCs,*® typical of chronic granulomatous inflam-
mation. We previously showed that P2X7R-less phagocytes are
unable to undergo spontaneous fusion,?“° thus we investi-
gated whether fusion of N13 microglia was enhanced after incu-
bation with MPs isolated from either N13-P2X7RX% or N13-
P2X7RMigh Multinucleated giant cell formation was measured in
N13-P2X7RMig? cultures incubated for 48 h alone (Figure 7A), in
the presence of MP-P2X7R%¥ (Figure 7B), or MP-P2X7RHigb (Figure
7C). As shown quantitatively in Figure 6D, fusion increased over

time to finally decline after 48h, as previously documented,*
likely due to the accelerated necrosis of the MGCs. Fusion was
accelerated significantly by co-incubation with MP-P2X7RHigh
but not with MP-P2X7Rl¥ (Figure 7D); however, co-incubation
in the presence of MP-P2X7RHig" also accelerated MGC necro-
sis (Figure 7C). Contrary to N13-P2X7RHigh N13-P2X7RMV cells
were unable to generate MGCs spontaneously (Figure 7E); how-
ever, their fusion was greatly enhanced by the presence of
MP-P2X7RHigh (Figure 7G), but not MP-P2X7R'¥ (Figure 7F).
The strong potentiation of MGC formation promoted by co-
incubation in the presence of MP-P2X7RMig? was quantitated
in Figure 7H.

Discussion

We show here that the P2X7R is a master regulator of exchange
of functioning mitochondria and MP by microglia. Intercellular
transfer of mitochondria via different routes (tunneling nan-
otubes, MPs, connexins, and uptake of secreted naked mito-
chondria) is a novel means of information transfer active in
most tissues, including epithelia, neuronal cells, immune cells,
and cancer cells.*! This mechanism appears to fulfill different
needs, such as disposal of damaged mitochondria but also refur-
bishment of stressed cells with healthy mitochondria. This may
have important pathophysiological implications, as the supply
of cancer cells with functioning mitochondria has been shown
to enhance tumor ability to escape immune surveillance.'® Fur-
thermore, the transfer of potent damage-associated molecular
patterns (DAMPs) such as mitochondrial DNA and cytochrome C
is inherently prone to ignite or amplify inflammation.

In the brain, an organ eminently susceptible to mitochondrial
dysfunction and thus heavily affected by mitochondriopathies,
mitochondrial transfer might have a very important pathophys-
iological role. Likewise, mitochondria are implicated in neuroin-
flammation.*? Accruing evidence shows that astrocytes transfer
mitochondria to neurons,' and vice versa that damaged mito-
chondria are transferred from neurons to astrocytes.'® Microglia
is also able to exchange mitochondria with astrocytes*? or with
other microglial cells.?? The rationale for such exchange activ-
ity seems to be, on the one hand, the acceleration of dysfunc-
tional mitochondria disposal and, on the other, the propagation
of pro-inflammatory signals. Of relevance, results by Watson et
al.#* suggest that microglia are highly effective in the in vitro
and in vivo transfer of mitochondria to glioblastoma tumors,
thus increasing tumorigenicity. This is in line with the observa-
tions by Sengupta and co-workers showing the potent cancer-
promoting effect of mitochondria transfer from immune to can-
cer cells.”?

Macrophages are heavily involved in the transcellular mito-
chondria exchange, both as donor and recipient cells. This has
been shown to occur in the adipose tissue, lungs, heart, and
likely in the bone marrow via several mechanisms, i.e., phago-
cytosis, tunneling nanotubes, or extracellular vesicle uptake.?
Although intercellular mitochondria transfer also occurs in the
CNS, the mechanism of mitochondria release and uptake by
microglia has been little investigated.

Mitochondria transfer is a powerful mean for the modula-
tion of inflammation. Uptake of stem cell-derived mitochondria
by macrophages promotes M2 polarization and downmodulates
inflammation.* Furthermore, in the adipose tissue under phys-
iological conditions an intense intercellular mitochondria traf-
ficking occurs between adipocytes and macrophages.* Paradox-
ically, the main product of mitochondrial metabolic activity, i.e.,
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Figure 5. Released mitochondria are taken up by primary microglia in a P2X7R-dependent fashion. Mitotracker Red-labelled microglial cells from P2X7R-WT or P2X7R-
KO mice were let adhere to 24-well dishes, rinsed, and further incubated in complete RPMI medium for 24 h with MitoTracker Green FM-labeled MP-P2X7RHig" or
MP-P2X7RM¥ previously isolated from MitoTracker Green FM-labeled source N13 cells (Materials and Methods). At the end of this incubation, the monolayers were
rinsed to remove extracellular MPs, fresh medium was added, and the cells analyzed by confocal microscopy as described in the legend to Figure 1. Bars =5 um.
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Figure 6. Fusion of MP-P2X7RHig" with the recipient cells restores eATP-mediated plasma membrane permeabilization and increases the proliferation rate in a P2X7R-
dependent fashion. Fluorescence (A-D, upper panels) or phase contrast (A-D, lower panels) images of eATP-stimulated lucifer yellow uptake of control (A) or MP-
P2X7RMig"-challenged (B) N13-P2X7RMig", or control (C) or MP-P2X7R™i¢"-challenged (D) N13-P2X7R™¥. Cells were incubated in complete RPMI medium at 37°C in a
CO, incubator in the absence or presence of MP-P2X7RHigh for 24 1, then rinsed, further incubated in complete RPMI at 37°C, and challenged with 3 mmM eATP in the
presence of 1mg/mL lucifer yellow. At the end of this incubation, the monolayers were thoroughly rinsed, incubated in fresh complete RPMI medium and analyzed
by fluorescence microscopy with a IMT-2 Olympus phase/fluorescence microscope equipped with 20x objective. (E) Lucifer yellow fluorescence was quantitated as
described in Materials and Methods. N13-P2X7RHigh (F) or N13-P2X7RMV (G) were seeded at 37°C in a CO, incubator in 24-well plastic dishes in complete RPMI medium.
After an overnight incubation, a suspension of either MP-P2X7RMig" or MP-P2X7R'" was added to each given cell type, and incubation carried out at 37°C in a CO,
incubator for further 72 h. Cell number was quantitated by crystal violet (see Materials and Methods). Bars = 50 um. * P < 0.05; ** P < 0.01; ** P < 0.001; *** P < 0.0001

by unpaired t test.

ATP, is also a powerful and omnipresent inflammatory media-
tor?”-4® and a most potent stimulant of extracellular vesicle (or
MP) release from brain microglia.” This seems to be an integrated
pro-inflammatory system, as eATP acting at P2X7R, a plasma
membrane receptor highly expressed by mononuclear phago-
cytes, microglia included, promotes MP release.® 4

The low MP release from N13-P2X7RY reported in the
present study confirms that in microglia P2X7R expression is a
strong, albeit not absolute, requirement for MP release stimu-
lated by eATP, or by its more potent agonist Bz-ATP. In fact, P2Y
receptors are also likely to participate in this process. This con-
clusion is supported by the incomplete inhibition of MP shed-
ding by the poorly selective P2X7R antagonist oxoATP shown
in this study, or by the highly selective anti-P2X7R monoclonal
antibody L4 previously reported by us.® The MP population is
highly heterogenous, including small (about 100-200nm) and
large (100-1000 nm) MPs as well as naked mitochondria. Expres-
sion of the P2X7R on the donor cell heavily affects the MP mito-
chondria content, as MP-P2X7R°Y showed a much lower level
of all specific mitochondrial markers compared to MP-P2X7RHigh
and accordingly had a lower content of ATP. The reason for
the reduced mitochondria content in MP-P2X7R!% might be
twofold: on the one hand, N13-P2X7RL°" have a lower mitochon-
drial metabolism?3? and content compared to N13-P2X7RHigh on
the other mitochondria trapping within the budding MPs or
mitochondria extrusion might be less efficient in N13-P2X7RM%
microglia. It has been proposed that the dispatch via MPs might

be a mean to dispose of malfunctioning mitochondria. How-
ever, our data show that MP-associated mitochondria are mostly
functional. In fact, functionality is a key feature of the trans-
ferred mitochondria since their uptake and incorporation in
the endogenous mitochondrial network improved the energy
metabolism in recipient cells. Indeed, a 24-h incubation of N13-
P2X7RMgh microglia in the presence of MP-P2X7RM€" caused a
near doubling of the iATP content in the recipient cells, thus
proving that supply of healthy mitochondria increases energy
levels in these cells.

The MP cargo includes many bioactive molecules besides
intracellular organelles, e.g., NLRP3 and P2X7R proteins as well
as their respective mRNAs, thus suggesting that the MP uptake
may increase the overall pro-inflammatory activity of the recip-
ient cells. This is clearly shown by the conferment of P2X7R-
dependent responses to N13-P2X7RV cells, possibly due to
the direct transfer of P2X7R, which is then directly incorpo-
rated into the plasma membrane. Another possibility is the
translation of the MP-delivered mRNA. Co-incubation with MP-
P2X7RMigh increased P2X7R protein levels in N13-P2X7RIV cells
and made them susceptible to eATP-mediated reversible plasma
membrane permeabilization, the hallmark of P2X7R activity.
Additional functional responses of recipient cells, such as pro-
liferation, were drastically affected by coincubation with MP-
P2X7RMigh The two-fold increase in proliferation might be due
to the increased cell energetics as well as to enhanced P2X7R
expression. Supply of functioning (“healthy”) mitochondria was
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Figure 7. Microparticle fusion with the recipient cells enhances MGC formation in a P2X7R-dependent fashion. N13-P2X7R™¢" were incubated in 24-well plastic dishes
at 37°C in complete RPMI medium for 48h as such (A) or in the presence of either MP-P2X7R°% (B) or MP-P2X7RHigh (C). Time course of MGC formation shown as
fusion index in N13-P2X7R€" monolayers incubated in the presence of MP-P2X7RM%, MP-P2X7R™i€" or left unchallenged (D). N13-P2X7R°" were incubated in 24-well
plastic dishes at 37°C in complete RPMI medium for 48 h as such (E) or in the presence of either MP-P2X7RM¥ (F) or MP-P2X7RHig" (G). Time course of MGC formation
in N13-P2X7R'Y monolayers incubated in the presence of MP-P2X7R%, MP-P2X7RHig" or left unchallenged (H). Fusion index was calculated as follows: (number of
nuclei within MGC/total number of nuclei) x 100. All pictures were taken with an Olympus microscope, as described in the legend to Figure 6.Bars = 10 um. ** P < 0.01;
** P < 0.001; *** P < 0.0001 by unpaired t test.
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shown to potentiate some key macrophage functions such as
M2 polarization and phagocytosis,*>> likely to occur due to the
increased iATP content. Also, increased P2X7R expression due to
MP delivery might concur in the stimulation of cell growth, since
basal activation of this receptor has trophic/growth-promoting
effect.®®

Among the most striking albeit often neglected proper-
ties of mononuclear phagocytes, microglia included, is their
ability to undergo extensive cell fusion to generate MGCs, a
hallmark of chronic granulomatous inflammation.?® Ability to
undergo spontaneous fusion in the absence of stimulation with
inflammatory cytokines is fully dependent on P2X7R expres-
sion.3* 5! Incubation with MP-P2X7RHig" enhanced fusion in N13-
P2X7RHigh cultures and more interestingly, conferred this ability
to N13-P2X7R!°% that are normally unable to fuse. This is yet
another demonstration of the efficient MP-mediated transfer of
bioactive molecules, and of their ability to promote a range of
inflammatory responses.

To achieve optimal transfer of the MP cargo, expression of
P2X7R on the plasma membrane of both the recipient and donor
cells is needed. This might be due to the well-documented fuso-
genic effect of the P2X7R present on the membranes of both
interactors,? or possibly due to a higher phagocytic activity of
P2X7R-expressing cells. Furthermore, the P2X7R is known to pro-
mote phagocytosis and enhance pinocytosis in microglia,>?»>3
thus increasing uptake of the MP cargo.

In conclusion, these data show that the P2X7R is a key deter-
minant of MP trafficking in mouse microglia being needed both
on the donor and recipient cells. P2X7R-expressing MPs effi-
ciently transfer their mitochondrial cargo to the target cells, thus
enhancing their energetics and modulating their key function-
alities. Given the role of eATP and P2X7R in inflammation, these
findings help to better understand the complex modulation of
microglia functions in neuroinflammation and neurodegenera-
tion.
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