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PLATELETS AND THROMBOPOIESIS

Platelets release mitochondria serving as substrate for bactericidal
group IIA-secreted phospholipase A, to promote inflammation
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Mitochondrial DNA (mtDNA) is a highly potent inflammatory trigger and is reportedly found
outside the cells in blood in various pathologies. Platelets are abundant in blood where they

e When activated and in platelet
storage bags, platelets
release respiratory-competent
mitochondria, a recognized
damage-associated
molecular pattern.

¢ Mitochondria, descendant of
Rickettsia prowazekii, serve
as substrate for bactericidal
sPLA5-IIA to promote
inflammation.

promote hemostasis. Although lacking a nucleus, platelets contain functional mitochondria.
On activation, platelets produce extracellular vesicles known as microparticles. We
hypothesized that activated platelets could also release their mitochondria. We show that
activated platelets release respiratory-competent mitochondria, both within membrane-
encapsulated microparticles and as free organelles. Extracellular mitochondria are found
in platelet concentrates used for transfusion and are present at higher levels in those that
induced acute reactions (febrile nonhemolytic reactions, skin manifestations, and cardio-
vascular events) in transfused patients. We establish that the mitochondrion is an endog-
enous substrate of secreted phospholipase A; lIA (sPLA-1IA), a phospholipase otherwise
specific for bacteria, likely reflecting the ancestral proteobacteria origin of mitochondria.
The hydrolysis of the mitochondrial membrane by sPLA,-llA yields inflammatory mediators
(ie, lysophospholipids, fatty acids, and mtDNA) that promote leukocyte activation. Two-
photon microscopy in live transfused animals revealed that extracellular mitochondria
interact with neutrophils in vivo, triggering neutrophil adhesion to the endothelial wall. Our findings identify extracellular mitochondria,
produced by platelets, at the midpoint of a potent mechanism leading to inflammatory responses. (Blood. 2014;124(14):2173-2183)

Introduction

Platelets are small (2-4 pwm) discoid anucleate cell fragments released
by megakaryocytes present in the bone marrow.' During this process,
megakaryocytes transfer components to daughter platelets, including
mRNA? and microRNA,? as well as cytoplasmic organelles, such as
granules and mitochondria.*

Platelets are highly abundant in blood where they promote
hemostasis.® However, platelets are also activated in multiple in-
flammatory responses in which they participate via the liberation of their
broad arsenal of mediators.”® On platelet activation, platelet cytoplas-
mic granules (o, dense, and lysosomes) fuse with the plasma membrane
leading to the release of granule contents into the extracellular milieu.”

Activated platelets also shed thrombotic and proinflammatory mem-
brane vesicles termed microparticles (MPs).”

Mitochondria are thought to be descendant of the Alphaproteo-
bacterium Rickettsia prowazekii,'o and as a result, they can generate
highly potent proinflammatory signals when present extracellularly.' '3
In blood circulation, platelets appear as a major reservoir of mitochon-
dria. Although platelet mitochondria have been implicated in platelet
activation and thereby thrombosis,'®'” whether platelets can release their
mitochondria is unknown. We made the surprising observation that
stimulated platelets relocate mitochondria toward the cell membrane and
then release respiratory-competent mitochondria into the extracellular
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milieu, both as free organelles and encapsulated within microparticles.
Extracellular mitochondria are internalized by bystander leukocytes and,
importantly, become a substrate for bactericidal secreted phospholipase
A,, leading to the liberation of proinflammatory lipid mediators and
mitochondrial DNA (mtDNA). Taken together our work identifies
a novel mechanism by which platelets mediate inflammation, with
considerable relevance to blood transfusion, and provides a potential
explanation for the increased levels of extracellular mtDNA reported in
blood in multiple pathologies.'*'81

Methods

More details are presented in supplemental Methods available on the Blood
Web site.

Mice

All studies were approved by the institutional review board protocol (Centre
Hospitalier Universitaire de Québec, Université Laval). Guidelines of the
Canadian Council on Animal Care were followed in a protocol approved by
the Animal Welfare Committee at Laval University. For our studies, we used
for 6- to 10-week-old male mice (C57BL/6N and BALB/c; Charles River).
For in vivo experiments in which secreted phospholipase A, ITA (sPLA,-1IA)
contribution is evaluated, we used C57BL/6J (Jackson Laboratories) and
SPLA,-IIA—sufficient mice as previously reported.*

Cells and human fluid preparation

Blood was obtained from healthy human volunteers (citrate as anticoagulant)
under an approved institutional review board protocol (CRCHUQ; Université
Laval) and in accordance with the Declaration of Helsinki. Platelets, platelet
MPs (96% of them expressing CD41), and human polymorphonuclear
leukocytes were prepared as previously described.?" Platelet-free plasma (PFP)
was obtained from platelet storage bag preparations as previously reported.?>
Briefly, leukoreduced platelet concentrates were prepared from 6 healthy blood
donors and incubated for 5 days at 20°C to 24°C with agitation. PFP samples
were obtained on days 0, 1, and 5 and were monitored immediately after
collection (without freezing). An increase in platelet P-selectin expression was
<2% during total storage time (day 1 vs day 5). Synovial fluids of rheumatoid
arthritis (RA) and osteoarthritis patients were obtained from volunteers under
the approval of the institutional review board protocol (Brigham and Women’s
Hospital) and were used to assess mitochondria-containing MPs (mitoMPs).
The freshly obtained synovial fluid of RA patients (supplemental Table 1) was
cleared of leukocytes by centrifugation at 1900g for 30 minutes at 4°C.

Isolation of mouse liver mitochondria

Mitochondria were isolated from the liver of C57BL/6N mice with the
Qproteome mitochondria isolation kit (QIAgen) according to the manufacturer’s
protocol. The mitochondria pellet was resuspended in Tyrode buffer, pH 7.4
(134 mM NaCl, 2.9 mM KCl, 0.34 mM Na,HPO,, 12 mM NaHCO;, 20 mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, 1 mM MgCl,, 5 mM
glucose, and 0.5 mg/mL bovine serum albumin), labeled with MitoTracker
Deep Red (100 nM; Invitrogen), and counted by flow cytometry on a BD
fluorescence-activated cell sorter (FACS) Canto II SORP small particle option.

High-sensitivity flow cytometry configuration

A forward scatter (FSC) coupled to a photomultiplier tube (PMT) “small
particles option” (FSC-PMT) (rather than the usual diode) with a 488-nm
solid state, 100-mW output blue laser (rather than the conventional 20 mW),
a 633-nm HeNe, 20-mW output red laser, and a 405-nm solid state diode,
50-mW output violet laser were mounted on the BD FACS Canto II Special
Order Research Product used for all our studies (BD Biosciences). The
chosen parameters were optimal to detect particles from 100 to 3500 nm
simultaneously on the FSC-PMT.
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Platelet stimulation

Platelets were labeled with MitoTracker Deep Red and PKH67 Green
Fluorescent Cell Linker as described above. Platelets were washed and then
were left nonactivated or activated using heat-aggregated immunoglobulin
(I2)G (HA-IgG), 1 mg/mL; thrombin, 0.5 U/mL; collagen, 5 wg/mL; cross-
linked collagen-related peptide, 1 pg/mL; or phorbol myristate acetate, 100 nM
for 4 hours at room temperature. Platelets (20 wL) were then diluted into
500 pL phosphate-buffered saline (PBS) and analyzed by flow cytometry. For
extracellular mitochondria release experiments, platelets were treated with
cytochalasin B (20 pM; Sigma-Aldrich), cytochalasin D (1 wM; Sigma-
Aldrich), cytochalasin E (4 wM; Cayman Chemical), latrunculin A (10 pM;
Cayman Chemical), or nocodazole (5 wM; Sigma-Aldrich). To process the data
quantitatively, 100000 polystyrene microspheres (15 wm diameter; Poly-
sciences) were added to each tube, and 1000 microspheres were acquired. The
included MitoTracker ™ and/or PKH67 " events were portrayed as FSC-PMT vs
aside scatter (SSC) graph, and the relative dimensions were displayed according
to the acquisition of Sky Blue microspheres of mean diameters of 90, 220, 450,
840, and 3200 nm (Spherotech).

Mitochondrial activity

Oxygen consumption was measured with mitochondrial preparations (final
concentration of ~0.15 mg protein/mL) using a temperature-controlled
polarographic O, monitoring system with 1-mL chambers (Rank Brothers
Ltd). Temperature was maintained at 37°C by a circulating refrigerated water
bath (Haake G8; Polyscience). The oxygen probes were calibrated with
air-saturated reaction buffer and corrected for temperature and atmospheric
pressure. All components were dissolved in reaction buffer (140 mM KCl,
20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, and 5 mM
K,HPO,, pH 7.3, with 0.5% fatty acid free bovine serum albumin), except
rotenone and antimycin A, which were dissolved in 95% ethanol.

Oxygen consumption due to flux through complexes I to IV was
estimated from rates of pyruvate + malate + succinate oxidation (3.45, 0.37,
and 6 mM) in the presence of 5 mM adenosine 5’-diphosphate and corrected
for residual rates after inhibition of complex I by rotenone (1 pg/mL final
concentration) and complex III by antimycin A (5 wg/mL final concentra-
tion). Preliminary experiments showed that 5 mM adenosine diphosphate
was sufficient to maintain state 3 rates for the time required for the complete
series of measurements. Preliminary experiments also established optimal
substrate and inhibitor concentrations for these measurements from platelet
mitochondria.

Mitochondria membrane potential was performed as described in the JC-1
Mitochondrial Membrane Potential Detection Kit protocol (Cayman Chemical).
Platelet supernatant was incubated with JC-1 (1/10) as recommended by
the manufacturer and with 5 pL of anti-CD41a-APC (BD Biosciences) for
30 minutes at 37°C. Samples were diluted and analyzed using high-sensitivity
flow cytometry (hs-FCM).

Air pouch model

The air pouch model was performed on C57BL/6N mice as previously
reported.”* Briefly, sterile air was subcutaneous injected on days 0 and 3.
Tumor necrosis factor-a (50 ng) was injected into the pouch on day 6. On
day 7, mitochondrial membrane hydrolysis products (100 pL of 5 X 10°
mitochondria treated with sPLA,-IIA), diluent (PBS), sPLA,-IIA, or
mitochondria alone were injected in the air pouch. After 4 hours, the air pouch
was washed with 1.2 mL PBS. Cytokines were quantified using the BD
Cytometric Bead Array System (BD Biosciences) by flow cytometry on a BD
FACS Canto II and analyzed using FCAP Array Software (version 3.0).

Results
Distribution of mitochondria in platelets

Using fluorescence and transmission electron microscopy (TEM),
we found that unactivated platelets contain an average of ~4
mitochondria, frequently located in the vicinity of the plasma

20z aunr 60 uo 3senb Aq jpd'e/12/€€L6.LELIELLEIY LIV LIPA-BI0IIE/POOIq AU SUOKEDIgNdYSE//:d])Y WOl papeojumog



BLOOD, 2 OCTOBER 2014 - VOLUME 124, NUMBER 14

Figure 1. Mitochondrial distribution within resting
platelets. Mitochondria (black arrows) in resting plate-
lets examined by (A) TEM and (B) confocal scanning
laser microscopy (CSLM). (C) Mitochondria are located
proximally to the platelet plasma membrane (n = 31;
data represent the mean = standard error of the mean
[SEM], ***P < .0001, Student ¢ test).

membrane (Figure 1A-C; supplemental Movie 1; supplemental
Figure 1A). Remarkably, a fraction of these mitochondria promptly
localizes in pseudopodia on activation by thrombin, a serine protease
that participates in blood coagulation (supplemental Movie 2;
supplemental Figure 1B).

Activated platelets release functional mitochondria

In addition to promoting release of granule contents,”* platelet
activation triggers cytoplasmic membrane budding and the shedding of
submicron vesicles called MPs.” Taking into account the localization
of mitochondria in the vicinity of the cytoplasmic membrane, we
hypothesized that mitochondria may be packaged within MPs and form
mitochondria-containing microparticles (mitoMPs).

Mitochondria are recognized as the powerhouse of the cell,
producing the energy (adenosine triphosphate) required for most
metabolic reactions, mostly via oxidative phosphorylation.?®
To determine whether platelets release mitochondria, we first
evaluated specific mitochondrial O, consumption, mediated by
flux through complexes I to IV, using specific inhibitors of
complexes I and III (roteonone and antimycin A, respectively).
Unless mitochondria have been isolated and free in the milieu,
permeabilization of the cytoplasmic membrane is necessary to allow
the access of exogenous substrates added exogenously to stimulate
mitochondrial respiration.?’?® To evaluate respiration by putative
mitoMPs in platelet-free supernatants, we thus used an established
permeabilization method for our assays.’® We found that the
supernatant from activated platelets harvested by centrifugation
(cell-free; supplemental Figure 2) consumes O, (Figure 2A). In
contrast, the supernatant fromisolated resting platelets exhibited no
detectable O, consumption (Figure 2A). Quite unexpectedly,
significant O, consumption was detected even in the absence of
detergent (Figure 2A). These observations suggest that, in addition
to active mitoMPs, platelets may also release respiration-
competent free mitochondria (freeMito) into the extracellular
milieu (Figure 2B).

We next examined the presence of freeMitos and mitoMPs, using
a series of quantitative and qualitative approaches. Using a mono-
clonal antibody directed against a specific mitochondrial outer
membrane receptor (TOM22; supplemental Figure 3), we found
intact freeMitos in the supernatants from thrombin-activated
platelets, quantified by a PCR approach targeting mtDNA sequences
(Figure 2C). TEM and confocal fluorescence microscopic analyses
using fluorescent dyes to discriminate the plasma membrane and
mitochondria further establish the production of freeMitos and
mitoMPs by activated platelets (Figure 2D-E).

Whereas the transfer of organelles from megakaryocytes to platelets
is mediated by cytoskeleton components,* we assessed whether the
cytoskeleton is also involved in the extrusion of mitochondria from
platelets. Using actin and tubulin polymerization inhibitors along
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with hs-FCM?® to resolve the submicron particle populations (ie,
MPs, mitoMPs, and freeMitos; Figure 2B) produced by platelets,
we observed that the release of mitochondria (freeMitos and
mitoMPs) implicates actin and occurs independently of microtubules
(Figure 2F-G). Thus, via cytoskeletal contribution, activated platelets
are a source of mitoMPs and respiration-competent freeMitos.
Thrombin is a highly potent agonist of platelet activation, and
we next aimed at determining whether thrombin and other well-
recognized platelet stimuli (supplemental Figure 4A-B) promote
the release of extracellular mitochondria. We found that all the
platelet stimuli tested lead to the production of both mitoMPs and
freeMitos (Figure 2H). Interestingly, freeMitos were found to fulfill
the current structural definitions of conventional MPs. In fact, freeMitos
are smaller than intact platelets and have submicron dimensions and
a membrane moiety (Figure 2F), providing an explanation for the
recognized heterogeneity found among platelet-derived MPs.*

Relevance of extracellular mitochondria in health

The broad diversity of stimuli capable of promoting concomitant
release of mitochondria and MPs points to the biological relevance of
this phenomenon. We thus sought to determine whether mitochon-
dria are released in vivo in sterile inflammatory pathologies where
platelet MPs are known to be produced. Using hs-FCM, anti-TOM22
coprecipitation of mtDNA, and TEM, we could detect significant
levels of extracellular mitochondria in synovial fluid from patients
with RA (Figure 3A-C), consistent with the accumulation of
platelet MPs**132 and mtDN A reported in RA synovial fluid. For
comparison, lower concentrations of extracellular mitochondria of
platelet origin (CD41" mitoMPs) were measured in the synovial
fluid of osteoarthritis patients (Figure 3A), a joint disease in which
platelet MPs are also less abundant.®'> Similar observations were
made in bronchoalveolar lavage fluids from the experimental
transfusion-related acute lung injury (TRALI) mouse model
(supplemental Figure 5A-B). Although the identified CD41"
mitoMPs are very likely produced by platelets, damaged cells and
activated mast cells are potential sources of freeMitos.' 112 We thus
endeavored to confirm the platelet origin of extracellular mitochon-
dria in a relevant biological context where platelets have been
reported to release MPs ex vivo. Given their pivotal functions in
hemostasis,>* platelet transfusion is frequently used to restore optimal
platelet levels in thrombocytopenic patients. In contrast to red blood
cell (RBC) concentrates, which are stored at ~4°C for up to 42 days,
platelet concentrates used for transfusion are stored at 20°C to 24°C.
Adverse reactions (febrile nonhemolytic reactions [fever or chills],
anaphylaxis, transfusion-related sepsis, and TRALI) are more fre-
quently observed with platelet than RBC transfusion.*> It is generally
thought that this difference may be due to the presence of bacteria in
platelet concentrates grown at permissive temperatures. From a phylo-
genetic view, mitochondria are thought to have originated from the
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Figure 2. Activated platelets release extracellular mitochondria. (A) Platelet-free supernatants resulting from the isolation of thrombin-activated platelets consume O, via the
electron transport chain following cell permeabilization with saponin detergent (50 pug/mL). No O, consumption is detected in supernatants obtained from resting platelets (n = 4
data are mean *= SEM). (B) Three predicted types of extracellular microparticles (MPs) produced on platelet activation: mitochondria (freeMitos), mitochondria-containing MPs
(mitoMPs), and MPs lacking mitochondria (MPs). (C) Isolation of freeMitos using anti-TOM22 microbeads (or IgG control) in thrombin-stimulated platelets and mtDNA quantification
(n = 4; data are mean = SEM, **P < .005, Student ttest). (D) TEM visualization of freeMitos (white arrows), mitoMPs (black arrows), and MPs (black arrowheads) released from
thrombin-activated platelets. (E) Three-dimensional CSLM reconstruction of the supernatant of thrombin-activated platelets. Populations represented in image are platelets (black
arrow), MPs (white arrows), mitoMPs (white arrowheads), and freeMitos (black arrowheads). (F) High-sensitivity flow cytometry (hs-FCM) analysis of resting platelets (upper panel,
top right quadrant) and thrombin-activated platelets, which show 3 additional, distinct populations of particles, ie, freeMitos (bottom panel, top left quadrant, blue), mitoMPs (bottom
panel, top right quadrant, pink), and mitochondria-free MPs (bottom panel, bottom right quadrant, red). Bottom left quadrant of both upper and lower panels represents background
noise (gray). FSC-PMT and SSC dot plots of platelets (first right panel) and 3 populations of microparticles: freeMitos (second right panel), mitoMPs (third right panel), and MPs
(fourth right panel). The relative diameters are presented according to size-defined microsphere calibrations. (G) Release of (left) freeMito, (center) mitoMPs, and (right) MPs from
thrombin-activated platelets require intact actin microfilament dynamics. Mitochondrial release is significantly reduced on addition of actin inhibitors (cytochalasin [B,D-E] and
latrunculin [A]), but not tubulin polymerization inhibitor (nocodazole) (n = 4; data are mean + SEM, *P < .05, **P < .005, and ***P < .001, Student ttest). (H) Heat-aggregated IgG
(HA-1gG), thrombin, collagen, cross-linked collagen related peptide (CRP-XL), and phorbol 12-myristate 13-acetate (PMA) trigger the release of (left) extracellular freeMitos,
(center) mitoMPs, and (right) MPs quantified by hs-FCM (n = 4; data are mean = SEM. *P < .05, **P < .005, and ***P < .001 vs supernatant from resting platelets, Student ttest).
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Figure 3. Extracellular mitochondria are present in various situations where platelets are known to be activated. (A) Platelet mitoMPs (CD41*MitoTracker™) are
found in higher concentrations in the synovial fluid of RA patients (n = 20) than in the synovial fluid of osteoarthritis patients (OA, n = 14; data are mean = SEM, *P < .05,
Mann-Whitney test). (B) FreeMitos are detected in fresh SF of RA patients. Isolation of freeMitos in RA SF (from 3 different patients) with anti-TOM22 microbeads (or control
19G; supplemental Figure 3) and mtDNA quantification. (C) TEM imaging of (left) a freeMito and (right) a mitoMP from fresh RA SF. (D) O, consumption is observed in PFP
obtained at the indicated time intervals from platelet storage bags. (E) Isolation of freeMitos (supplemental Figure 3) in PFP along with mtDNA quantification reveals an
abundance of freeMito at day 5 (n = 6; data are mean = SEM, *P < .05 vs day 0, paired Student t test). (F) High-sensitivity flow cytometry (hs-FCM) analysis of resting
platelets (upper panel, top right quadrant) and thrombin-activated platelets, which show 3 additional distinct populations of particles, ie, freeMitos (bottom panel, top left
quadrant, blue), mitoMPs (bottom panel, top right quadrant, pink), and mitochondria-free MPs (bottom panel, bottom right quadrant, red). Bottom left quadrant of both upper
and lower panels represents background noise (gray). FSC-PMT and SSC dot plots of platelets (first right panel) and 3 populations of microparticles: freeMitos (second right
panel), mitoMPs (third right panel), and MPs (fourth right panel). The relative diameters are presented according to size-defined microsphere calibrations. (G) TEM imaging of
PFP collected on day 5 confirming the presence of (left) freeMitos and (right) mitoMPs. (H) Mitochondrial membrane potential is detected in freeMitos and mitoMPs collected
from PFP, as measured by a JC-1 assay using hs-FCM (red to green ratio) (n = 5; data are mean = SEM). (I) Extracellular mitochondria (as detected by mtDNA
quantification) are found at higher concentration in PFP of platelet storage bags that have cause adverse transfusion reaction to the recipient (no adverse reaction group
[n = 61] vs adverse reaction group [n = 74] matched in term of storage duration; data are mean + SEM, ***P < .001, Student t test). Adverse reaction measured include
mainly febrile nonhemolytic reactions, skin manifestations such as itching or skin rash, and cardiovascular events such as hypotension or tachycardia.

endosymbiosis of alphaproteobacteria (Rickettsiales) during the early  reactions in human recipients contain higher concentrations

evolution of eukaryotic cells.’” We hypothesized that extracellular
mitochondria (organelles that are lacking in RBCs) present in
platelet concentrates might trigger adverse reactions similar to
those observed with infectious agents.

We thus evaluated the presence of extracellular mitochondria in
platelet concentrates used for human transfusion in the course of their
conservation. As measured using the O, consumption assay, as well
as by TOM?22 coprecipitation of mtDNA, hs-FCM, and TEM, we
demonstrate significant levels of freeMitos and mitoMPs in platelet
concentrates (Figure 3D-G). In keeping with the coupling of O,
utilization with energy production, mitochondria present in MPs and
free mitochondria in platelet concentrates display JC-1 dye aggregates,
a cationic dye that accumulates in energized cell mitochondria
(Figure 3H). Most importantly, we established that platelet
concentrates that had been associated with adverse transfusion

of extracellular mitochondria (Figure 3I). Thus, extracellular
mitochondria, which have the alphaproteobacterium Rickettsia
prowazekii'® as an ancestor, are present in platelet concentrates
used for transfusion, particularly in those that triggered transfusion-
related incidents, and exhibit a significant degree of functionality.

Mitochondrion is an endogenous substrate for the bactericidal
secreted phospholipase A,-lIA

What are the implications of the release of free mitochondria by
platelets? Extracellular mitochondria are already well recognized
as highly potent damage-associated molecular patterns (DAMPs),
capable of mediating inflammation locally'>'* and systematically'*'>
through their bacteria-like components (ie, N-formylated peptides and
mtDNA). In this study, we aimed to identify unprecedented roles for
extracellular mitochondria in inflammation. The sPLA,-IIA, initially
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Figure 4. The mitochondrion is a substrate for the bactericidal sPLA,-lIA. (A) Quantification of SPLA,-IIA in human platelets by time-resolved immunofluorescence (n = 3;
data are mean = SEM). (B) sPLA-IIA immunoblotting of mitochondria isolated with anti-TOM22 microbeads reveals binding of human recombinant sPLA,-IIA to mitochondria
(supplemental Figure 3). (C) Mitochondria were incubated in (left) the absence or (right) presence of Alexa488-conjugated sPLA,-IIA and analyzed by hs-FCM. The significant
shift in the fluorescent population size (right) indicates that sPLA.-IIA binds mitochondria. (D-E) Catalytic activity of human recombinant sPLA,-IIA (or PBS as vehicle) toward
mitochondria. Mitochondrial membrane phospholipid hydrolysis by sPLA-1IA yields (D) lysophospholipids and (E) fatty acids as quantified by mass spectrometry. (F) sPLAx-IIA
affects mitochondrial structural integrity. Scanning electronic micrographs of mitochondria incubated in the (left) absence or (right) presence of human recombinant sPLA-IIA.
(G) Mitochondria (magenta) release mtDNA (blue) on incubation with recombinant sPLA,-IIA (upper panels). Extracellular mtDNA accumulation (arrow) is apparent in the
presence of sPLA,-IIA. Differential interference contrast images are shown for reference (lower panels). (H) mtDNA extrusion is amplified in presence of human recombinant
sPLA-IIA (0.2 pg/mL, 30 minutes at 37°C), as quantified by Sytox Green nucleic acid stain assay (n = 6; data are mean = SEM, *P < .05, Student t test).

identified in platelets®® and present abundantly in this cellular lineage
(Figure 4A), hydrolyzes the sn-2 acyl bond of glycerophospholipids,
resulting in the release of free fatty acids and lysophospholipids.
SPLA,-IIA is found in plasma and is induced in chronic and acute
inflammatory conditions.®® Although the promotion of host defense
via bacterial membrane hydrolysis is an established function for
this enzyme,39 sPLA,-IIA is only poorly active toward the plasma
membrane of eukaryotic cells, including platelets,*® and its endoge-
nous substrate in sterile inflammation has thus far remained unclear.
The ancestral similarities between bacteria and mitochondria'®>’
prompted us to examine whether the mitochondrial membrane is
susceptible to hydrolysis by sPLA,-IIA. We observed that SPLA,-IIA
binds mitochondria (Figure 4B-C), leading to the release of various
lysophospholipids and free fatty acids (Fig 4D-E), and in so
doing, severely affects mitochondrial structural integrity (Figure 4F).
Similarly to bacteria, the mitochondrial genome is rich in
unmethylated CpG motifs, arecognized DAMP'? and which is found
outside cells in multiple disorders.'*'®!° To determine whether
mitochondrial digestion by sSPLA,-IIA might lead to mtDNA release,
we used confocal microscopy and an assay specifically designed
to quantify soluble DNA. With this combination of approaches,
we identified sPLA,-IIA as an enzyme capable of promoting the
liberation of mtDNA (Figure 4G-H), Thus, the mitochondrion is an
endogenous substrate of SPLA,-IIA, and its hydrolysis leads to
the generation of recognized proinflammatory signals (arachidonic
acid,*' lysophospholipids,** and mtDNA'?). Further, this result raises

the possibility that a previously unrecognized function of sPLA,-IIA
is to assist in the degradation of freeMitos released by platelets and
potentially other cells.

Extracellular mitochondria interact with neutrophils

We next endeavored to identify a relevant cellular lineage that
may be regulated by extracellular mitochondria. We found that
fluorescent mitochondria intravenously injected in mice associate
with neutrophils, a polymorphonuclear leukocyte cell lineage that
plays key roles in inflammation®® (Figure 5A). Intravital investigations
in mice using 2-photon microscopy demonstrated that extracellular
mitochondria present in the bloodstream prompt neutrophil
interactions with the vascular wall and rolling (Figure 5B; supplemental
Movie 3). Using qualitative scanning electron microscopy, we found
that extracellular mitochondria consistently lead human neutrophils
to display striking ultrastructural features, similar to pseudopodia
(Figure 5C). Together, these observations suggest that extracellular
mitochondria can interact with neutrophils, thereby modulating the
activities of the latter.

Inflammation is amplified by the combined action of
extracellular mitochondria and sPLA5-IIA

To address the possibility that the combination of sPLA,-IIA
and mitochondria might trigger activities other than those induced
by either mitochondria or sPLA,-IIA alone, we assessed whether
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Figure 5. Extracellular mitochondria interact with neutrophils. (A) Intravenously injected fluorescence-labeled mitochondria (MitoTracker Deep Red) associate with
mouse neutrophils (Gr1* cells) in vivo as measured by flow cytometry (n = 6; data are mean = SEM, ***P < .001, Student t test). (B) Intravenous injection of mitochondria
induces neutrophil rolling in LysM-eGFP mice. (Center and right) Neutrophil (green) velocity is significantly reduced (n = 89; supplemental Movie 3) in blood (red) following
intravenous injection of mitochondria compared with (left) Tyrode buffer as vehicle (n = 51; data are mean = SEM, ***P < .001, Student t test) (C) Scanning electronic
micrographs of mitochondria in association with (left) freshly isolated human neutrophil and (right) ensuing neutrophil structural change (29.2 + 2.11%, n = 3) after

a 30-minute incubation in the presence of human recombinant sPLA,-IIA.

sPLA,-IIA and extracellular mitochondria could associate together
with neutrophils. Interestingly, fluorescent sPLA,-IIA and exoge-
nously labeled mitochondria rapidly associate with human neutro-
phils and colocalize intracellularly (Figure 6A-B) through dynamin,
clathrin, and caveolin-dependant endocytosis (Figure 6C; supple-
mental Figure 6). Arachidonic acid (20:4, n-6) liberated by sPLA,-1IA
may contribute to the biosynthesis of inflammatory eicosanoids such
as leukotrienes by neighboring leukocytes.*' To determine whether
the association of mitochondria, sSPLA,-IIA, and neutrophils might
promote cell activation, we measured the release of leukotriene
B4 (LTB4) by neutrophils. We found that neutrophils produce
copious amounts of LTB, when both extracellular mitochondria
and sPLA,-IIA are present (Figure 6D). Importantly, such LTB,
production is strictly dependent on sPLA,-IIA catalytic activity
because it takes place even in presence of the cPLA,«a inhibitor
pyrrophenone, and it is not observed when a catalytically inactive
SPLA,-ITA mutant form is used (Figure 6D; supplemental Figure 7).

Platelets are implicated in the activation of neutrophils and
participate in the formation of neutrophil extracellular traps
(NETs),** a recognized feature found in RA and transfusion adverse
reactions like TRALL*>*® Interestingly, freeMitos are also NET
inducers, a phenomenon that is amplified in the presence of SPLA,-IIA
(Figure 6E). Consistent with their recognized proinflammatory
potency, the different hydrolytic products derived from sPLA,-IIA
activity (arachidonic acid, lysophospholipids, and mtDNA) are all
highly potent at inducing NETosis (Figure 6E). Thus, the SPLA,-IIA/
mitochondria complex associates with neutrophils and promotes
cellular activation that is dependent on sPLA,-IIA activity.

We next examined the significance of this pathway in the
inflammatory response in vivo. In this set of experiments, we used
C57BL/6J mice (which naturally lack sPLA,-IIA) to evaluate
whether mitochondrial hydrolytic products are active. Consistent
with our in vitro observations, we found that the products derived
from freeMitos via human recombinant sPLA,-IIA activity promote
a rapid, significant decrease of body temperature (Figure 7A)
and induce proinflammatory cytokine release when injected in
sPLA,-IIA—deficient mice (Figure 7B). Conversely, intact freeMitos
injected in these mice elicited only a modest response, confirming
that freeMitos can trigger an inflammatory response that is dependent
on hydrolysis by sPLA,-IIA. To determine whether endogenous
SPLA,-IIA can produce mediators from freeMitos in vivo, we ex-
amined the effect of intact freeMitos injected in transgenic C57BL/6J
mice expressing SPLA,-ITA. Interestingly, we found that the latter
treatment induced a delayed but albeit significant lowering of body
temperature (Figure 7A), suggesting that the endogenous sPLA,-ITA

expression is sufficient to promote inflammatory reactions. To determine
whether freeMitos can modulate physiological processes in discrete
organs, we evaluated their localization on injection via tail vein. We
observed that the bulk of injected freeMitos accumulate in the liver,
kidney, lungs, and lymph nodes (supplemental Figure 8A). Consistent
with the concomitant localization of sPLA,-IIA (supplemental
Figure 8B) and neutrophils47 in the liver, freeMito accumulation
in this organ triggers the expression of a broad variety of proin-
flammatory genes recognized as relevant to neutrophil functions
(Figure 7C). Our observations demonstrate that the combined
activity of extracellular mitochondria and sPLA,-IIA generates
inflammatory signals in vivo.

Discussion

Mitochondrial components secreted from cells might act as auto-
pathogens, a term first coined by Zhang and colleagues.'' Owing to
their numerous similarities to bacteria, extracellular mitochondria
can stimulate the immune system and thereby trigger inflammation.
Indeed, cell-free mtDNA levels are increased in blood in several
pathologies and can be used as potent biomarker. Our study
establishes that platelets can release functional mitochondria (free or
shuttled via MPs), which can be transferred to other cells such as
neutrophils.

The concentration of sPLA,-IIA is increased in inflammatory
exudates, such as in the plasma of septic shock patients and RA
synovial fluid.***° Consistently, the sSPLA,-IIA expressing trans-
genic mice used in our study®® display higher levels of plasma
SPLA,-IIA and develop accelerated blood vessel inflammation
and autoimmune arthritis.**>* Although sPLA,-IIA is a bactericidal
enzyme that has been studied for decades, its endogenous substrates
in sterile inflammation were thought to be limited to dying cells®' and
MPs.>? Our study identifies mitochondria as an overlooked source of
biologically active mediators that can be liberated via SPLA,-IIA. In
addition to arachidonic acid conversion to eicosanoids,*" other lipid
mediators may also promote inflammation (Figure 7D). Lysophos-
pholipids are released through sPLA,-IIA activity toward the
mitochondrial membrane and can trigger inflammation.>*** In the
context of platelet transfusion, lysophospholipid levels accumulate
in platelet concentrates during storage>> and promote adverse
effects.> It is thus highly plausible that these lysophospholipids are
in fact derived from sPLA,-IIA activity, which is also abundant in
platelet concentrates (supplemental Figure 9A), toward extracellular
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Figure 6. Interaction of human neutrophils with the mitochondria/sPLA,-IIA complex promotes the release of proinflammatory mediators. (A) Human neutrophils
associate with the mitochondria/sPLA-1IA complex in vitro as measured by flow cytometry analysis of human neutrophils incubated with fluorescently labeled mitochondria
(MitoTracker Deep Red) in the (left) absence or (right) presence of Alexa488-conjugated sPLA-IIA. (B) Three-dimensional CSLM reconstruction of mitochondria (red) and
sPLA.-IIA (green) colocalizing within neutrophils (blue nuclei, Hoechst stain; gray cytoplasm, CellTracker CMTPX). (C) Mitochondria are internalized in human neutrophils via
an endocytosis-dependent pathway. Graph bars representation of the relative localization (surface vs intracellular) of the mitochondria inside neutrophils following
pretreatment with indicated inhibitors (nystatin for inhibition of caveolin-mediated endocytosis; chlorpromazine for inhibition of clathrin-mediated endocytosis; dynasore for
inhibition of dynamin-mediated endocytosis; nocodazole for inhibition of polymerization of microtubule [endocytosis and phagocytosis]; cytochalasin B for inhibition of
polymerization of actin [endocytosis and phagocytosis]). Data were obtained from 100 neutrophils per condition repeated 3 times (n = 3, *P < .01, **P < .001, and
***P < .,0001, Mann-Whitney test compare with diluent). (D) Mitochondrial hydrolytic products derived from the action of the mitochondria/sPLA,-1IA complex (Figure 4D-E)
induce proinflammatory responses in human neutrophils. The total 5-lipoxygenase products (5-LO products) were quantified by high-performance liquid chromatography (n = 4;
data are mean += SEM, **P < .005 vs control, Student ttest). (E) The freeMito fraction induces NET formation in vitro and is enhanced by sPLA,-IIA. NET formation (left panel,
DNA, blue, white dotted line) was confirmed by confocal imaging after treatment of mitochondria (red, right panel) with sPLA,-IIA. sPLA-IIA significantly enhances NET
formation by mitochondria (upper right panel, n = 7; data are mean = SEM, *P < .05 and **P < .005, Student t test). Hydrolysis products from mitochondria/sPLA2-II1A

complex activity also induce significant NET formation (lower right panel, n = 3; data are mean = SEM, **P < .005 and ***P < .001, Student t test).

mitochondria. Beyond the release of lipid mediators, SPLA,-1IA also
participates in the extrusion of mtDNA (Figure 4F-H). This process
may occur in an inflammatory microenvironment where sPLA,-IIA
and freeMitos (originating from platelets, mitoMPs, or other
activated/damaged cell lineages) are both present, such as in RA,*
as well as in the context of transfusion. Indeed, soluble mtDNA
concentrations in platelet storage bags increase concomitantly
with sPLA,-IIA levels (supplemental Figure 9A-B) and are
higher in concentrates associated with adverse transfusion reactions
(Figure 3I). Because intravenous injection of mtDNA triggers
lung inflammation,'? this may provide insight into how platelet
transfusions induce lung injury.

Mitochondrial components that are not dependent on sPLA,-IIA
activity might also contribute to the promotion of inflammation.
Respiratory competence displayed by platelet-derived mitochondria
implies an increased production of ATP, a recognized DAMP,> as
well as an upsurge in extracellular reactive oxygen species, which
are danger signals also.>® Similar to bacteria, mitochondria express
N-formylated peptides that can recruit leukocytes to the site(s) of
inflammation.'>>” The presence of these different inflammatory
components, whose production does not require SPLA,-IIA, may ex-
plain how intravenous injection of mitochondria induce neutrophil
rolling along the vascular wall (Figure 5B; supplemental Movie 3),
which is typically reminiscent of neutrophil priming, and how intact
mitochondria may induce significant NETosis (Figure 6E).

Although we focused our study on innate and acute inflammatory
responses triggered by extracellular mitochondria, the latter may

also be involved in adaptive immune responses and chronic
inflammation. Indeed, the generation of antibodies directed against
mitochondrial components may occur in chronic rheumatic diseases
in which mitochondria are constantly liberated by activated platelets
and in patients repeatedly transfused with extracellular mitochondria.
Interestingly, cardiolipin, a phospholipid uniquely expressed by mito-
chondria (and bacteria), may be also highly antigenic, providing an
explanation for the prevalence of anticardiolipin in rheumatic diseases
implicating platelets such as systemic lupus erythematosus and anti-
phospholipid syndrome.*® We predict that future investigations will
determine to what extent mitochondria contribute in these processes.

Platelet activation under flow condition induces the formation
of long tubes, called flow-induced protrusions, and the plasma
of healthy subjects contains tubular extracellular vesicles. We
thus foresee that these tubular structures might also express
mitochondria.’*®® Keeping in mind that platelets rapidly respond
to vascular injuries to prevent bleeding and that mitochondria might
also be released in this context, we further speculate that extracellular
mitochondria could contribute to the hemostatic functions of
platelets. Like MPs, mitochondria might serve to tissue factor
deposition and to the initiation of the coagulation cascade, which is
by itself a well-controlled inflammatory reaction.®’ Subsequent
studies will undoubtedly uncover additional physiological role(s)
played by extracellular mitochondria.

Platelets are classically considered first and foremost as key
players in hemostasis. However, mounting evidence suggests that
these cells actively participate in inflammation.® The identification of
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Figure 7. Extracellular mitochondria and sPLA,-IIA amplify inflammation in vivo. (A) Intravenous injection of mitochondrial hydrolytic products (sPLA,-1IA-treated
mitochondria, black triangle) in sPLA,-IIA—deficient mice significant lowers body temperature (A temperature vs PBS-injected mice of respective background) after 4 hours
(n = 6/group; data are mean * SEM, **P < .005 compared with sPLA,-IlA—untreated mitochondria [m] or sPLA,-IIA alone [@]). Intravenous injection of mitochondria
(sPLA,-1IA untreated, O) in sPLA,-IIA—sufficient mice significantly lowers body temperature after 24 hours. Only a modest temperature decrease was observed in
sPLA.-lIIA—untreated mitochondria (m) in sPLA,-IA—deficient mice (n = 3/group; data are mean + SEM, **P < .005). (B) sPLA,-IlA—generated mitochondrial products trigger
inflammation in vivo. Mitochondria incubated in the presence of recombinant sPLA,-IIA and injected into the air pouch of C57BL/6N mice induce the production of (left) IL-18
and (right) IL-6. Diluent (PBS), sPLA-IIA alone, or untreated mitochondria induce modest cytokine production when injected separately (n = 7; data are mean + SEM,
**P < .005 compared with mitochondria incubated in the absence of sPLA,-1IA). (C) Mitochondria accumulation in the liver induces numerous proinflammatory genes that are
amplified in the presence of endogenous sPLA,-IIA. mRNA expression of inflammatory genes relevant to neutrophil function was quantified in the liver of sPLA,-1IA—sufficient
and —deficient mice intravenously injected with mitochondria (n = 3 per group; data expressed as the ratio of specific MRNA expression ratio (sPLAx-1IA sufficient/deficient
mice). (D) Schematic representation of the mechanism of action of extracellular mitochondria and sPLA,-IIA in sterile inflammatory conditions. On activation, platelets release
MPs, mitoMPs, and freeMitos. Mitochondrial membrane phospholipids may be hydrolyzed by sPLA,-IIA, generating bioactive mediators (fatty acids, lysophospholipids, and
mtDNA) and promoting neutrophil proinflammatory responses.

mitochondria, with their bacterial ancestry, and of a bactericidal
phospholipase A,, sPLA,-1IA, as entities that are released from
platelets and that work together in many inflammatory disorders
suggests that they may both be key mediators in sterile inflammatory
conditions.
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