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Abstract

Introduction—Activated platelets shed microparticles from plasma membranes, but also release
smaller exosomes from internal compartments. While microparticles participate in athero-
thrombosis, little is known of exosomes in this process.

Materials & Methods—EXx vivo biochemical experiments with human platelets and exosomes,
and FeCls-induced murine carotid artery thrombosis.

Results—Both microparticles and exosomes were abundant in human plasma. Platelet-derived
exosomes suppressed ex vivo platelet aggregation and reduced adhesion to collagen-coated
microfluidic channels at high shear. Injected exosomes inhibited occlusive thrombosis in FeCls-
damaged murine carotid arteries. Control platelets infused into irradiated, thrombocytopenic mice
reconstituted thrombosis in damaged carotid arteries, but failed to do so after prior ex vivo
incubation with exosomes. CD36 promaotes platelet activation, and exosomes dramatically reduced
platelet CD36. CD36 is also expressed by macrophages where it binds and internalizes oxidized
LDL and microparticles, supplying lipid to promote foam cell formation. Platelet exosomes
inhibited oxidized-LDL binding and cholesterol loading into macrophages. Exosomes were not
competitive CD36 ligands, but instead sharply reduced total macrophage CD36 content. Exosomal
proteins, in contrast to microparticle or cellular proteins, were highly adducted by ubiquitin.
Exosomes enhanced ubiquitination of cellular proteins, including CD36, and blockade of
proteosome proteolysis with MG-132 rescued CD36 expression. Recombinant unanchored Kyg
poly-ubiquitin behaved similarly to exosomes, inhibiting platelet function, macrophage CD36
expression, and macrophage particle uptake.

Conclusions—Platelet-derived exosomes inhibit athero-thrombotic processes by reducing
CD36-dependent lipid loading of macrophages and by suppressing platelet thrombosis. Exosomes
increase protein ubiquitination, and enhance proteasome degradation of CD36.

Corresponding author: Thomas Mclintyre Department of Cellular and Molecular Medicine Lerner Research Institute / NE10 9500
Euclld Avenue Cleveland, Ohio 44195 Telephone: (216) 444-1048 Fax: (216) 444-9404 mcintyt@ccf.org.

Current Address: Department of Medicine, Medical College of Wisconsin, and Blood Research Institute, Blood Center of Wisconsin,
Milwaukee, WI
Addendum S. Srikanthan and W. Li performed the experiments, interpreted experiments, and participated in manuscript preparation,
and approved this final manuscript. R. L. Silverstein and T. M. Mclntyre designed experiments, wrote the manuscript, and approved
this final manuscript.

Disclosur e The authors report they have no real or potential conflicts of interest. All authors have read and approved this manuscript.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Srikanthan et al.

Keywords

Page 2

Thrombosis; Platelets; Cell-Derived Microparticles; CD36 Protein; Exosomes

Introduction

Exosomes are small (~50 nm) particles derived from multi-vesiculated endosomes released
by exocytosis from most nucleated cells [1]. Exosomes contain cytokine receptors, tumor-
associated antigens, mRNA, and miRNA [1], and are able to transfer these molecules to
recipient cells, orchestrating local and systemic events. Platelets also release exosomes [2]
and, while they have been little studied, platelet-derived exosomes induce endothelial cell
apoptosis [3] and circulate in patients during septic shock where they promote myocardial
dysfunction [4].

Microparticles are larger than exosomes and are derived from the plasma membrane.
Microparticles contribute to thrombosis by presenting tissue factor along with anionic
phospholipids that serve as a surface for assembly of coagulation enzymes. Microparticles
are ligands of the type Il scavenger receptor CD36 [5], enhancing platelet intracellular
signaling. CD36 ligand binding and signaling aids platelet aggregation that contributes to
atherothrombosis [6-8]. CD36 also binds lipids [9-12], thrombospondins [13, 14], and
oxidized lipoproteins [10], and is an important contributor of lipids for macrophage
progression to foam cell formation and atherogenesis [11, 15].

Activated platelets release both exosomes and microparticles [2], which we find to
differentially affect platelet function. Exosomes attenuated platelet aggregation and adhesion
to a collagen matrix ex vivo, and exosomes suppressed occlusive thrombosis in a FeCls-
induced arterial injury model by reducing platelet reactivity. Exosomes rapidly decreased
CD36 in platelets and macrophages through enhanced ubiquitination and proteasome
degradation. We conclude exosomes mitigate atherothrombotic process by acting on both
macrophages and platelets, elucidating potential new therapeutic targets for this disease
process.

Materials and Methods

Materials

Reagents were from: collagen, Chrono-Log Corporation (Havertown, PA); phosphorylated
and total INK1/2 antibodies, Cell Signaling (Beverly, MA); rabbit anti-CD36, Novus
Biologicals (Littleton, CO); monoclonal or IgA anti-CD36, Cayman Chemical (Ann Arbor,
MI); monoclonal anti-poly-ubiquitin P4D1, and HRP-conjugated anti-mouse antibodies,
Santa Cruz Biotechnology; recombinant K48 (3-7) poly-ubiquitin, Boston Biochem
(Cambridge, MA); Alexagg conjugated anti-species secondary antibodies, Invitrogen
(Grand Island, NY); pre-cast gels, Bio-Rad. LDL was isolated from human plasma and
oxidized with myeloperoxidase [16, 17]. Murine Lewis Lung Carcinoma cells (CRL-1642),
and B16-F1 (CRL-6323) and B16-F10 (CRL-6475) mouse melanoma cells were from
ATCC. Other reagents were from Sigma-Aldrich.
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Cell preparation

Human platelets were isolated from platelet-rich plasma [18] in a protocol approved by the
Cleveland Clinic IRB. Briefly, platelet-rich plasma was filtered through two layers of 5-um
mesh (BioDesign) to remove nucleated cells and centrifuged (500 x g, 20 min) in 100 nM
PGE;. Platelet pellets were re-suspended in 50 ml 5 mM PIPES, 145 mM NaCl, 4 mM KCl,
50 pM NayHPOg4, 1 mM MgCl,, and 5.5 mM glucose, 100 nM PGE; before centrifugation
(500 x g, 20 min) twice before re-suspending in 0.5% human serum albumin in HBSS.
Murine studies were approved by the Cleveland Clinic IACUC. Murine macrophages were
obtained by peritoneal lavage 4 days after injection with thioglycollate and adherent cells
were maintained in culture.

Exosomes and microparticle isolation

Platelets were activated with 0.01U thrombin overnight in PBS or 10 um calcium ionophore
A23187 (Sigma) for 1 h in PBS containing 1 mM CaCl, and MgCl,. Microparticles and
exosomes were isolated by differential centrifugation (17, 000 x g for 90 min, then 110,000
x g for 2hr). Exosomes from untreated cancer cells were isolated in this way after low speed
centrifugation (2,000 x g). Exosome pellets were washed and re-suspended in PBS, and used
immediately or stored up to 1 week at 4°C. Some platelets were treated with 100 uM tert-
butylhydroperoxide for 1 h to generate oxidized microparticles and exosomes. The floatation
density of exosomes in a continuous sucrose gradient was verified as described [19].
Microparticle and exosome protein was determined by DC® Protein (Bio-Rad) and used to
calculate plasma concentrations assuming no material loss during preparation.

In vitro thrombogenesis

Microfluidic flow chambers (Vena8 Fluoro biochips, Cellix) were coated with collagen (100
pg/ml) overnight at 4°C. Whole blood was collected in sodium citrate, incubated with
calcein-AM (1 um) for 30 min, and then exposed to platelet exosomes (50 pug/ml) or
microparticles for 1 h prior to perfusion over the chips at a shear rate of 67.5 dynes cm=2 for
5 min. Unattached cells were then removed by flowing PBS for 30 sec before adherent
platelets were visualized by microscopy. Cell images (n=3) from 10 fields were captured
and quantified using ImageJ software.

Platelet aggregation

Turbidimetric assays quantified platelet aggregation after incubation with buffer, exosomes,
or microparticles in a dual channel aggregometer (Chrono-log Corp.). Collagen (3 pg/ml),
ADP (up to 10 um) or thrombin (0.2 U) were used to initiate aggregation with constant
stirring (600 rpm).

Carotid artery thrombosis

C57BI/6 mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) before
the right jugular vein and the left carotid arteries were exposed by mid-line cervical incision.
These mice were then injected with 50 pg purified platelet-derived exosomes 10 min prior to
induction of thrombosis in the left carotid artery by ectopic application of 7.5% FeCl3 for 1
min [20]. Alternatively, six week old mice were cesium irradiated (11 Gray) to induce
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thrombocytopenia. Five days later 10° washed platelets from donor mice were fluorescently
labeled with 100 pl rhodamine 6G (0.5 mg/ml) and then treated for 2 h with PBS or platelet-
derived exosomes (50 pug/ml) ex vivo. Platelets were then injection into the right jugular vein
of surgically prepared thrombocytopenic recipient mice 10 min prior to initiation of
thrombosis. Thrombus formation was observed in real-time under a water immersion
objective at 10 X magnification by intra-vital microscopy. Time to occlusive thrombosis,
defined by complete cessation of fluorescent platelet flow, was determined offline using
video images captured with a QIlmaging Retigo Exi 12-bit mono digital camera (Surrey,
Canada) and Streampix version 3.17.2 software (Norpix, Montreal, Canada). The end points
were set as either cessation of blood flow for >30 seconds or no occlusion after 30 min
(three times longer than the average occlusion time), in which case the time was recorded as
30 min for statistical comparison.

Immunofluorescence microscopy

RAW macrophages were seeded on chamber slides in RPMI 1640 containing 10% FBS.
Attached cells were fixed in 4% formaldehyde and then incubated with anti-CD36 IgA
followed by Alexaygg-labeled anti-mouse. Cell nuclei were counterstained with DAPI before
laser confocal fluorescence microscopy.

Total internal reflection fluorescence microscopy

Platelet-derived microparticles or exosomes were stained with P4D1 anti-poly-ubiquitin
monoclonal antibody and Alexasgs-conjugated secondary antibody, incubated in a glass
bottomed microwell (MatTek) dish for 30 min, and then imaged at 100X by Total Internal
Reflection Microscopy with a 1.46 N.A. objective in a Leica AM TIRF MC System (Leica
Microsystems, Wetzlar, Germany) equipped with an ImageEM C9100-13 EMCCD camera
(Hamamatsu, Bridgewater, N.J). The 10-mW diode laser was used for excitation and the
penetration depth was set to 70 nm.

Flow cytometry

Macrophages or platelets treated with or without exosomes or poly-ubiquitin were fixed
with 4% paraformaldehyde and then incubated with anti-CD36 IgA followed by Alexasgg-
labelled anti-mouse antibody. The cells were pelleted, washed, and fluorescence in the
platelet gate was assessed by flow cytomtery before the relative fluorescence intensity
histograms were analyzed with Flow Jo software (version 7.2.4; Tree Star Inc.).
Microparticle uptake was assessed by labeling microparticles with calcein-AM prior to
incubation with macrophages pre-treated, or not, with exosomes or poly-ubiquitin. Acquired
fluorescence in a macrophage gate was analyzed with Flow Jo software.

Transmission Electron Microscopy

Platelet-derived exosomes and microparticles were isolated by differential centrifugation
and re-suspended in 2% paraformaldehyde. Fixed vesicles (5-10ul) were transferred to
formvar-coated EM grids, incubated at room temperature for 20 min, and then transferred to
parafilm containing 200 pl drops of PBS and washed (3 times, 3 min). The grids were
transferred to PBS/50 mM glycine, washed thrice (3 min) before contrasting with uranyl
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oxalate solution (pH 7.0) for 5 min followed by 4% uranyl acetate and 2% methy! cellulose
1:10 (v/v) for 10 min on ice. Grids were air-dried for 10 min before electron microscopy
(Tecnai G2 Spirit BT) at 60 kV.

Oxidized LDL uptake and foam cell formation

Peritoneal macrophages were pre-treated with or without platelet exosomes for 30 min and
incubatedwith Dil-labeled NO,LDL [21] (10 ug/ml) for 60 min at 37°C. Cells were fixed in
4% formaldehyde before fluorescent confocal microscopy. Total cellular cholesterol content
was assessed with a kit from Cayman Chemical.

Expression of data and statistics

Results

All assays were performed in triplicate with experiments performed at least three times with
microparticles and exosomes isolated from different donors. The standard deviation and
standard errors of the mean from all experiments are presented as error bars. Graphing of
figures and statistical analyses were generated with Prism4 (GraphPad Software). A value of
p < 0.05 was considered statistically significant.

Exosomes inhibit thrombosis in vivo through reduced platelet activity

We quantified particle number in human blood by recovering microparticles and exosomes
by differential centrifugation, taking advantage of their differing physical sizes.
Transmission electron microscopy showed platelet-derived exosomes were sealed vesicles
centered in size around 50+30 nanometers (Fig. 1A left). Plasma membrane-derived
microparticles were significantly larger, and developed membrane protrusions (Fig. 1A
right). We confirmed exosomes were proteolipid particles that floated in a sucrose density
gradient at 1.17 g/ml (not shown).

The amount of the two particles was quantified by DC® Protein (Bio-Rad) after differential
high speed centrifugation and washing. Particle content was calculated using the initial
plasma volume and assumed complete recovery. This physical approach showed exosomes
circulated at an average concentration of 5.2+1.7 pg/ml and microparticles at a concentration
of 13.5+7.7 ug/ml in normal plasma samples (n=5).

Exosomes were anti-thrombotic when examined in a standard model of in vivo thrombosis
induced by a brief application of FeCls to the surface of an exposed carotid artery [20].
Injection of purified exosomes (50 pg) 10 min prior to induction of thrombosis significantly
(p=0.025) delayed platelet accumulation and development of complete occlusion at the site
of vascular injury (Fig. 1B). Platelets were the cells affected by exosomes because purified
platelets treated ex vivo with purified platelet-derived exosomes prior to infusion into mice
previously rendered thrombocytopenic were unable (p=0.03) to successfully reconstitute
thrombosis (Fig. 1C). In contrast, buffer treated platelets fully reconstituted thrombosis such
that the time to occlusion in these reconstituted thrombocytopenic mice was identical to that
of control mice (compare Figs 1B and 1C).
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Circulating platelets adhere to the exposed collagen matrix of damaged vessels, which can
be modeled ex vivo by flowing fluorescently-labeled platelets in whole human blood at
arterial shear rates (67.5 dynes cm~2) through microfluidic channels coated with collagen.
Platelet-derived exosomes (50 pg/ml) significantly (p=0.02) reduced platelet adhesion to the
coated chamber walls (Fig. 1D). In contrast, platelet-derived microparticles significantly
enhanced deposition of large platelet aggregates onto the collagen-coated channels
(p<0.0003). We conclude exosomes suppress thrombaosis by inhibiting platelet function.

Exosomes from diverse sources reduce ex vivo platelet aggregation

Exosomes isolated from A23187-stimulated platelets did not themselves induce a change in
platelet shape, nor promote aggregation when added to quiescent, purified platelets (Fig.
2A). Platelet-derived exosomes, however, did reduce the extent of aggregation by these
platelets after thrombin stimulation. Exosomes isolated from platelets stimulated by various
agonists suppressed aggregation induced by sub-optimal amounts of ADP in platelet-rich
plasma (Fig. 2B), although not by maximally effective ADP concentrations (not shown).
Similarly, adhesion of washed platelets in response to collagen was reduced by exosomes
derived from thrombin-, lipopolysaccharide- or A23187-stimulated platelets, although the
reduction in aggregation by exosomes from collagen-treated platelets was not statistically
significant (Fig. 2C). Additionally, exosomes derived from Lewis lung carcinoma cells
suppressed collagen-induced aggregation (Fig. 2D), so reduction of platelet reactivity is a
general response to exosomes.

Platelet exosomes contain poly-ubiquitin, and recombinant poly-ubiquitin down-modulates
platelet aggregation

Proteins in exosomes released from nucleated cells are adducted with poly-ubiquitin chains
[22-24], as were the proteins of platelet-derived exosomes (Fig. 3A). Ubiquitin conjugates
were far more abundant in exosomes relative to either platelets themselves or platelet-
derived microparticles. Exosomes were enriched with the tetraspanin Lysosome-Associated
Membrane Glycoprotein (CD63), while the tetraspanin CD9 and the CD36 receptor were
common among exosomes, microparticles and platelets. The level of ubiquitin adduction of
exosomal proteins varied with the inciting agonist, with particles shed from A23187-
stimulated cells being most ubiquitinated, followed by those from thrombin- or
lipopolysaccharide-stimulated platelets (Fig. 3B). Particles released after collagen
stimulation were, in contrast, only weakly adducted by ubiquitin. A similar enrichment of
ubiquitinated proteins in exosomes relative to microparticles was also apparent in particles
released from monocyte-derived macrophages (Fig. 3C).

We used Total Internal Reflection (TIRF) microscopy to show that at least a portion of the
ubiquitin conjugate was displayed on the exosomal surface. TIRF detects—but does not
image—fluorophores over the 50 nanometer average diameter of exosomes, with no
detectable fluorescence beyond 70 nanometers. Anti-ubiquitin antibody P4D1 ligated
ubiquitin in intact exosomes, while microparticles deficient in ubiquitin adducts were not
detected by exogenous antibody (Fig. 3D).
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We determined whether this poly-ubiquitin was relevant to platelet inhibition. We found
recombinant poly-ubiquitin, like exosomes, effectively inhibited collagen-induced
aggregation (Fig. 3E). Suppression of aggregation was greater than 50% and was significant.
Notably, this recombinant poly-ubiquitin was unconjugated to protein, i.e. unanchored poly-
ubiquitin, eliminating a role for the protein component of ubiquitin adducted proteins.

Exosomes and poly-ubiquitin suppress platelet CD36 expression and function

Platelets express CD36 that augments signaling and promotes thrombus formation in a
ligand-dependent manner [25]. We found the amount of CD36 displayed on the platelet
surface was significantly reduced by exosome exposure (Fig. 4A). The functional
significance of this event was demonstrated by a reduction in collagen-mediated platelet
aggregation that had been augmented by the CD36-specific ligand NO,LDL (Fig. 4B). We
determined whether ubiquitin was responsible for this event by treating platelets with
recombinant poly-ubiquitin. This polymer also suppressed CD36 expression on the surface
of quiescent platelets (Fig. 4C).

Exosomes and poly-ubiquitin suppress macrophage CD36 expression and microparticle
internalization

CD36 is also abundantly displayed on macrophages where it acts as a sighaling molecule,
but also scavenges and internalizes oxidized LDL [26—-28] and microparticles [5] that
contribute to foam cell formation and atherosclerosis. We found that recombinant poly-
ubiquitin (Fig. 5A) or purified platelet exosomes (Fig. 5B) greatly reduced CD36 expression
on the macrophage surface. Exosome-induced loss of surface CD36 was rapid, with a
maximal effect by 30 min, and was sustained for at least 2 hours (Fig 5B top). Platelet-
derived microparticles did not similarly reduce macrophage CD36 surface expression (Fig,
5B middle), so loss of CD36 protein did not result from simple ligand-induced
internalization. The combination of exosomes and microparticles had an intermediate effect
and caused a slow decline in CD36 over the 2 h of the experiment (Fig. 5B lower).
Accordingly, platelet-derived exosomes or recombinant polyubiquitin reduced uptake of
platelet microparticles (Fig. 5C) or fluorescently-labeled NO,LDL (Fig 6A) that are CD36
cargos. Again, reduction was rapid with observable effects by 30 min. Unlike NO,LDL,
exosomes themselves did not contribute to macrophage cholesterol loading, showing
exosomes were not internalized. These particles did, however, reduce cholesterol loading in
macrophages ingesting NO,LDL (Fig. 6B).

Exosomes suppress CD36 signaling

CD36 recruits the INK MAP kinase [5] necessary for macrophage foam cell transformation
[11, 25]. Platelet-derived microparticles stimulated JNK phosphorylation in thioglycolate-
elicited peritoneal macrophages derived from wild-type C57BL6 mice, but failed to do so in
macrophages derived from CD36 null animals (Fig. 7A). In contrast, exosomes did not
induce JNK phosphorylation in either cell type at any time. Loss of CD36, as expected,
reduced macrophage cholesterol accumulation following incubation with either oxidized
LDL or platelet microparticles (Fig. 7B). Oxidation of microparticles with tert-
butylhydroperoxide increased the amount of oxidized phospholipid CD36 ligands in
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lipoprotein particles [29], and increased CD36-dependent accumulation of microparticle
cholesterol (Fig. 7B). Platelet exosomes, in contrast, did not increase cellular cholesterol in
either wild-type or CD36 null macrophages, nor did oxidation convert exosomes to CD36
ligands. These data show platelet-derived exosomes are neither CD36 agonists nor cargoes.

Proteasome inhibition preserves CD36 expression from exosome-induced suppression

Transfected CD36 is regulated in nucleated cell lines by incorporation of ubiquitin followed
by proteasome degradation [30]. We found the proteosome inhibitor MG-132 ameliorated
loss of native CD36 from the surface of macrophages incubated with platelet-derived
exosomes (Fig. 8A). MG-132 also suppressed loss of CD36 from the surface of platelets
induced by exosomes (Fig. 8B). This suggests CD36 is a proteasome substrate in platelets
and macrophages, and so likely was marked for proteolysis by ubiquitination.
Immunoprecipitation of macrophage CD36 followed by immunoblotting for ubiquitin
showed macrophage CD36 normally is adducted by ubiquitin (Fig. 8C). This decoration was
modestly increased by incubation with exosomes, but was greatly increased by inhibition of
proteasome proteolysis with MG-132. Similar results were observed with the converse
experiment where ubiquitin was first immunoprecipitated and then blotted with anti-CD36.
We found (Fig. 8D) that exosomes from two melanoma cell lines (F1, F10), as well as Lewis
Lung Carcinoma cells, reduced total cellular CD36 in thioglycolate-elicited peritoneal
macrophages. Platelet exosomes also reduced total CD36 protein content in platelets and
RAW macrophages. Thus, exosomes from varied sources reduce total and surface CD36 in
macrophages and platelets through ubiquitination followed by proteasome degradation.

Discussion

Our findings elucidate an unanticipated activity of exosomes in suppressing occlusive
thrombosis in damaged coronary arteries. Ferric chloride induces transmural endothelial cell
oxidation and death with rapid platelet adhesion at the site of injury that ultimately occludes
the carotid artery [20], although various murine models emphasized distinct elements of the
process [44, 45]. Identifying platelets as the target cell in vivo is difficult since the tools of
modern molecular biology generally do not apply to anucleate platelets. However,
manipulating purified platelets ex vivo prior to infusion, when the inhibition is long lived,
into thrombocytopenic recipient mice shows that platelets can be specifically analyzed in a
complex in vivo model. The defective reconstitution of occlusive thrombosis in animals
receiving exosome-exposed platelets proves platelets are a physiologic target sensitive to
exosome exposure. This outcome, and the ability of exosomes to reduce platelet activation
in platelet-rich plasma, shows plasma proteins do not protect platelets from exosome
exposure.

Stimulated platelets release both exosomes and microparticles [2], and transmission electron
microscopy and western blotting showed the two types of particles were distinct.
Enumerating micron-sized plasma microparticles is problematic [31, 32], and the diameter
of exosomes is smaller than the wavelength of visible light, further obfuscating particle
quantitation. To circumvent difficulties posed by particle size, we physically separated the
differently sized particles followed by protein quantitation. Both particles were normally
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present in the circulation, and their abundance was different by just 2.5-fold. The effect of
these two types of particles on platelets and monocytic cells, however, was diametrically
opposed.

Exosomes of nucleated cells are enriched with ubiquitin [33] and ubiquitinated proteins [23,
33], and are nature's most conserved carriers of extracellular ubiquitin [1, 34]. The
immunosuppressive and anti-inflammatory properties of exosomes may relate to this
ubiquitin [22-24], and free ubiquitin inhibits select immune events [35]. Platelets also
modify their proteins with ubiquitin, and exosomes shed from stimulated platelets were
extensively adducted by ubiquitin. Platelets contain a functional ubiquitin/proteasome
system [36, 37] that controls their high avidity responses to thrombin [38], and we now find
rapidly modifies and degrades CD36. Ubiquitin availability in platelets may be limiting
because exosome accumulation by platelets (Supplementary Fig. 1) increased ubiquitination
of platelet proteins (Supplementary Fig. 2). MG-132 enhanced this ubiquitination
(Supplementary Fig. 3), indicating exosomal ubiquitin contributes to the ubiquitin cycle.
Extracellular ubiquitin can participate in platelet ubiquitin metabolism since recombinant
poly-ubiquitin also reduced platelet reactivity. Notably, this polyubiquitin was unanchored,
that is, not conjugated to protein. Protein-free poly-ubiquitin does exist and may have a role
in innate immunity [39] as well as kinase activation [40].

Exosomes or recombinant poly-ubiquitin suppressed CD36 signaling in platelets, and
particle and lipid accumulation by monocytes and macrophages. Loss of CD36 in
macrophages was prolonged, but began to recover 2h after exposure. Platelets, in contrast,
do not synthesize CD36 and would remain altered by exosome exposure. CD36 expression
varies significantly in the human population, in part through inherited genetic
polymorphisms [41, 42], that affects susceptibility to the CD36 ligand Plasmodium
falciparum [43] and modulates platelet responsiveness to oxidized lipoproteins [42].
Primarily, however, surface CD36 varies through currently unknown environmental cues,
which now might include variation in the number of circulating exosomes. Since exosomes
interfere with two essential elements of atherothrombosis, foam cell formation and platelet
responsiveness to damaged arteries, these particles may confer, and predict, susceptibility to
this disease process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. Platelet exosomes ar e anti-thrombotic and inhibit platelet adhesion
A) Transmission electron microscopy of platelet-derived exosomes and microparticles.

Platelets were stimulated with A23187 and removed by low speed centrifugation before
microparticles and exosomes were isolated by differential centrifugation as stated in
“Methods.” Photomicrographs of exosomes and microparticles are magnified 98,000% and
68,000x%, respectively, with 50 and 200 nmeter scale bars. B) Exosomes prolong arterial
occlusion time after FeCls induced injury. Exosomes (50 pg) were injected into wild type
mice through the jugular vein along with Rhodamine 6G to fluorescently label platelets.
Thrombosis was induced 10 min later by topical application of filter paper saturated with
7.5% FeCls to murine carotid arteries for 1 min. Time to complete cessation of blood flow
was determined by intravital microscopy (n=3 experimental, 4 control; *p< 0.025). C)
Exosome-treated platelets fail to effectively reconstitute occlusive thrombosis in FeCl3
damaged carotid arteries. Murine platelets were incubated with PBS or 50 pg/ml platelet-
derived exosomes for 2 h and labeled with Rhodamine 6G. Sufficient treated platelets (10°)
were injected through the jugular vein into mice previously rendered thrombocytopenic by
y-irradiation to reconstitute platelet numbers [49]. Thrombosis was induced 10 min later by
FeCls as in the preceding panel before the time to complete cessation of blood flow was
determined by intravital microscopy (n=4 experimental, 4 control; *p< 0.03). D) Exosomes
inhibit platelet ex vivo adhesion to collagen at high shear. Calcein-labeled whole human
blood with was treated with buffer, exosomes (50 pg/ml), or microparticles (50 ug/ml), and
then flowed through collagen-coated microchannels using the Vena8 Fluoro system (Cellix)
at 67.5 dynes cm™2. Representative images of immobilized fluorescent platelets in the distal
image frame (top) and fluorescent intensities quantified by ImageJ (bottom). PEX, platelet-
derived exosomes; PMP, platelet-derived microparticles.
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Figure 2. Platelet exosomes inhibit platelet function
A) Exosomes inhibit collagen-induced platelet aggregation. Washed human platelets were

incubated with buffer or exosomes (50 pug/ml) derived from A23187-activated platelets
before aggregation was initiated with 0.1U thrombin with stirring. Tracings are
representative of 3 independent experiments. B) Exosomes from A23187-, thrombin- or
LPS-stimulated platelets were incubated with human platelet rich plasma before aggregation
was initiated with ADP (2 pM). Tracings are representative of 3 independent experiments.
C) Exosomes from platelets activated by varied stimuli inhibit collagen-induced
aggregation. Washed human platelets were incubated for 1h with buffer or 50 pg/ml
exosomes isolated from platelets stimulated by the stated agonists prior to initiation of
aggregation by 3 pg/ml collagen. * p<0.05 ** p< 0.01 D) Cancer cell-derived exosomes
reduce platelet aggregation. Washed human platelets incubated (1 h) with exosomes
spontaneously released from Lewis Lung Carcinoma cells (LLEX) were stimulated with
collagen (3 pg/ml) to initiate aggregation.
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Figure 3. Exosomal proteins are ubiquitinated, and recombinant poly-ubiquitin suppresses
platelet aggregation

A) Platelet exosomal proteins are adducted by ubiquitin. Proteins from platelets, exosomes
(PEX), or microparticles (PMP) were resolved by SDS-PAGE, transferred onto a
nitrocellulose membrane, and separately immunoblotted (IB) with anti-ubiquitin P4D1
antibody that recognizes free and polymeric ubiquitin, anti-CD63, anti-CD?9, or anti-CD36
before antibody detection by peroxidase-conjugated secondary antibody. B) The proteome
of exosomes derived from platelets stimulated with varied agonists are differentially
conjugated with polyubiquitin. Proteins extracted from exosomes prepared from platelets
stimulated with the stated agonists were resolved by SDS-PAGE and immunoblotted with
P4D1 antibody to detect ubiquitin madification. C) Exosomes from human platelets and
monocytes are ubiquitinated and distinct from their microparticles. Exosomes and
microparticles were isolated by differential centrifugation and ubiquitin conjugation of their
proteomes determined by western blotting as in the preceding panel. D) Exosomes contain
surface-exposed ubiquitin. Exosomes or microparticles from activated platelets were
allowed to adhere to a glass surface and stained with anti-ubiquitin antibody P4D1, or a non-
immune isotype antibody, and they with Alexasgs-conjugated secondary antibody to detect
surface exposed ubiquitin by Total Internal Reflection Fluorescence microscopy. E)
Recombinant K4g poly-ubiquitin reduces collagen-stimulated platelet aggregation. Washed
platelets were incubated with 5 ug/ml recombinant poly-ubiquitin polymerized through
lysine 48 prior to treatment with 3 pg/ml collagen to stimulate homotypic aggregation. The
tracing is representative of 3 independent experiments and inhibition was significant. *
p<0.05.
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Figure 4. Exosomesreduce platelet CD36 expression and car go inter nalization
A) Exosomes suppress platelet CD36 surface expression. Washed platelets were treated with

platelet-derived exosomes (PEX, 50 pg/ml) before surface CD36 was assessed by flow
cytometry relative to platelets stained with isotype control antibody or left unstained. B)
NO,-LDL-enhanced platelet aggregation was suppressed by exosomes. The CD36 agonist
NO,-LDL enhanced, but did not stimulate, collagen-induced platelet aggregation. Exosome
pre-incubation (50 pg/ml, 1h) reduced aggregation enhanced by NO,-LDL. C. Recombinant
poly-ubiquitin suppressed platelet CD36 expression. Washed platelets were treated with 1
ug/ml unconjugated poly-K48 (3-7) ubiquitin or with the non-immune control antibody
from panel A before CD36 expression was assessed by flow cytometry.
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Figure 5. Exosomes reduce macr ophage CD36 expression and microparticle internalization
A) Unanchored poly-ubiquitin reduces macrophage CD36 surface expression. RAW

macrophages were treated, or not, with 1 pg/ml recombinant poly-ubiquitin (poly-ub) for 1 h
before surface CD36 was determined by flow cytometry relative to the fluorescence of
untreated cells or those stained with control antibody. B) Temporal suppression of
macrophage CD36 by exosomes. Cultured macrophages were treated with platelet-derived
exosomes (PEX), microparticles (PMP), or both for the stated times before CD36 expressed
on unpermeabilized cells was visualized by Alex,gg-labeled anti-CD36 that fluoresces
green. Nuclei of immobilized cells were counterstained with DAPI fluorescing blue. The
total green fluorescence of 6 images at each stated time was quantitated by ImageJ (below).
C) Exosomes or recombinant polyubiquitin reduces microparticle accumulation by RAW
macrophages. Platelet-derived microparticles were fluorescently labeled with calcein-AM,
washed, and then incubated with RAW macrophages for 1 h in the presence or absence of 50
pg/ml exosomes (left) or 1 ug/ml poly-ubiquitin (right) prior to analysis of surface CD36 by
flow cytometry. Histograms are representative of two independent blood donors.
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Figure 6. Exosomesreduce lipid accumulation by macrophages from lipid-rich particles
A) Exosomes reduce macrophage accumulation of NO, oxidized LDL. RAW macrophages

were incubated with fluorescently Dil-labeled NO, oxidized LDL with or without platelet-
derived exosomes for 30 or 60 min before fluorescent dye accumulation was imaged and
quantitated by ImageJ n=3, * p<0.05. B) Macrophage lipid loading by NO,-LDL is reduced
by exosomes. The CD36-specific ligand NO,-oxidized LDL was incubated with RAW
macrophages in the presence or absence of 50 ug/ml platelet exosomes overnight and
washed before total cellular cholesterol content was quantified. n=3, * p<0.05
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Figure 7. Exosomes do not activate CD36 signaling, nor are accumulated by macr ophages
A) Platelet INK phosphorylation is induced by microparticles, but not exosomes, through

CD36. Cultured monocyte-derived macrophages from C57BL6 wild-type or CD36 null mice
were treated with 50 pg/ml platelet-derived microparticles (left) or exosomes (right) for the
stated times before cellular proteins were resolved and western blotted for phospho-JNK or
total INK. B) NO, oxidized LDL (NO,-LDL) or microparticles, but not exosomes, increase
macrophage cholesterol content. Elicited peritoneal macrophages from wild-type or CD36
null mice were incubated overnight with Ca** ionophore-elicited platelet microparticles,
oxidized LDL, or ionophore-elicited exosomes. In some incubations, the particles were s
oxidized by 100 pM tert-butylhydroperoxide (TBHP) prior to incubation with macrophages.
Total cellular cholesterol was determined as described in “Methods.” n=3, * p<0.05.

J Thromb Haemost. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Srikanthan et al.

Page 20

Macrophage CD36

" q —— 1B:CD36
" = Untreated f’ |B-UB =
b . MG-132 T}
: +PEX " w oo
*u l— PEX IP: Ub
v I ISotype IB: Ub
0 N Ur 1
o~;»-~‘-f'/ " \,t” 1P:CD36 | W SN BN
il R W W W |B:co3e
Untreated PEX MG-132 Untreated PEX MG132
+PEX +PEX
B.  platelet cD36 ”
w00 i ’ Elicited macrophage
| ‘\ UntreatedF Un FEX F EX LLEX
g oo ¥ | PEX
s [/ \ —— | Actin
# 404 \ Isotype Platel RAW
| \ ﬂ . —— Un  PEX un PEX
0 AR

Figure 8. Exosomesincrease CD36 ubiquitination and proteasome degradation
Macrophage (A) or platelet (B) surface CD36 was quantified by flow cytometry after

exposure to platelet exosomes (50 pg/ml) for 1 following pretreatment, or not, with the
proteasome inhibitor MG-132 (10 uM). The comparison is to isotype control antibody or
unstained cells C) Macrophage CD36 ubiquitination increases after exosome or MG-132
exposure. Control or exosome- (50 pg/ml; 60 min) treated RAW macrophages were
pretreated or not with 10 uM MG-132 for 1 h and then lysed. Lysates were
immunoprecipitated (IP) with anti-CD36 antibody (left), resolved by SDS polyacrylamide
gel electrophoresis and immunoblotted (IB) with anti-ubiquitin (UB) (top) or for total CD36
(bottom). Conversely, ubiquitin-macrophage conjugates were precipitated with anti-
ubiquitin antibody (right) and then probed with anti-CD36 antibody (top) or anti-ubiquitin
P4D1 antibody (bottom). D) Exosomes reduce total cellular CD36. Protein lysates from
thioglycolate-elicited macrophages treated with or without exosomes derived from either F1
(F1EX) or F10 (F1gEX) melanoma cells or Lewis Lung Carcinoma cells (LLEX) were
resolved by SDS-PAGE and immunoblotted with anti-CD36 (top) and then re-probed with
anti-B-actin. Lysates from platelets (bottom left) and the RAW264.7 macrophage cell line
(bottom right) were similarly analyzed.
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