Abstract

Introduction: Several studies link hematological dysfunction to severitysissdn

previous work we demonstrated that platelet derived microparticles froma papénts

induce vascular cell apoptosis through NADPH oxidase-dependent superoxide release
Thus, we sought to further characterize the microparticle-dependentarasuly

pathway.

Methods: During septic shock there is an increased generation of thrombin, ghiéFaal
nitric oxide (NO). Human platelets were exposed to the NO donor diethylamin@®&@eN
(0.5microM), LPS (100 ng/ml), TNF-alpha 40 ng/ml, or thrombin (5 IU/ml) for 1h.
Micropatrticles were recovered through filtration and ultracentrifagand analyzed by
electron microscopy, flow cytometry or western blot for protein identiinaRedox

activity was characterized by lucigenin (5microM) or coelenterazinec(6iv

luminescence and 4,5-diaminofluorescein (10mM) and 2',7'-dichlorofluorescein (10mM)
fluorescence. Endothelial cell apoptosis was detected by phosphatidyésqrosire and

by ELISA caspase-3 activity measurement.

Results: Size, morphology, high exposure of the tetraspanin CD9, CD63, CD81 together
with low phosphatidylserine, demonstrated that platelets exposed to NONO and LPS, but
not to TNF-alpha or thrombin, generate microparticles similar to those reddvem

septic patients, and characterize them as exosomes. Luminescence ancefigerstidies,
coupled with specific inhibitors use, revealed concomitant superoxide and NO generation.
Western blots showed presence of NO synthase Il (but not of isoforms | aaxadiibf the
NADPH oxidase subunits p22phox, PDI and Nox. Endothelial cells exposed to the
exosomes underwent apoptosis and caspase-3 activation, which were inhibited by NO
synthase inhibitors or by the superoxide dismutase mimetic, and were tatakgdlby

urate (1mM), suggesting a role for the peroxynitrite radical. None of thése peoperties
and pro-apoptotic effects could be demonstrated for microparticles reconmreplételets
exposed to thrombin or TNF-alpha.

Conclusion: We showed that, in sepsis, NO and bacterial elements are resgonsipke-
specific platelet-derived exosome generation. Those exosomes play aleivevascular

signaling as redox active particles, which can induce endothelial cefissa8pactivation












were started by adding NADPH (0.1 mM) for the lucigenin assay and NADPH (0.1 mM)
plus L-Arginine (1 pM) for coelenterazine. Luminescence signals were measured in solid
white plates, with integration time set to 1000 ms, without attenuation and background
automatically subtracted from all measurements. To compare exosome ROS generation to
whole platelet ROS generation, lucigenin and coelenterazine assays were performed with
1x10%platelets/ml and results were corrected to protein content. Luminescent counts are
presented as relative luminescence counts/min/mg protein.

To better characterize reactive species generation, 2,7 ’-dihydrodichlorofluorescein
diacetate (10mM, DCHF) for reactive oxygen species (ROS) [25] and 4,5-
diaminofluorescein diacetate (10mM, DAF) for nitrogen-derived reactive species (RNS)
[26] were used. Measurements were performed in the presence of NADPH (0.1 mM) with
or without L-Arginine (1 uM) for DCHF, and in the presence of L-Arginine for DAF.

Further studies to characterize the source or type of reactive species were performed
in the presence of specific inhibitors or quenchers such as: L-NMA (LG—Methyl—L—arginine
acetate, SmM), L-NAME (N,-Nitro-L-arginine methyl ester, 1 uM) and D-NAME (N,-
Nitro-D-arginine methyl ester, 1 uM), Urate (1 uM), the membrane-permeable superoxide
dismutase mimetic Mn(III) tetrakis (4-benzoic acid) porphyrin chloride (SOD, 10 uM, Oxis
Research, Portland,), and the specific NADPH oxidase inhibitory peptide gp91ds-tat

(10uM) [27].

Flow Cytometry
For flow cytometry analysis, we used exosome or apoptotic body suspension
aliquots with 200 pg particle protein/ml. To identify specific epitopes, aliquots were

incubated with fluorescein 5(6)-isothiocyanate (FITC) or R-phycoerythrin (PE) conjugated



Apoptosis quantification

Annexin V was used to detect apoptosis [28]. Briefly, rabbit endothelial cells were
grown on six-well plates as described. Twenty-four hours before use, cells were kept with
1% serum to phase arrest. A volume of exosome suspension equivalent to 100 pug of protein
was added to each well (final protein concentration per well of 400 pug/ml) and allowed to
incubate for 30 minutes. Some experiments were performed after incubation with the
membrane-permeable SOD mimetic (10 uM), with Urate (1 uM) or with L-NAME (1 uM).
After incubation, cells were washed, fresh medium was added. After 1 hour cells were
washed with ice-cold phosphate buffered saline and removed from the plates with 1%
trypsin, followed by short centrifugation and resuspension in calcium-containing binding
buffer at a 10° cells/ml concentration into Eppendorf vials. Annexin V-FITC was added to a
final concentration of 100 ng/ml, and the cells were incubated in the dark for 10 mins and
then washed again with phosphate buffered saline. Propidium iodide (30 uL) was added
before analysis. Cells were spread on clean slides, covered with glass coverslips, and
immediately examined under fluorescence microscopy. From three high-power fields per
sample, a minimum of 200 cells were counted. Cells were considered apoptotic when
membrane- bound annexin-FITC fluorescence was positive and nuclear propidium iodide
staining negative (an evidence of late apoptosis or necrosis). Results are expressed as

apoptotic cells/100 cells.

Caspase 3 Activation
Rabbit endothelial cells were cultured on six-well plates to 80-90% confluence as

described. Twenty-four hours before use cells were kept in 1% serum. A volume of MP






Data analysis
Data shown are means + SD of three or more similar experiments. Comparisons
among groups were performed by one way analysis of variance (ANOVA) followed by

Student-Newman-Keuls test at p < 0.05 significance level.



Results

Flow Cytometry
Exosomes are known to expose several different markers related to their cellular
origin and putative functions. Phosphatidylserine is typically not exposed, differentiating
them from apoptotic bodies or cellular debris. On the other hand, proteins of the tetraspan
family are considered to be specifically sorted during exosome generation. As shown in
figure 1, flow cytometry analysis clearly divided the exosomes in two groups:
Exosomes obtained from platelets stimulated either with the NO donor
(NONOate), or with LPS (LLPS), which are similar to the exosomes recovered from
septic patients (sepsis), exposing high amounts of the tetraspan family members
CD9, CD63 and CD81 and low annexin V binding; And,
Exosomes recovered from platelets exposed to saline (Control), thrombin, or
TNF-a (not shown), which are similar to the apoptotic bodies with lower tetraspan

exposure and higher annexin V binding capability.

Electron Microscopy

As depicted in figure 2, electron microscopy (EM) revealed typical saucer-like
structures with diameter between 100nm and 200 nm, which correspond to exosomes. Panel
A shows exosomes derived from platelets exposed to NONOate and Panel B depicts

exosomes from platelets exposed to thrombin.



Reactive Species Generation

Preliminary ROS generating activity measurements, performed with
lucigenin, revealed that redox activity of exosomes paralleled the surface characteristics
disclosed by flow cytometry analysis. As seen in figure 3, exosomes obtained from platelets
exposed to LPS or to the NO donor generate ROS in a similar manner as exosomes from
septic patients, while exosomes obtained from platelets exposed to saline (Control),
thrombin or TNF-o (not shown) generate very low amounts of ROS. Intact platelets
generate substantially higher luminescent signals as compared to exosomes. Platelets from
septic patients also display higher ROS generation as compared to controls. SOD and L-
NAME displayed similar inhibitory effect on whole platelet ROS generation.

To better characterize exosome redox profile, measurements with the luminescent
probe coelenterazine were also performed, as disclosed by figure 4. Results were similar to
those obtained with lucigenin. Furthermore, coelenterazine is known to react with both
superoxide and peroxynitrite. The SOD mimetic and the NO synthase inhibitors L-NAME
and L-NMA significantly inhibited the luminescent signals, suggesting that platelet
exosomes are able to generate both superoxide and NO. Controls with D-NAME did not
show any significant signal reduction.

The fluorescent probes DCHF and DAF were used to further clarify the nature of
ROS generated by the exosomes. DCHF is believed to react with hydrogen peroxide, while
DCHF detection of superoxide radical is still not clear .DCFH can also be oxidized by
peroxinitrite (25). On the other hand, DAF is considered a specific probe for RNS, such as
NO or peroxynitrite.

Figure 5 shows clearly that exosomes obtained from septic patients and from

platelets stimulated with the NO donor (NONOate) or LPS generate high amounts of ROS,






fact, a role for the reactive oxygen and nitrogen species generated by enzymatic sources in
the exosomes.

Caspase-3 is one central step of the apoptotic cascade, and it is well known to be
redox sensitive [29-31]. To verify whether exosome-induced apoptosis could be related to
caspase-3 activation, we exposed endothelial cells to diverse exosome preparations and
measured, colorimetrically, caspase-3 activation. Figure 10 summarizes the results,
revealing that exosome-triggered caspase-3 activation parallels increased apoptosis rates in
endothelial cells. In addition, we demonstrated caspase-3 activation is clearly dependent on
superoxide or NO generation. Exosomes obtained from platelets exposed to saline did not

show any significant effect (data not shown).

Discussion

A basic role for exosomes in intercellular communication implies that the cell of
origin controls their content. In this respect, it has been suggested that different agents are
able to induce the in vitro release of phenotypically distinguishable platelet microparticles
[32]. More recently, studies have clearly demonstrated that a specific protein sorting takes
place during exosome formation from reticulocytes, B cells and from mononuclear blood
cells, promoting generation of raft-like domains, with a clear structure-function relationship
[33]. In fact, one of the initial findings of our study was the confirmation that platelets
secrete exosome-like particles with different characteristics upon diverse stimuli: Exosomes
generated from platelets exposed to NO donors or LPS are quite similar to those found in
septic patients concerning protein content, phosphatidylserine exposure, and redox activity,

while platelets exposed to thrombin or TNF-a release clearly distinct particles.



Furthermore, we found in the platelet-derived exosomes, both from septic shock patients
and from LPS or NO stimulated platelets, a high content of protein disulfide isomerase
(PDI). Interestingly, blood mononuclear cells submitted to heat shock, specifically direct
HSP70 to exosomes [34]. PDI, much like HSP70, is a chaperone, associated to protein
traffic from the ER to the membrane, and it is also closely related to the redox equilibrium
of vascular cells. Recently it has been shown that PDI modulates the NADPH oxidase in
vascular smooth muscle cells [35]. One can hypothesize about the role of PDI (as well as
other chaperones) in specific exosome protein sorting.

Mechanisms regulating the secretory process of exosomes are yet completely
unknown. They emerge from an intracytoplasmic membrane complex known as
multivesicular bodies (MVB), which can be understood as a processing compartment for
internalized proteins, subjected to the influence of the trans-Golgi network. Regulation of
specific protein sorting to the MVB has been better explored and apparently depends on
lipid signaling involving phosphadyl-inositol kinases, and ubiquitination [36]. On the other
hand, only one recent study suggested a regulatory pathway for exosome secretion,
revealing that the inhibition of diacylglycerol kinase-o (DGK-a) in T lymphocytes
increased the secretion of pro-apoptotic exosomes [37]. Inhibition of DGK isoforms allows
full activation of the diacylglycerol/Ras/ERK cascade [38], which represents a pathway
related to important vascular signaling effectors, such as angiotensin II or PDGF. Although
the physiological inhibitors of DGKSs are not clear yet, recent studies show that the DGK
isoforms possess two or three cysteine-rich domains essential for its full activity [38],
which may render it susceptible to thiol redox-modifications. Therefore, it is possible that
NO exposure promotes platelet exosome release by interfering in a similar pathway.

It must be pointed out that most of the studies concerning vascular signaling have






caspase-2), as well as apoptosis, can be activated, by exogenously added peroxynitrite [30].
In fact, NO has been implicated to be involved in regulating apoptosis in a variety of tissues
[31]. In addition to the well established proapoptotic effects of NO [45], a growing body of
evidence indicates that low levels of NO function as an important inhibitor of apoptosis by
interference with signal transduction pathways that control apoptotic cell death [46]. In
view of the ambivalent capabilities of NO to act either as a proapoptotic or antiapoptotic
factor, closely related to the cell type and NO dosage, a complex spectrum of NO-mediated
control of apoptosis is conceivable [47]. Thus, in accordance to the activation of NO
synthases and to the cytosolic redox balance of the individual cell type in a certain
physiological scenario, NO may either function as an apoptotic inhibitor stabilizing tissue

integrity or exert toxic effects.

Conclusions

Taken together, our results confirm previous observations that exosome generation
is a process subjected to specific regulatory pathways. In sepsis, increased NO generation,
as well as the presence of LPS can trigger the release of platelet-derived exosomes, while
thrombin or TNF-alpha induces the generation of phosphatidylserine-rich particles.
Pointing to an effective signaling role, septic-like platelet derived exosomes induce
caspase-3 activation and apoptosis of target endothelial cells through active ROS/RNS
generation by NADPH oxidase and NO synthase type II. In addition, we propose that in
vitro platelet exposure to LPS or to NO may be a valuable model for the generation of
exosomes envolved in redox signaling.

Exosomes were first described in connection with the maturation of reticulocytes,

and provide means to sort obsolete proteins, such as transferrin receptor, as the cells



porphyrin chloride; FITC, fluorescein 5(6)-isothiocyanate; PE, R-phycoerythrin; NOX1 and
NOX2, isoforms of membrane bound subunits of the NADPH oxidase; NOS, NO synthase
(iNOS or NOS type II, inducible isoform; eNOS or NOS type III, constitutive isoform;
nNOS or isoform type I, neuronal isoform); HRP, horseradish peroxidase; PDI, protein

disulfide isomerase.
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(diethylamine NONOate, 0.5 uM) or LPS (100 ng/ml) generate ROS in a similar fashion to
exosomes obtained from septic patients, while particles obtained from platelets exposed to
saline (Control) or thrombin (5 Ul/ml) have very low activity. For comparison,
luminescence obtained with platelets from healthy (Control) and septic subjects are
displayed. Results normalized for sample protein concentration are mean+SD of 3 or more

experiments. *p<0.05 vs. Control.

Figure 4. Coelenterazine luminescence triggered by exosomes sugggstssence of
reactive oxygen and nitrogen generation.

Panel 4 represents exosome coelenterazine (5 uM) luminescence above background.
Exosomes were incubated with NADPH and L-Arginine. Exosome (10ug protein) obtained
from platelets exposed to NO or LPS generate ROS in a similar fashion to exosomes
obtained from septic patients, while particles obtained from platelets exposed to saline
(Control) or thrombin have very low activity. Luminescent signals were consistently
inhibited by addition of the SOD-mimetic Mn(IIl) tetrakis (4-benzoic acid) porphyrin
chloride (SOD, 10 uM) and by the NO synthase inhibitors L-NMA (LG-Methyl-L-arginine
acetate, 5 mM), or L-NAME (No-Nitro-L-arginine methyl ester, 1 mM), suggesting
presence of ROS and RNS generation by the exosomes. Results are mean+SD of 7

experiments. *p<0.05 vs. Control, § p<0.05 vs. Untreated.

Figure 5. NADPH oxidase and uncoupled NO synthase are sources of reactsfgecies
from platelet derived exosomes
Exosomes from septic patients, as well as NO- and LPS- induced exosomes cause enhanced

2°,7"-dichlorofluorescein diacetate (DCHF, 10 mM) fluorescence (after addition of
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