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ARTICLE INFO ABSTRACT

Key words: Platelet extracellular vesicles (PEVs) generated upon platelet activation may play a role in inflammatory pa-
Extracellular vesicle thologies such as atherosclerosis. Oxidized low-density lipoprotein (oxLDL), a well-known contributor to
Platelet atherogenesis, activates platelets and presensitizes them for activation by other agonists. We studied the effect of
Oxidized low-density lipoprotein . Ls . . . .
Atherosclerosis oxLDL on the secretion, composition, and inflammatory functions of PEVs using contemporary EV analytics.
Macrophage Platelets were activated by co-stimulation with thrombin (T) and collagen (C) + oxLDL and characterized by
Transcriptome high-resolution flow cytometry, nanoparticle tracking analysis, proximity extension assay, western blot, and

electron microscopy. The effect of PEVs on macrophage differentiation and functionality was examined by
analyzing macrophage surface markers, cytokine secretion, and transcriptome. OxLDL upregulated TC-induced
formation of CD61", P-selectin™ and phosphatidylserine™ PEVs. Blocking the scavenger receptor CD36 signifi-
cantly suppressed the oxLDL+TC-induced PEV formation, and HDL caused a slight but detectable suppression.
The inflammatory protein cargo differed between the PEVs from stimulated and unstimulated platelets. Both
0xLDL+TC- and TC-induced PEVs enhanced macrophage HLA-DR and CD86 expression and decreased CD11c
expression as well as secretion of several cytokines. Pathways related to cell cycle and regulation of gene
expression, and immune system signaling were overrepresented in the differentially expressed genes between TC
PEV -treated vs. control macrophages and oxLDL+TC PEV -treated vs. control macrophages, respectively. In
conclusion, we speculate that oxLDL and activated platelets contribute to proatherogenic processes by increasing
the number of PEVs that provide an adhesive and procoagulant surface, contain inflammatory mediators, and
subtly finetune the macrophage gene expression.

Abbreviations: C, collagen; EV, extracellular vesicle; FBS, fetal bovine serum; HDL, high-density lipoprotein; LDL, low-density lipoprotein; LOD, limit of detection;
MFI, median fluorescence intensity; M@, macrophage; NPX, normalized protein expression; oxLDL, oxidized low-density lipoprotein; oxTC M@, macrophages treated
with oxLDL + thrombin and collagen-induced platelet-derived EVs; PEA, proximity extension assay; PEV, platelet-derived extracellular vesicle; PS, phosphati-
dylserine; SEC, size exclusion chromatography; T, thrombin; TC M@, macrophages treated with thrombin and collagen-induced platelet-derived EVs; TBARS, thi-
obarbituric acid reactive substances; UC, ultracentrifugation.
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1. Introduction

Atherosclerosis is a slowly progressing disease characterized by lipid
accumulation and unresolved inflammation. Over time, the continuous
lipid accumulation and series of cellular proinflammatory events lead to
the development of inflamed fatty deposits called atherosclerotic pla-
ques. Rupture of plaques leads to thrombotic episodes manifested as
myocardial infarction or stroke contributing to high mortality and
morbidity. A key risk factor for atherosclerotic cardiovascular disease is
dyslipidemia, particularly an increased level of low-density lipoprotein
(LDL) cholesterol (Ference et al., 2017). In addition, an increased con-
centration of oxidatively modified LDL (0oxLDL) in circulation is asso-
ciated with cardiovascular diseases (Trpkovic et al., 2015).

A defining feature of atherogenesis is the entry of blood monocytes
into the arterial intima, and their differentiation into macrophages
(M@), which actively internalize the retained lipoproteins giving rise to
lipid-laden foam cells (Boren et al., 2020). The accumulation of foam
cells promotes plaque formation, and infiltrating M@s also contribute to
lesion formation by maintaining a proinflammatory microenvironment.
Decreased ability of the plaque M@s to migrate hampers the resolution
of inflammation and drives the progression of more advanced plaques
(Barrett, 2020). In the absence of efficient efferocytosis, apoptotic M@s
ultimately contribute to the necrotic core formation in the plaques
promoting the progression of the lesions into complicated,
rupture-prone plaques (Back et al., 2019). Thus, M@s and their differ-
entiation play a decisive role at all stages of the atherosclerotic lesion
progression, yet, not all the mechanistic factors behind their involve-
ment have been elucidated.

Similarly, platelets represent an important cell type contributing to
atherogenesis both in its early and more advanced stages (Massberg
et al., 2002; Panigrahi et al., 2013). Platelets interact either directly or
indirectly with several cell types, and of these interactions, those with
monocytes are critical during atherogenesis. Platelets promote the up-
take of oxLDL by monocytes and M@s, inhibit monocyte apoptosis, and
induce monocyte migration and recruitment to atherosclerotic plaques
(Scheuerer et al., 2000; Badrnya et al., 2014; Barrett et al., 2019).
Platelets also regulate monocyte functions by modulating their activa-
tion, differentiation, and polarization. For example, platelet chemokine
C-X-C motif chemokine 4 (CXCL4) has been shown to promote M@ dif-
ferentiation by inducing a unique phenotype, M4, whose prevalence in
human atherosclerotic lesions has been associated with plaque insta-
bility (Erbel et al., 2015). More recently, platelets were shown to skew
M@ differentiation towards an inflammatory phenotype with impaired
phagocytosis, sustaining unresolved inflammation and plaque growth
(Barrett et al., 2019).

A distinguishing feature of platelets is their agility to generate
extracellular vesicles (EVs) (Gasecka et al., 2019; Puhm et al., 2021).
Platelet-derived EV (PEV) release can be triggered by the activation of
platelets with various physiological stimuli (Aatonen et al., 2012; Boil-
ard et al., 2015; Milioli et al., 2015), the most potent of which is the
co-stimulation via multiple thrombin (T) and collagen (C) receptors
(Aatonen et al., 2014). Increased circulating numbers of PEVs have been
reported in cardiovascular high-risk patients and patients with athero-
sclerosis compared to healthy individuals (Tan et al., 2005; Zhang et al.,
2014; Suades et al., 2015) supporting the emerging evidence that also
PEVs may contribute to atherogenesis (Zaldivia et al., 2017; Konkoth
etal., 2021; Badimon et al., 2022; Coly and Boulanger, 2022). Although,
the mechanisms of PEVs’ proatherogenic functions are not fully eluci-
dated, it was recently shown that PEVs had a natural homing ability to
atherosclerotic plaques in ApoE'/ “mice (Ma et al., 2021). PEVs contain a
dynamic molecular cargo including nucleic acids [messenger RNAs
(mRNAs), micro RNAs (miRNAs), and long non-coding RNAs
(IncRNAs)], lipid mediators, biogenic amines, and numerous proteins
such as cytokines, chemokines, and growth factors (Aatonen et al., 2012;
Gasecka et al., 2019; Valkonen et al., 2019; Suades et al., 2022). Also,
the membrane composition of PEVs may be significant for their
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functionality as it harbors many molecular determinants of cell adhe-
sion, activation, and coagulation. These include various glycoproteins
such as the integrin complex CD41/CD61, CD62P (P-selectin), and CD40
ligand (CD40L) (Aatonen et al., 2012; Gasecka et al., 2019). Another
essential feature for the function of PEVs is the membrane lipid
composition, which comprises e.g. procoagulant phospholipids such as
phosphatidylserine (PS), and other phospholipids that can be processed
into bioactive lipid mediators via arachidonic acid for crosstalk with
leukocytes (Boilard, 2018).

In patients with familial hypercholesterolemia, a genetic disorder
characterized by high plasma LDL cholesterol levels, increased leuko-
cyte EV and PEV numbers predicted future cardiovascular events and
reflected ongoing innate immune cell and platelet activation (Suades
et al.,, 2019). An increased number of PEVs in the circulation is
considered to manifest platelet activation, and dyslipidemia, especially
the elevated plasma cholesterol levels, contributes to platelet hyperac-
tivity (Carvalho et al., 1974; Shastri et al., 1980; Harmon et al., 1986).
Also the interaction of platelets with oxLDL has been shown to enhance
platelet reactivity (Davi et al., 1998; Colas et al., 2011; Biswas et al.,
2017; Berger et al., 2020) and to aggravate atherogenesis and throm-
bosis (Podrez et al., 2007; Yang et al., 2017; Berger et al., 2020). In vitro,
oxLDL has been shown to preactivate platelets rendering them suscep-
tible to activation by other agonists (Weidtmann et al., 1995; Korporaal
et al., 2005; Nergiz-Unal et al., 2011). Platelets express members of
scavenger receptors and Toll-like receptors (TLRs) (Saboor et al., 2013),
both of which are known to recognize and interact with oxLDL (Levitan
et al., 2010). The best-known receptor mediating the platelet-activating
effect of oxLDL is class B scavenger receptor CD36 (Korporaal et al.,
2007; Magwenzi et al., 2015; Berger et al., 2020). Via CD36, oxLDL turns
on an intracellular signaling cascade in platelets with downstream ef-
fects such as the exposure of P-selectin and PS, and the activation of
CD41/CD61 (Nergiz-Unal et al., 2011; Yang et al., 2018). Reversely,
high-density lipoprotein (HDL), known for its anti-inflammatory and
antiatherogenic properties, has been shown to attenuate platelet acti-
vation (Ardlie et al., 1989), thus putatively diminishing the effects of
activation initiated by oxLDL (Takahashi et al., 1996). Although oxLDL
is known to contribute to platelet activation, the role of oxLDL in PEV
formation is controversial with only two studies reporting contradicting
data (Wang et al., 2012; Nielsen et al., 2015). We reinvestigated this
question by utilizing contemporary sensitive EV analytics and
state-of-the-art isolated lipoproteins.

2. Materials and methods
2.1. LDL and HDL isolation and LDL oxidation

Human LDL (d=1.019-1.050 g/ml) was isolated from the plasma of
healthy donors (Finnish Red Cross Blood Service [FRCBS]) by sequential
ultracentrifugation (UC) in the presence of 3 mM EDTA as previously
described (Havel et al., 1955; Radding and Steinberg, 1960). Total
human HDL fraction (d=1.063-1.210) was also isolated by sequential
UC as previously described (Havel et al., 1955) from serum samples of
healthy volunteers with informed consent according to the ethical
guidelines of the Finnish Institute of Health and Welfare (THL, Finland).
The amount of lipoproteins was determined in terms of their protein
content by the BCA Protein Assay Kit (Thermo Scientific). For oxidation,
LDL was first diluted to a concentration of 2 mg/ml in Dulbecco’s
modified phosphate-buffered saline (DPBS) and dialyzed 3 x 24 h
against DPBS to remove EDTA, after which LDL was incubated with 10
uM CuSO4/mg LDL for 4 h at 37 °C. Oxidation was stopped with the
addition of EDTA at a final concentration of 1 mM. The degree of
oxidation was determined by measuring the amount of thiobarbituric
acid reactive substances (TBARS) (Hessler et al., 1983).
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2.2. Platelet isolation and activation

Platelets were isolated from freshly prepared platelet concentrates
obtained from FRCBS (Helsinki). Each concentrate was a pool of 4 do-
nors and contained on average 238 x 10° platelets. The residual white
blood cell count was on average 0.02 x 10° (as measured by FRCBS
quality control). Before isolation, 100 ng/ml prostaglandin E1 (Sigma)
and 1:10 acid citrate dextrose (39 mM citric acid [Sigma], 75 mM so-
dium citrate [Sigma], 135 mM [D]-glucose [Sigma], pH 4.5) was added
to the platelets, followed by centrifugation at 900 x g for 15 min at room
temperature (RT) without brake. The platelets were then resuspended in
calcium-free Tyrode-Hepes Buffer (THB; 137 mM NaCl, 0.3 mM
NaH2PO4, 3.5 mM Hepes, 5.5 mM [D]-glucose, pH 7.35), and isolated
with 10 ml Sepharose CL-2B (GE Healthcare) SEC columns as a void
volume (Siljander and Lassila, 1999). Platelet concentration was deter-
mined with haematology analyzer (Beckman Coulter T-540, Beckman
Coulter Inc) and adjusted to 2.5 x 108/ml with THB supplemented with
1 mM MgCl,, 2 mM CaCly, and 3 mM KCL. In a typical experiment, the
isolated platelets were preincubated + 100 ug/ml oxLDL, a concentra-
tion commonly used for in vitro experiments (Hulten et al., 2005; Rubic
and Lorenz, 2006; Lara-Guzman et al., 2018) for 2.5 h at 37 °C, and then
stimulated by 2 ug/ml collagen (HORM, Takeda) and 0.2 U/ml thrombin
(Enzyme Research Laboratories Ltd.) for an additional 30 min at 37 °C
for maximal PEV release (Aatonen et al., 2014). Unstimulated platelets
incubated in THB supplemented with 1 mM MgCl,, 2 mM CaCl,, and 3
mM KClI for 3 h at 37 °C were used as a control. Additionally, platelets
were preincubated with oxLDL in the presence and absence of HDL for
2.5 h followed by stimulation by TC for an additional 30 min. In these
experiments, HDL 50 ug/ml at the time of oxLDL addition and 100 pg/ml
30 min prior to oxLDL addition were added to platelets. To block platelet
CD36 and TLR4, platelets were preincubated for 30 min at 37 °C with 10
pug/ml mouse anti-human CD36 (clone FA6-152, Stemcell Technolo-
gies), 10 ug/ml mouse anti-human TLR4 (clone HTA125, eBioscience),
or with a combination of these two, or with their respective
isotype-matched negative controls (10 pg/ml mouse IgG1 and 10 pg/ml
mouse IgG2a [clone P3.6.2.8.1 and eBM2a, eBioscience], respectively),
after which oxLDL (at 100 pg/ml) was added for 2.5 h at 37 °C, and
finally the platelets were stimulated for an additional 30 min at 37 °C by
TC. Platelets preincubated with DPBS instead of anti-CD36 and
anti-TLR4 followed by the addition of oxLDL and TC as described above,
were used as a positive control. After stimulation, platelets were sedi-
mented at 5000 x g for 5 min and immediately at 11,000 x g for 1 min
both at RT, after which the supernatant was collected and centrifuged at
2500 x g for 25 min at RT to ensure complete removal of platelet rem-
nants, which was verified with the hematology analyzer. The
platelet-free supernatants were collected and immediately used for
further analyses or PEV isolation.

2.3. PEV isolation

The platelet-free supernatant was centrifuged at 110,000 x g for 2 h
at 4 °C with Optima LE-80 K ultracentrifuge with 50.2 Ti rotor, k factor
143.3 (Beckman Coulter), after which the pelleted PEVs were resus-
pended in 500 pl of DPBS filtered with a 0.1 pm filter unit (Millex VV,
Millipore), and centrifuged again at 110,000 x g for 1.5 h at 4 °C with
Optima MAX-XP ultracentrifuge with TLA-55 rotor, k factor 81.3
(Beckman Coulter). Finally, the isolated PEVs were resuspended in DPBS
filtered with a 0.1 pm filter unit and stored at — 80 °C for further
analysis.

2.4. Flow cytometry of PEVs

Twenty-five pl of platelet-free supernatant (at least in two technical
replicates) was incubated with 4 pl of phycoerythrin (PE)-conjugated
mouse anti-human CD61 (clone VI-PL2, BD Biosciences), 3.125 ul of
fluorescein isothiocyanate (FITC)-conjugated bovine lactadherin
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(Haematologic Technologies), or 3.75 pl PE-conjugated mouse anti-
human CD62P (clone AK-4, BD Bioscience) for 1 h at RT in the dark.
Protein aggregates were removed from lactadherin-FITC by centrifuga-
tion at 19,000 x g for 5 min at RT prior to use. Isotype-matched controls
at the same concentration as the specific antibody were used as negative
controls. After incubation, the samples were diluted 1:15 with 10 mM
Hepes — 140 mM NaCl, pH 7.2 (NH buffer) filtered with a 0.1 pm filter
unit. All samples were analyzed on an Apogee A50-Micro (Apogee Flow
Systems Ltd. UK) at a flow rate of 1.5 pl/min and keeping the count rate
< 4000 events/s to avoid swarm detection. The flow rate was calibrated
using Apogee bead mix (Apogee Flow Systems Ltd.) by measuring the
concentration of 110 nm FITC-labeled polystyrene beads. Each sample
was measured for at least 90 s, triggering on 405 nm side scatter (SSC).
The data analyses were performed with FlowJo™ (v10.7.1; FlowJo,
LLC). A Rosetta Calibration system (Exometry, Amsterdam, The
Netherlands) was used to calibrate light scatter signals and to determine
the diameter gates for the used flow cytometer (Van Der Pol et al., 2018).
Based on the light scatter calibration, a detectable EV diameter gate of
200-1000 nm was set, in which the lower limit was set to exclude noise
and the upper limit was to exclude platelets. Next fluorescent gates were
determined for every marker using unlabeled PEVs and isotype controls.
Positive events (7) were defined as events with fluorescent signal
exceeding the gate. The representative scatter plots and gating strategy
are presented in Supplementary Fig. A.1. The data are presented as
concentrations i.e. the number of detected events corrected for the total
sample dilution, flow rate, and measurement time. The buffer used for
the EV dilution as well as free antibody/lactadherin in buffer were used
as additional controls according to MIFlowCyt-EV guidelines (Welsh
et al., 2020).

2.5. Analysis of particle concentration and protein content

Particle enumeration was performed by nanoparticle tracking anal-
ysis (NTA) using Nanosight LM14 (Malvern Instruments Ltd, Malvern,
UK) equipped with a blue laser (405 nm, 70 mW) and an sCMOS camera
(Hamamatsu Photonics, Hamamatsu, Japan). The isolated PEVs were
diluted in 0.1 um filtered DPBS to obtain 40-100 particles/frame, and 5
x 30 s videos were recorded with the camera level 13. The data were
analyzed using NTA 3.0 software (Amesbury, UK) with the detection
threshold 7 and the screen gain at 10. To measure PEV protein content,
PEVs were first treated with 0.5% Triton-X-100, after which the protein
concentration was determined with the DC assay (Bio-Rad) according to
the manufacturer’s instructions.

2.6. Transmission electron microscopy

Negative staining of the whole mounted EV samples was performed
as previously described (Puhka et al., 2017). Briefly, EVs were loaded on
200 mesh pioloform carbon-coated glow discharged copper grids, fixed
with 2% PFA, stained with 2% neutral uranyl acetate, embedded in
methyl cellulose uranyl acetate mixture (1.8/0.4%), and viewed with
Tecnai 12 (FEI Company, Eindhoven, The Netherland) at 80 kV.

2.7. Western blot

Selected proteins enriched in PEVs, namely CD41, CD63, CD9,
TSG101, as well as a negative control, calnexin, were analyzed from the
PEV isolates by western blotting according to the MISEV guidelines
(Thery et al., 2018). Furthermore, apoB-100, the major protein con-
stituent of LDL, was analyzed from the PEV isolates to confirm that
oxLDL was depleted during the PEV isolation. For SDS-PAGE, platelets
and PEVs were lysed with Laemmli sample buffer either with (for CD41,
TSG101, calnexin, ApoB) or without (for CD9 and CD63) 1% p-mer-
captoethanol. Ten micrograms of total platelet protein or alternatively 2
x 10° PEVs were loaded per lane of Mini-Protean TGX 4-20% precast
gels (Bio-Rad) and run at a constant voltage of 180, after which the
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proteins were electroblotted to PVDF membranes. The membranes were
blocked for 1 h at RT with 1% milk in Tris-buffered saline containing
0.1% Tween-20 (TBST), after which the membranes were incubated
overnight at 4 °C with the following primary antibodies: 1:1000 mouse
anti-human apoB (Medix Biochemica, Espoo, Finland), 1:5000 mouse
anti-human CD41 (clone sz22, Becaman Coulter), 1:1000 mouse
anti-human CD9 (clone C-4, Santa Cruz Biotechnologies), 1:250 mouse
anti-human TSG101 (clone 51, BD Biosciences), 1:1000 mouse
anti-human CD63 (clone H5C6, BD Pharmingen), and 1:1000 rabbit
anti-human calnexin (clone C5C9, Cell Signaling Technologies). The
excess primary antibodies were washed 4 x 10 min with TBST, after
which the membranes were incubated either with 1:3000
HRP-conjugated sheep anti-mouse IgG (GE Healthcare) or with 1:50 000
HRP-conjugated goat anti-rabbit IgG (Jackson Laboratories) for 1 h at
RT. Finally, the membranes were washed 4 x 10 min with TBST and the
protein bands were detected with ECL substrate (Clarity Western ECL,
Bio-Rad) according to the manufacturer’s instructions.

2.8. Proximity extension assay

Protein cargo of the PEVs was analyzed by the Proximity Extension
Assay (PEA) technology (Assarsson et al., 2014; Larsson et al., 2015;
Larssen et al., 2017) using Olink® Inflammation panel (Olink Prote-
omics, Uppsala, Sweden; Table 1 in Supplementary Material). For that
purpose, the PEV samples were run at a concentration of 90 ug/ml. Data
were analyzed by Olink NPX (Normalized Protein eXpression) Manager
0.0.104.0 and expressed as NPX values calculated from Ct values. Data
normalization (against extension control and interplate control) was
performed to minimize both intra-and inter-assay variation. Values
below the limit of detection (LOD) were replaced by LOD/2 for statis-
tical analysis.

2.9. Macrophage polarization assay

M@s were differentiated in vitro from isolated human peripheral
blood mononuclear cells (PBMCs) as previously described (Hyvarinen
et al., 2018) with minor modifications. Briefly, PBMCs were isolated
from buffy coats of healthy anonymous blood donors (FRCBS, Helsinki,
Finland) by density gradient centrifugation using Ficoll-Paque™ Plus
(GE Healthcare Life Sciences). The isolated PBMCs were washed three
times with DPBS and incubated at a concentration of 2 x 10® PBMC/ml
in Costar 24-well plates (Corning Incorporated) in RPMI 1640 (Gibco) at
37 °C, 5% CO,, for 2 h, after which the non-adherent cells were removed
by DPBS wash. The adherent cells were cultured for 6 days in M@
growing medium (RPMI 1640 supplemented with GlutaMAX™ Supple-
ment [Gibco], 10% FBS [Sigma-Aldrich], and 50 ng/ml
granulocyte-macrophage colony-stimulating factor [GM-CSF]) in the
absence or presence of 5 x 10%/ml 0xLDL+TC-induced and TC-induced
PEVs. The M@ growing medium + PEVs was renewed on day 3. On day

Table 1
Concentration (pg/ml) of cytokines/chemokines secreted by macrophages upon
treatment with PEVs.

Analyte Control MO oxTC MO TC MO

Median IOR Median IOR Median IQR
IL-1la 7.38 13.305 3.07 6.15 3.63 2.73
IL-1B 66.91 87.77 28.62 67.78 23.81 49.70
1L-10 20.35 20.54 6.88 16.27 8.59 14.58
IL-12p70 13.18 48.29 10.5 78.56 8.35 35.82
1L-18 69.97 29.96 65.3 37.05 52.78 33.12
IL-23 33.83 90.93 25.47 135.87 26.25 128.39
IL-6 35,732 86,525 16,676 20,815 12,344 9356
MCP-1 21,968 9531 12,956 26,666 14,233 10,948
TNF-o 20,837 32,411 12,578 21,118 6841 14,257

M@, macrophage; TC M@, TC PEV -treated macrophage; oxTC M@, oxLDL+TC
PEV -treated macrophage; IQR, interquartile range.
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6, the cells were activated with 50 ng/ml interferon (IFN)-y and 10
ng/ml lipopolysaccharide (LPS) in the M@ growing medium in the
absence or presence of the PEVs. In each case, three batches of PEVs,
each batch representing a different biological replicate consisting of
PEVs from four donors, were pooled in a 1:1:1 no. ratio. On day 9, the
conditioned media were collected, centrifuged at 300 x g for 15 min, and
stored at — 80 °C until further analysis. The M@s were lysed in RLT plus
buffer (Qiagen) containing 1% fB-mercaptoethanol for RNA isolation or
alternatively detached with M@ Detachment Solution DFX (PromoCell)
for flow cytometric analysis.

2.10. Cytokine analysis with ProcartaPlex immunoassay

Cytokines in the M@ conditioned media were analyzed with Pro-
cartaPlex Multiplex immunoassay (Invitrogen) according to the manu-
facturer’s instructions using a customized panel of 10 cytokines:
interleukin (IL)— 1la, — 1, — 6, — 10, — 12p70, — 15, — 18, — 23,
monocyte chemoattractant protein 1/C-C motif chemokine 2 (MCP-1/
CCL2), and tumor necrosis factor-a (TNF-a). The conditioned medium
samples were measured in duplicates both as non-diluted and 10-fold
diluted with a Bio-Plex200 (Bio-Rad) and the data were analyzed
using Bio-Plex Manager software. Only concentrations that were within
the standard range were used. The culture medium alone was used as a
negative control to determine the background and the culture medium
with PEVs was used as a control to ensure the absence of targeted cy-
tokines in the PEVs.

2.11. RNAseq

M@ total RNA was isolated with RNeasy Plus kit (Qiagen) according
to the manufacturer’s instruction, with the exception of one additional
wash with the RPE buffer prior to RNA elution. RNA quality and
quantity were determined using Nanodrop. Dual-indexed RNA libraries
were prepared from 800 ng of total RNA with TruSeq Stranded Total
RNA library kit (Illumina, San Diego, CA, USA). Ribo-Zero Globin
(Illumina, San Diego, CA, USA) was used for the depletion of cyto-
plasmic and mitochondrial rRNA as well as globin RNA. Sequencing was
performed with NovaSeq 6000 System (Illumina, San Diego, CA, USA).
Read length for the paired-end run was 2 x 101 bp and the minimum
target read depth of > 30 M paired-end reads for each library. FIMM in-
house pipeline (Kumar et al., 2017) was used for the quality evaluation
of the RNA sequencing data. Obtained reads were aligned onto the
reference genome (GRCh38) by using the STAR (version 2.5.2a).

2.12. Analysis of differentially expressed genes and Functional
enrichment analysis

To compute raw counts, the Rsubread Boiconductor package
(version 1.34.6) was used and Ensembl release 82 was employed as a
reference transcriptome. Once raw counts were extracted for all the
samples, lowly expressed genes were filtered out by running a propor-
tion test, as implemented in the NOISeq package (Tarazona et al., 2015).
Normalisation and differential expression analysis were performed by
using the DESeq2 algorithm (Love et al., 2014). Genes were considered
differentially expressed if log2FC < —0.5 or log2FC > 0.5 and nominal
p-value < 0.01. Conversion of gene identifiers was carried out through
the use of the biomaRt R package (Durinck et al., 2009). Functional
enrichment of differentially expressed genes was performed by using the
clusterProfiler Bioconductor package (Yu et al.,, 2012). The tran-
scriptomic data that support the findings of this study are available in
Figshare at https://figshare.com/s/d71a9686497613251465.

2.13. Flow cytometry of macrophages

Cells were stained with anti-CD80-PE (clone 2D10.4, eBioscience),
anti-CD86-PE-CF594 (clone 2331/FUN-1, BD Biosciences), anti-CD163-
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BV421 (clone GHI/61, BD Biosciences), anti-CD206-APC (clone 19.2, BD
Biosciences), anti-HLA-DR-FITC (clone L243, Biolegend) and anti-
CD11c-PerCP-Cy5.5 (clone B-ly6, BD Biosciences) according to the
manufacturers’ instructions. Conjugated isotype control antibodies were
used as negative controls for background staining. Prior to staining, M@s
were suspended in 50 pl staining buffer (0.3% bovine serum albumin, 2
mM EDTA in PBS, pH 7.2) and incubated with 2.5 pg of Human BD Fc
Block™ (BD Pharmingen) for 10 min at RT. The pre-mixed fluorescent
antibody cocktail was added, and the cells were incubated on ice in
darkness for 30 min. After staining, the cells were washed with 2 ml
staining buffer, pelleted by centrifuging at 350 g for 10 min, and sus-
pended in 100 pl staining buffer. Cell data were acquired with BD
FACSAria IIU (BD Biosciences) flow cytometer using FACSDiva™ soft-
ware (v8.0.1; BD Biosciences) and analyzed with FlowJo™ software
(v10.0.7; FlowJo, LLC). M@s were gated based on forward (FSC) and
side (SSC) scatter patterns. Doublets and aggregates were excluded using
FSC-area versus FSC-height. The fluorescence-positive cells were gated
based on isotype controls and populations. The results are presented as
median fluorescence intensity (MFI) and frequency of positive cells. The
representative scatter plots and histograms as well as the gating strategy
are presented in Supplementary Fig. A.2.

2.14. Statistical analysis

Statistical analyses were performed using GraphPad Prism (v9.0.2;
GraphPad Software Inc.). Normality of the data was determined by the
Shapiro-Wilk test and when passed, differences between the groups were
determined using the appropriate parametric tests. Otherwise, appro-
priate non-parametric tests were used. The test used is indicated in the
figure legends. p < 0.05 was considered statistically significant.

2.15. Ethics approval

This study was conducted in line with the ethical principles of the
Declaration of Helsinki. All used platelet concentrates, buffy coats, and
plasma were handled anonymously, and only material that could not be
administered clinically was used as accepted by the Finnish Supervisory
Authority for Welfare and Health (Valvira, Finland). All blood donors
had given informed consent for the use of the surplus material in
research. There was no possibility to trace blood donors to the samples
used and no personal data of any kind was possible to link to the cells or
blood material used in this study. All samples were destroyed after this
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3. Results

3.1. OxLDL potentiates the release of PEVs from thrombin and collagen
co-stimulated platelets, but not from unstimulated platelets

To prepare state-of-the-art oxLDL for studying PEV production,
freshly isolated LDL from human plasma was incubated with copper
sulfate and LDL oxidation was confirmed by measuring the TBARS
before and after the incubation (Supplementary Fig. A.3). Platelets were
incubated with oxLDL, after which the concentration of PEVs, identified
by the expression of CD61, the subunit of CD41/CD61 integrin complex
(platelet glycoprotein IIb/Illa/integrin allbp3), a prominent platelet
marker, was measured by Apogee A-50 from the supernatants, which
were carefully ensured to be platelet-free. Compared to unstimulated
platelets, oxLDL alone did not significantly increase the concentration of
CD61" EVs (Fig. 1A). However, there was a large inter-donor variation
between the responses within the eight biological replicates (platelets
derived from 32 donors). We next investigated whether oxLDL could
potentiate PEV production of activated platelets by using T and C acti-
vation, the combined effect of which on the PEV production is well
known (Aatonen et al., 2014). An increase in the concentration of CD61"
EVs from oxLDL+TC stimulated platelets was seen already after 1 h
compared to TC-stimulated platelets, and the potentiating effect
continued at 3- and 5-h time points (Supplementary Fig. A.4). Since
PEVs started to form from unstimulated platelets at 5 h, we chose to use
3-h activation (2.5-h preincubation with oxLDL followed by stimulation
by TC for 30 min) in the subsequent experiments to maximize the
number of specifically induced PEVs. When platelets were stimulated by
TC alone, the concentration of CD61" EVs in the platelet-free superna-
tant was on average 4-fold compared to the unstimulated controls
(Fig. 1B). When platelets were sensitized with oxLDL prior to the TC
stimulation, the concentration of CD61" EVs was on average 2-fold
compared to the TC-stimulated platelets (Fig. 1B). Our data demon-
strates that oxLDL could significantly enhance PEV formation only of
activated, but not resting platelets. When the platelets were treated with
(non-oxidized) LDL at the same concentration and for the same time as
with oxLDL, followed by the TC stimulation, no increase in the con-
centration of CD61" EVs was detected compared to the TC stimulation
only (Supplementary Fig. A.5).

The effect of oxLDL pretreatment on the number of TC-induced

Fig. 1. Concentration of CD61% EVs from
unstimulated and stimulated platelets. SEC-
isolated platelets were stimulated by oxLDL

CD61* EVs alone or by TC with or without oxLDL pre-
sensitization, after which platelets were care-

* * ok fully removed, and EVs in the platelet-free

* % * % supernatants were stained with PE-conjugated

mouse anti-human CD61 and analyzed by
[ ] high-sensitivity flow cytometer from oxLDL-
stimulated (A) and TC- and oxLDL + TC-stim-

ulated (B) platelets. As a control for constitutive

EV release, EVs were measured from the
platelet-free supernatant of unstimulated
platelets. The results represent CD61" EVs with
a size range of 200-1000 nm and exceeding the
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ical replicate is a pool of platelets from four

donors. Differences between the groups were determined by the paired t test (A) or the repeated measures one-way ANOVA with the Tukey’s multiple comparison
test (B). * *p < 0.01; * **p < 0.001; ns, not significant; SEC, size-exclusion chromatography; PE, phycoerythrin; LDL, low-density lipoprotein; oxLDL, oxidized low-

density lipoprotein; T, thrombin; C, collagen.
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procoagulant and adhesive PEVs was analyzed by lactadherin (a PS-
binding protein)-FITC and anti-CD62P (P-selectin)-PE staining by flow
cytometry. Supporting what was observed with CD61" EVs, an increase
in PEV numbers was also seen by lactadherin® and CD62P" EVs. Acti-
vation of platelets by TC alone increased the concentration of
lactadherin™ EVs on average by 1.5-fold compared to unstimulated
platelets, and induced the release of CD62P" EVs that were not detected
in the supernatants of unstimulated platelets (Supplementary Fig. A.6).
Compared with TC only, oxLDL pretreatment further increased the
concentration of TC-induced lactadherin® and CD62P" EVs by on
average 1.7- and 1.8-fold, respectively (Supplementary Fig. A.6). Based
on median fluorescence intensity (MFI), there was no difference in the
PS or P-selectin expression levels between the oxLDL+TC-induced and
TC-induced PEVs (Supplementary Fig. A.6), showing that oxLDL
increased EV numbers rather than PS- and P-selectin expression.

The potentiating effect of 0xLDL on TC-induced PEV formation was
also analyzed by NTA from UC-isolated PEV samples. The number of
particles from the oxLDL+TC-stimulated platelets was on average 1.7-
fold compared to that from the TC-stimulated platelets, but the differ-
ence was not statistically significant (Supplementary Fig. A.7). No sig-
nificant difference was seen in the mean or mode sizes between the
oxLDL+TC- and TC-induced UC-isolated PEVs, both being slightly
bigger in diameter compared to the PEVs from control platelets (Sup-
plementary Fig. A.7). The absence of lipoproteins, potential co-
sedimenting non-EV particles, in the PEV isolates was confirmed by
western blot of apoB, the major protein constituent of LDL, which
showed that the majority of the exogenous lipoproteins in the PEV
samples had been removed during the UC-isolation (Supplementary Fig.
A.8)).

3.2. Blocking CD36, but not the Toll-like receptor 4, suppresses the
potentiating effect of oxLDL on the TC-induced PEV production

Next, we analyzed the effect of blocking CD36 and TLR4, receptors
known to mediate oxLDL interactions in cells (Levitan et al., 2010), on
the oxLDL+TC-induced PEV production. Pre-incubation of platelets
with an anti-CD36 decreased the concentration of oxLDL+TC-induced
CD61" EVs on average by 50% (Fig. 2). In contrast, the concentration of
0xLDL+TC-induced CD61" EVs was not decreased when platelets were
pre-incubated with anti-TLR4, nor was there any further inhibition
when both CD36 and TLR4 were blocked. Thus, the data suggest that the
oxLDL-dependent increase in the formation of TC-induced PEVs was
largely dependent on CD36.

We further tested the effect of HDL, a physiologically relevant CD36-
binding molecule (Calvo et al., 1998; Connelly et al., 1999) which has
anti-atherosclerotic properties, on oxLDL+TC-induced PEV formation.
When HDL (50 pg/ml) was added to platelets at the same time as oxLDL,
the concentration of oXLDL+TC-induced CD61" EVs reduced on average
by 24% (Fig. 3A), whereas pre-incubation of platelets with doubled HDL
concentration (100 ug/ml) 30 min prior to oxLDL addition reduced the
concentration of oxLDL+TC-induced CD61" EVs by 30% (Fig. 3B).
Although, not statistically significant, the data implies that HDL may
suppress the effect of oxLDL on PEV formation from activated platelets.

3.3. Characterization of EV markers on oxLDL+TC- and TC-induced
PEVs

To characterize and compare the formed PEVs, selected EV-marker
proteins were analyzed by western blot. The PEVs from oxLDL+TC-
and TC-activated platelets equally expressed the prominent platelet
integrin CD41 subunit and canonical EV markers CD63, CD9, TSG101,
whereas the endoplasmic reticulum resident protein calnexin was richly
present in platelets, but not detectable in the PEVs (Supplementary Fig.
A.8). Transmission electron microscopy displayed PEVs of typical
morphology, but no lipoproteins (Supplementary Fig. A.8), supporting
the western blot showing that apoB-100 was removed during PEV
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Fig. 2. Concentration of oxLDL+TC-induced CD61" PEVs in the presence and
absence of CD36 and TLR4 receptor-blocking antibodies. SEC-isolated platelets
were preincubated with an anti-CD36, anti-TLR4, or their combination, then
presensitized with oxLDL and finally stimulated by TC. Isotype-matched im-
munoglobulins were used as negative controls. After activation, platelets were
carefully removed and EVs in the platelet-free supernatants were stained with
PE-conjugated anti-CD61 and analyzed by flow cytometry. As a control for
constitutive EV release, EVs were measured from the platelet-free supernatants
of unstimulated platelets. The results represent CD61" EVs with a size range of
200-1000 nm and exceeding the fluorescence gate. The interquartile range
(box), median (line within the box), and the min to max range (whiskers) with
data points are shown. N = four biological replicates. Each biological replicate
is a pool of platelets from four donors. Differences between the groups were
determined by the Friedman test with the Dunn’s multiple comparison test. Of
note, only the most relevant statistically significant differences are shown in the
figure for clarification. *p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001
oxLDL, oxidized-low-density lipoprotein; T, thrombin; C, collagen; TLR4, toll-
like receptor 4; PE, phycoerythrin; SEC, size exclusion chromatography.

isolation (Supplementary Fig. A.8).

3.4. The inflammatory protein content of PEVs is altered by platelet
activation

Prompted by our previous observations on agonist-dependent cargo
variability of PEVs (Aatonen et al., 2014), the cargo of inflammatory
proteins in the UC-isolated oxLDL+TC- and TC-induced as well as con-
trol PEVs was analyzed by PEA. Of the 92 inflammation-related proteins
targeted (Supplementary Table A.1), 29 were found in all three PEV
types (Fig. 4A). Six proteins IL8/CXCL8, IL7, MCP-1/CCL2, TNF-related
apoptosis-inducing ligand (TRAIL), CCL4, and extracellular newly
identified receptor for advanced glycation end-products (EN-RAGE)
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were only detected in the PEVs from unstimulated platelets (Fig. 4A),
indicating differential cargo packaging between the PEVs of stimulated
and unstimulated platelets. No proteins were found to be exclusively
present in the PEVs of TC-stimulated or oxLDL+TC-stimulated platelets,
and no statistically significant differences were detected in the protein
expression levels between these two PEV types (Fig. 4A & B). Instead, a
clearer difference in the protein expression levels was found between the
PEVs from unstimulated and stimulated platelets. A total of 14 of the
analyzed proteins were upregulated and 11 proteins downregulated in
the PEVs from stimulated compared to unstimulated platelets (Fig. 4B).
The expression levels of four proteins, ST1A1, IL18, growth-regulated
alpha protein/CXCL1, and latency-associated peptide transforming
growth factor (LAP TGF)-p1 were significantly different between the
PEVs from oxLDL+TC-stimulated and unstimulated platelets, and of
these, ST1IA1 and IL18 were upregulated, whereas CXCL1 and LAP
TFG-p1 were downregulated in the oxLDL+TC-induced PEVs (Fig. 4B).
Principal component analysis showed that the oxLDL+TC- and
TC-induced PEVs clustered together, whereas PEVs from unstimulated
platelets formed another cluster (Fig. 4C) supporting the observation
that the inflammatory protein content of the PEVs from oxLDL+TC--
stimulated and TC-stimulated platelets did not significantly differ.

3.5. PEVs from the oxLDL+TC- and TC-activated platelets modulate
macrophage phenotype

To investigate, whether the oxXLDL+TC- or TC-induced PEVs could
affect proinflammatory M@ differentiation, human PBMC-derived
monocytes were differentiated into M1-like M@s in the presence or
absence of PEVs, followed by activation with IFN-y and LPS in the
presence or absence of PEVs (Fig. 5A). M@ surface markers were then
analyzed by flow cytometry. Compared to the control M@s differentiated
and activated towards M1 in the absence of PEVs, the presence of PEVs
induced a significant increase in the HLA-DR expression (both MFI and
frequency of positive cells) and CD86 expression (frequency of positive
cells) (Fig. 5B). In general, no differences were detected in the analyzed
surface markers between the oxLDL+TC PEV-treated M@s and TC PEV-
treated M@s (oxTC M@ and TC M@, respectively). However, treatment of
the M@s with the TC-induced PEVs, but not oxXLDL+TC-PEVs, signifi-
cantly decreased the frequency of CD11c™ M@s compared to control
M@s (Fig. 5B).
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3.6. OxLDL+TC- and TC-induced PEVs alter the cytokine secretion of
macrophages

To analyze the ability of PEVs to modulate the inflammatory
response of the M@s selected cytokines/chemokines in the M@ condi-
tioned media were analyzed. From the 10 analytes targeted (IL1a and
— 16,1L10, IL12p70, IL18, MCP-1/CCL2, TNF-a, IL6, IL23, and IL15), all
but one (IL15), were detected in the conditioned media. The presence of
PEVs during the M@ differentiation and activation significantly
decreased the secretion of proinflammatory cytokines IL6 and IL12p70
(IL12p70 only with TC-induced PEVs). A trend of decreased secretion
was also seen with other proinflammatory cytokines, namely IL1a and
— 1p, TNF-a, and IL18, as well as MCP-1/CCL2, but also with anti-
inflammatory cytokine IL10 (Fig. 6). In contrast, a trend of increased
secretion was observed with IL-23. In the absence of PEVs, the highest
concentration was detected for IL6 followed by MCP-1/CCL2 and TNF-a,
whereas IL1a was secreted at the lowest level (Table 1). However, a
large biological variation was observed between the M@s from 11
donors.

3.7. OxXLDL+TC- and TC-induced PEVs differently modulate the
transcriptome of macrophages

Finally, we analyzed the gene expression of the PEV-treated M@s and
control M@s by performing RNA sequencing followed by differential
gene expression and over-representation analyses. No differences were
observed in the gene expression of the prototypic markers of the M@
polarization types such as M1, M2, M4, or Mreg [reviewed in (De Sousa
et al.,, 2019)]. Although the gene expression profiles of M@s clustered
together more based on the donor than the treatment (Fig. 7A), differ-
ences were exhibited in the gene signatures between the control M@s
and the PEV-treated M@s. A total of 234 and 115 differentially expressed
genes (DEGs) were detected between the TC M@s vs. control M@s and
between the 0xTC M@s vs. control M@s, respectively, whereas only one
DEG was found between the TC vs. the oxTC M@s (Supplementary
Tables A.2-A.4). Of these, 143 DEGs were exclusive to TC M@s vs.
control M@s and 24 DEGs to oxTC M@s vs. control M@s, whereas 91
DEGs were shared between the oxTC M@s vs. control M@s and TC M@s
vs. control M@s (Fig. 7B). Thirty pathways were significantly
over-represented in the 143 DEGs exclusive to the TC M@s vs. control
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Fig. 4. Inflammatory protein content of the PEVs. UC-isolated PEVs from the oxLDL+TC- and TC-stimulated platelets and unstimulated control platelets were
subjected to the proximity extension assay to target 92 inflammation-related proteins. Overlap of the detected proteins across the three PEV types is presented by
Venn diagram (A). The expression of the 29 proteins found in all PEVs is shown as Normalized Protein eXpression (NPX) values calculated from Ct values (B). The
interquartile range (box), median (line within the box), and the min to max range (whiskers) with data points are shown. N = three (TC and 0xLDL+TC) and four
(control) biological replicates. Each biological replicate represents a pool of platelets from four donors. Of note, a protein was judged to be expressed in the PEVs if it
was detected in two out of three biological replicates (TC and oxLDL + TC), or three out of four biological replicates (control). Differences between the groups were
determined by the Kruskall-Wallis test with the Dunn’s multiple comparison test. *p < 0.05. The clustering of the different PEV types are shown by principal
component analysis plot (C). ns, not significant; UC, ultracentrifugation; oxLDL, oxidized low-density lipoprotein; T, thrombin; C, collagen.

M@s, many of which were associated with cell cycle and regulation of
gene expression (Fig. 7B). The five significantly over-represented path-
ways in the 24 DEGs exclusive to the oxTC M@s vs. control M@s were
associated with the immune system such as chemokine and interleukin
signaling (Fig. 7B). In the 91 DEGs shared between oxTC M@s vs. control
M@ sand TC M@s vs. control M@s, 26 pathways were significantly
over-represented including pathways associated with cell cycle and DNA
replication (Fig. 7B). Based on these data, stimulation of platelets by TC
seemed to be the main driver for the differences in gene expression
between the PEV-treated and control MdJs. Interestingly, none of the
pathways related to the cell cycle and regulation of gene expression
(such as chromatin remodeling and transcriptional regulation) that were
over-represented in the DEGs between the TC M@s vs. control M@s were
over-represented in the DEGs between the oxTC M@s vs. control M@s.
Instead, the oxLDL presensitization of platelets prior to TC-stimulation
seemed to produce PEVs that were able to shift transcription toward
genes involved in immune system-related functions such as chemokine
and interleukin signaling.

4. Discussion

In this study, we show that oxLDL increased the formation of PEVs,
when the oxLDL-pretreated platelets were activated with TC co-
stimulus. The potentiating effect of oxLDL was largely suppressed by
blocking the platelet CD36, but not by blocking TLR4. This result is in
line with previous studies showing that activation by oxLDL via CD36
results in platelet expression of P-selectin, PS, and the activated
conformation of the CD41/CD61 (Nergiz-Unal et al., 2011; Yang et al.,
2018). The effects of oxLDL activation can now be extended to also
include PEV formation, but only when an auxiliary activator is present.
Furthermore, also in line with the previous studies showing that HDL is
able to blunt platelet activation (Ardlie et al., 1989; Takahashi et al.,
1996) and to reduce time-dependent PEV formation in therapeutic
platelet concentrates (Pienimaeki-Roemer et al., 2014), we observed
that HDL blunted the formation of PEVs from oxLDL+TC-stimulated
platelets. Since HDL also binds to CD36 (Calvo et al., 1998; Connelly
et al, 1999), it possibly competes for the CD36 binding sites,
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Fig. 5. Flow cytometry of the surface markers of M@s differentiated and activated in the presence and absence of PEVs. The M@s were differentiated from PBMCs for
six days under GM-CSF with oxLDL+TC- induced PEVs or TC-induced PEVs or without PEVs (control) and then activated with IFN-y and LPS for three days with or
without the PEVs (A). After the activation, the indicated surface markers on the M@s were analyzed by flow cytometry (B). The results are presented as MFI and
frequency of positive cells. The interquartile range (box), median (line within the box), and the min to max range (whiskers) with data points are shown. N = 11
biological replicates (= different M@ donors). Differences between the groups were determined by the repeated measures one-way ANOVA with the Tukey’s multiple
comparison test. *p < 0.05; * *p < 0.005; ***p<0.0005. ns, not significant; M@, macrophage; PBMC, peripheral blood-derived mononuclear cell; MFI, median
fluorescence intensity; oxLDL, oxidized low-density lipoprotein; T, thrombin; C, collagen; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-y,

interferon-y; LPS, lipopolysaccharide.

diminishing PEV formation. Taken together, the present data support a
novel, CD36-mediated role for oxLDL in the formation of PEVs from
activated platelets.

The oxLDL-mediated increase in the formation of TC-induced PEVs
was identified by CD61, a prominent platelet marker, but the effect of
oxLDL was also reflected as increased numbers of PS™ and P-selectin™
EVs, suggesting that the availability of procoagulant surface and
leukocyte contact points were enhanced by oxLDL. The analytical
strategy to detect (CD61™) EVs from the platelet-free supernatant by

flow cytometry was chosen for two reasons: 1) the ability to discriminate
EVs from non-EV particles such as lipoproteins based on immunofluo-
rescence and 2) to avoid EV isolation, which could lead to loss of sub-
populations or cause clumping/destruction of the EVs. However, since
the used flow cytometer only detects vesicles > 200 nm (based on the
light scatter calibration with Rosetta beads and software from Exometry,
The Netherlands), the effect of oxLDL on PEV production from TC-
stimulated platelets was also confirmed by NTA that detects < 200 nm
EVs.
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Fig. 6. Cytokines and chemokines secreted by the M@s differentiated and
activated in the presence and absence of PEVs. The M@s were differentiated
from PBMCs for six days under GM-CSF with oxLDL+TC- induced PEVs or TC-
induced PEVs or without PEVs (control) and then activated with IFN-y and LPS
for three days with and without the PEVs. After the activation, the M@-condi-
tioned media were collected and the concentrations of the indicated cytokines
and chemokines were analyzed from the conditioned media by a multiplex
immune assay. The results are presented as Log2 fold changes relative to the
control M@s. The interquartile range (box), median (line within the box), and
the min to max range (whiskers) with data points are shown. N = 11 biological
replicates (= different M@ donors). Differences between the groups were
determined by the Friedman test with the Dunn’s multiple comparison test.
*p < 0.05; * *p < 0.005; ns, not significant; M@, macrophage; PBMC, periph-
eral blood mononuclear cell;, GM-CSF, granulocyte-macrophage colony-
stimulating factor; oxLDL, oxidized low-density lipoprotein; T, thrombin; C,
collagen; IFN-y, interferon-y; LPS, lipopolysaccharide; IL, interleukin; MCP-1,
monocyte chemoattractant protein-1; TNF-a, tumor necrosis factor-a.

The two previous studies on the effect of oxLDL on PEV formation
(Wang et al., 2012; Nielsen et al., 2015) displayed contradictory results,
which can now be explained by this study where contemporary EV an-
alytics were used with special attention to platelet handling and the used
lipoproteins. Platelets are easily activated by auto-activating substances
such as ADP, and PEV formation can also be induced in vitro by a variety
of factors including time (platelet storage), mechanical shearing and low
temperature (Boilard et al., 2015; Taus et al., 2019). Thus, a primed
state, in which platelets have been sensitized for increased responsive-
ness may be inadvertently generated during platelet handling, which
can then be augmented to produce PEVs by a weak platelet activator
normally deficient on its own, such as oxLDL. In the study by Nielsen and
coworkers (Nielsen et al., 2015), where platelet sensitization was well
controlled, neither oxLDL or LDL promoted PEV formation, similar to
our results. As suggested by the large variability in responses to oxLDL
alone (Fig. 1A), we may have not been able to fully avoid platelet sen-
sitization/priming during handling or the platelets may have already
been in a primed state in the concentrates, and thus we chose to compare
the effect of oxLDL on TC-stimulated platelets, which also resembles
more the proatherogenic conditions.

Increased numbers of PEVs have previously been observed in pa-
tients with atherosclerosis with a positive correlation between the
numbers of circulating PEVs and the disease state (Kuriyama et al.,
2010; Lukasik et al., 2013; Suades et al., 2015). In atherosclerosis set-
tings, T and C are classical platelet agonists leading to strong platelet
activation e.g. at the site of atherosclerotic plaque rupture. However,
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plasma cholesterol levels (Carvalho et al., 1974; Harmon et al., 1986)
and modified lipoproteins (Podrez et al., 2007; Berger et al., 2020)
impact platelets’ sensitivity to activation by priming platelets for
increased responsiveness to agonists. Furthermore, during aging, a
sensitized state of platelets seems to emerge [reviewed in (Faria et al.,
2020)] potentially due to age-dependent inflammatory and metabolic
changes (Davizon-Castillo et al., 2019). A sensitized or hyper-reactive
state of platelets (Van Der Meijden, Heemskerk, 2019) could be a crit-
ical factor enabling enhanced PEV formation in vivo. Since oxLDL is
present in the plasma of atherosclerosis patients and in atherosclerotic
plaques of both humans and experimental animals (Yla-Herttuala et al.,
1989; Yla-Herttuala et al., 1990; Steinberg and Witztum, 2010; Lehti
et al., 2018), platelets may encounter oxLDL in vivo in circulation or in
the atherogenic intima resulting in sensitization of platelets for
increased responsiveness to subsequent agonists, such as T and/or C
(Davi et al., 1998; Colas et al., 2011; Biswas et al., 2017; Berger et al.,
2020).

Also, the characteristics of PEVs are thought to change during disease
states (Aatonen et al., 2012; Puhm et al., 2021). Platelets have been
shown to dynamically alter the cargo of the PEVs depending on the
activating stimuli (Baj-Krzyworzeka et al., 2002; Aatonen et al., 2014;
Ferreira et al., 2020; Suades et al., 2022) and thereby to appropriately
respond to the (patho)physiological state of the microenvironment.
However, the molecular composition of the PEVs from oxLDL+TC-ac-
tivated platelets was surprisingly similar to that of the PEVs from
TC-activated platelets regarding the expression of PS and P-selectin and
the cargo of the targeted inflammation-related proteins. We hypothesize
that the strong platelet activation by TC may have masked the signaling
pathways activated by the “weaker” oxLDL stimulus.

PEVs have the ability to regulate immune cell differentiation and
reactivity by e.g. altering cells’ phenotype and inflammatory response
(Sadallah et al., 2011; Sadallah et al., 2014). Therefore, we investigated
the capacity of the oxXLDL+TC- and the TC-induced PEVs to modulate
phenotypic, functional, and transcriptomic signatures of M@s, the key
inflammatory cells in atherosclerosis. We used a previously established
protocol for differentiating PBMCs into M1-like M@s (Hyvarinen et al.,
2018) and treated the M@s with PEVs for the duration of their differ-
entiation and activation phases. Both PEV types boosted the M1-like
phenotype by increasing HLA-DR and CD86 expression, and decreased
the expression of CD11c. Furthermore, both PEV types increased the
secretion of proinflammatory cytokine IL23, a classical M1 marker, and
decreased the secretion of IL10, an anti-inflammatory cytokine often
associated with the M2 phenotype [reviewed in (Martinez and Gordon,
2014)]. In contrast to IL-23, both PEV types decreased the secretion of
several other proinflammatory cytokines (IL6, TNF-a, IL12p70, and
IL1p) as well as MCP-1/CCL2. Thus, in this experimental model PEVs
promoted some and quenched some proinflammatory properties of M@s
resulting in a mixed M@ phenotype which is in agreement with the
current view that M@s exhibit a wide spectrum of phenotypes including
combined phenotypes having features of both M1 and M2 (Soldano
etal., 2018; Trombetta et al., 2018; De Sousa et al., 2019). In the context
of atherosclerosis and platelets, of particular interest is the M4 pheno-
type induced by CXCL4, a chemokine abundant in PEVs (Baj-Krzy-
worzeka et al., 2002; Dean et al., 2009). The prevalence of the M4
phenotype in atherosclerotic arteries has been associated with the pla-
que instability in human and experimental animal studies (Erbel et al.,
2015), and knocking out the Pf4 gene in Apoe— /— mice was reported to
lead to reduced atherosclerotic lesion formation (Sachais et al., 2007).
The observed phenotypic changes (overexpression of CD86 and HLA-DR
as well as low phagocytic activity portrayed by the decrease in CD11c*
cells) could potentially also be associated with the M4 (Gleissner et al.,
2010). Of note, we have confirmed the presence of CXCL4 in our
TC-induced PEVs by proteomics (Palviainen et al., unpublished data).

Based on the transcriptome analysis, the gene expression of the PEV-
treated M@s differed clearly from the M1-like control M@s. Pathways
involved in the cell cycle and regulation of gene expression (such as
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Fig. 7. Differentially expressed genes (DEGs) and over-represented pathways in the DEGS between PEV-treated and non-treated M@s. M@s were differentiated from
the PBMCs for six days under GM-CSF with oxLDL+TC- induced PEVs or TC-induced PEVs or without PEVs (control) and then activated with IFN-y and LPS for three
days with and without the PEVs. After activation, the M@ mRNA was isolated and subjected to RNASeq and differential gene expression analysis. A heatmap of the
read counts with a clustering of the samples (A). Venn diagram showing overlap of DEGs, filtered based on p < 0.01 and Log2 fold change < 0.5 or > 0.5, between
the three comparisons and the dot plots showing significantly over-represented pathways (adjusted p value < 0.05) in DEGs exclusive to TC M@s vs. control M@s and
to oxTC M@s vs. control M@s, and in the DEGs shared between the TC M@s vs. control M@s and the oxTC M@s vs. control M@s (B). N = nine biological replicates (=
M@ donors). PBMC, peripheral blood mononuclear cell; GM-CSF, granulocyte-macrophage colony-stimulating factor; oxLDL, oxidized low-density lipoprotein; T,
thrombin; C, collagen; IFN-y, interferon-y; LPS, lipopolysaccharide; DEG, differentially expressed gene; TC M@, macrophage treated with TC-induced PEVs; oxTC M@,

macrophage treated with oxLDL+TC-induced PEVs.

transcriptional regulation, epigenetic modification, and chromatin
remodeling) were significantly over-represented in the DEGs between
the TC M@s vs. control M@s, whereas pathways associated with immune
system -related functions (chemokine and cytokine signaling) were
significantly over-represented in the DEGs between oxTC Ms vs. con-
trol M@s. Based on the shared DEGs, we postulate that the TC-induced
properties of the PEVs were mainly responsible for the differences in
gene expression between the PEV-treated and control M@s, and that the
impact of oxLDL was more to fine-tune the M@ response towards
immune-related functions. Importantly, these differences in the DEGs
show that even in the apparent absence of qualitative molecular dif-
ferences in PEVs and their targeted inflammatory mediator cargo, the
PEVs were able to execute differential programming of the M@s. We
cannot exclude, however, the possibility of cargo differences between
the PEV types e.g. in terms of non-coding large or small RNAs or me-
tabolites that could affect M@ transcriptome and explain the observed
differences.

The complexity of performing functional studies, especially
regarding the dosage and a correct time window for treatment, is
generally acknowledged in the EV field (Nguyen et al., 2020) and in the
future, more focus should be set on these aspects. Despite these chal-
lenges and the large biological variation between the human donors for
platelets and M@s, the PEVs from activated platelets clearly modulated
the gene signature even in the presence of a strong polarization stimulus.

In the present study, the human lipoproteins were in-house isolated
and modified by well-established methods, and the PEVs were charac-
terized according to the MISEV guidelines (Thery et al., 2018) using
contemporary EV analyses such as high-sensitivity flow cytometry
dedicated for the detection of submicron particles. In the past, conven-
tional flow cytometers have often been used to analyze patient EV
samples. However, the early EV flow cytometry data may have limited
utility, due to the lack of sensitivity of the used flow cytometers to detect
particles smaller than 500 nm (Robert et al., 2009; Dickhout and Koe-
nen, 2018). Furthermore, the use of polystyrene beads to gate EVs may
lead to misinterpretation of the results since such gates may not detect
the real (P)EV populations [reviewed in (Kuiper et al., 2021)]. This is
especially critical if residual platelets are not adequately removed
(Palviainen et al., 2020), since for example a side scatter gate on
400-800 nm polystyrene beads approximately detects particles in the
size range of platelets (Van Der Pol et al., 2018). In this study, the
removal of residual platelets was performed with particular care
throughout the study and verified by a clinical platelet counter.
Furthermore, a light scatter calibration (Rosetta calibration system from
Exometry, The Netherlands) was used to define EV diameter gates
(200-1000 nm). With the emergence of detailed guidelines for EV
detection by flow cytometry including MIFlowCyt-EV (Welsh et al.,
2020; Van Der Pol et al., 2022; Welsh et al., 2023), it will be beneficial to
return to the analysis of PEVs from samples of atherosclerotic patients.

By demonstrating that oxLDL potentiates the formation of procoa-
gulant and adhesive PEVs from activated platelets, and that such PEVs
modify the M@ phenotype and transcriptome, the present study provides
new insight into the mechanisms by which oxLDL and platelets may
contribute to atherogenesis. As the atherosclerotic processes are multi-
cellular involving also endothelial cells, neutrophils, and T lymphocytes
in addition to monocytes, this study should be followed by in-
vestigations of the impact of oxLDL PEVs on these cell types. Moreover,
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the effect of oxLDL+TC activation on platelet/monocyte aggregates
would be worth studying, as it was recently shown that the resulting EVs
from this interaction were proatherogenic in vitro and similar EVs were
detectable in patients suffering from carotid artery disease (Oggero
et al.,, 2021). Finally, elucidating the spatiotemporal generation of
different PEV subpopulations and their effector cargo as well as the
relevance of circulating PEVs in vivo will be crucial for pinpointing the
true role of PEVs in atherogenesis.
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