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Abstract
Although inflammation is a vital defence response to infection, if left uncontrolled, it
can lead to pathology. Macrophages are critical players both in driving the inflamma-
tory response and in the subsequent events required for restoring tissue homeostasis.
Extracellular vesicles (EVs) are membrane-enclosed structures released by cells that
mediate intercellular communication and are present in all biological fluids, includ-
ing blood. Herein, we show that extracellular vesicles from plasma (pEVs) play
a relevant role in the control of inflammation by counteracting PAMP-induced
macrophage activation. Indeed, pEV-treatment of macrophages simultaneously with
or prior to PAMP exposure reduced the secretion of pro-inflammatory IL-6 and
TNF-α and increased IL-10 response. This anti-inflammatory activity was associ-
ated with the promotion of tissue-repair functions in macrophages, characterized
by augmented efferocytosis and pro-angiogenic capacity, and increased expression
of VEGFa, CD300e, RGS2 and CD93, genes involved in cell growth and tissue
remodelling. We also show that simultaneous stimulation of macrophages with a
PAMP and pEVs promoted COX2 expression and CREB phosphorylation as well
as the accumulation of higher concentrations of PGE2 in cell culture supernatants.
Remarkably, the anti-inflammatory activity of pEVswas abolished if cells were treated
with a pharmacological inhibitor of COX2, indicating that pEV-mediated induction
of COX2 is critical for the pEV-mediated inhibition of inflammation. Finally, we
show that pEVs added to monocytes prior to their M-CSF-induced differentiation
to macrophages increased efferocytosis and diminished pro-inflammatory cytokine
responses to PAMP stimulation. In conclusion, our results suggest that pEVs are
endogenous homeostatic modulators of macrophages, activating the PGE2/CREB
pathway, decreasing the production of inflammatory cytokines and promoting tissue
repair functions.
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 INTRODUCTION

Acute inflammation is a defence response to infection initiated immediately upon pathogen recognition and is vital to eradicat-
ing threats to the organism. This response is coordinated by several families of pro-inflammatory factors, including cytokines,
chemokines and lipid mediators (such as prostaglandins and leukotrienes) which induce an increase in vascular permeability
and orchestrate leukocyte recruitment. Increased vascular permeability allows passage of plasma to the interstitium and gen-
eration of oedema. Macrophages are key players during inflammation, being essential for the effective control and clearance of
viral, bacterial, fungal and protozoal infections. One of their primary functions after pathogen encounter is the promotion of an
inflammatory response, mainly through the secretion of pro-inflammatory mediators such as cytokines interleukin (IL)-1β, IL-
6, IL-12, IL-18, IL-23 and tumour necrosis factor-alpha (TNF-α) (Hamidzadeh et al., 2017). These inflammatory anti-microbial
macrophages are known as classically activated orM1macrophages (Mosser & Edwards, 2008; Murray, 2017). Since uncontrolled
or persistent inflammation can lead to pathology (Nathan & Ding, 2010), an active and coordinated program of inflammation
resolution initiates shortly after the inflammatory response begins (Serhan & Savill, 2005). The resolution phase of inflamma-
tion is associated with the acquisition of anti-inflammatory and tissue repair functions by macrophages, which characterize a
different effector phenotype, usually named as alternatively activated or M2-like macrophage (Locati et al., 2020; Murray, 2017).
This reparative response is mediated by an array of anti-inflammatory (i.e., IL-10) and pro-resolution factors (i.e., resolvins,
maresins, lipoxins, among others) (Basil & Levy, 2016), many of which are secreted by M2-like macrophages. In addition, effec-
tive resolution of inflammation depends on efferocytosis, the mechanism whereby macrophages remove apoptotic cells (mainly
granulocytes recruited to the inflammatory foci) (Dalli & Serhan, 2012 Oct 11). Efferocytosis is also an important trigger for
macrophage switch from inflammatory (M1) to tissue-repair (M2-like) phenotype (Serhan & Savill, 2005) with further produc-
tion of pro-resolution mediators (Freire-De-Lima et al., 2006). Finally, macrophages also produce growth factors and mediators
that promote angiogenesis (Vannella & Wynn, 2017). Therefore, macrophages are key actors not only in driving the inflamma-
tory response needed to contain the infection but also in the subsequent events required for controlling the initial response and
restoring tissue homeostasis (Vannella & Wynn, 2017).

Among the factors that regulate the macrophage transition from inflammation to resolution is prostaglandin E2 (PGE2), the
most abundant prostaglandin in humans (Serhan & Levy, 2003). While PGE2 can act as a pro-inflammatory factor during the
early stages of the response (Nakayama et al., 2006; Wang & Lau, 2006; Weller et al., 2007; Yu & Chadee, 1998), it switches to
anti-inflammatory functions in later phases (Kalinski, 2012; Scher & Pillinger, 2009). PGE2 is the main product of cyclooxyge-
nases inmyeloid and stromal cells. In tissues, levels of this prostaglandin are regulated by the local balance between prostaglandin
G/H synthase 2 (PTGS2 or COX2)-driven synthesis and 15-hydroxyprostaglandin-dehydrogenasemediated degradation (Phipps
et al., 1991; Tai et al., 2002). In conjunction with TLR stimulation, PGE2 suppresses IL-12 and TNF-α production and par-
tially suppresses IL-6 production in macrophages (Kuroda & Yamashita, 2022). Moreover, PGE2 increases IL-10 release from
macrophages in a PKA-dependent manner (Mackenzie et al., 2013). Finally, PGE2 suppresses inflammasome activation, attenu-
ating the release of IL-1β (Sokolowska et al., 2015), and stimulates polarization of macrophages to a M2-like phenotype via the
cyclic AMP-responsive element binding (CREB)-mediated induction of Kruppel-like factor 4 (Luan et al., 2015).
Extracellular vesicles (EVs) are a heterogeneous group of membrane-delimited structures released by cells. EVs mediate the

intercellular delivery of proteins, lipids and nucleic acids contained on the surface or within the EV lumen (Théry et al., 2009),
modifying the function of recipient cells (Colombo et al., 2014; Théry et al., 2009). EVs are found in many biological fluids,
including blood (Karimi et al., 2018), where their concentration reportedly increases in diseases such as cancer (Khan et al., 2014;
Rabinowits et al., 2009; Taylor & Gercel-Taylor, 2008), HIV infection (Pérez et al., 2019) and inflammatory conditions (Buzas
et al., 2014). Elegant studies performed in zebrafish demonstrated that patrolling macrophages are major contributors to the
uptake of both endogenous and exogenously administered EVs (Hyenne et al., 2019; Verweij et al., 2019). In concordance, chem-
ical depletion of monocytes and macrophages in mice dramatically increases the stability of circulating EVs (Imai et al., 2015).
Moreover, it has been shown that circulating tumour EVs are able to transform the phenotypes of macrophages in vivo (Plebanek
et al., 2017). Although themolecular determinants of the interaction between plasma EVs andmacrophages are unknown, differ-
ent reports have shown specific ligand/receptor interactions promoting uptake of EVs by macrophages (Atay et al., 2011; Barrès
et al., 2010; Feng et al., 2010; Yuyama et al., 2012). Thus, it appears that macrophages are preferred targets for circulating EVs.
Along these lines, circulating EVs from different pathological conditions have been shown to interact with macrophages and
contribute to inflammation (Hu et al., 2021). However, the homeostatic role of EVs present in the plasma of healthy individuals
in the control of inflammatory responses is less characterized.
Previous reports have shown that the endothelium of vessels present in solid tumours and at sites of inflammation exhibits

increased leakiness, forming gaps that range from 0.2 to 1.4 μm (Baluk et al., 1997; Hirata et al., 1995). These endothelial gaps,
together with dilatation of the vessels are responsible for generating an increase in vascular permeability that allows the passage
of nanometer-sized particles (including EVs and synthetic nanoparticles in the range of 100 nm) into tumours and/or inflamed or
injured tissues. For instance, mesenchymal stem cell (MSC)-derived EVs have been shown to accumulate preferentially into the
kidneys ofmice with acute kidney injury but not of controlmice (Grange et al., 2014). Likewise, EV-based nanoparticles, polymer
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nanoparticles and liposomes inoculated into mice accumulate at inflamed sites due to changes in the vasculature (Brusini et al.,
2020; Liu et al., 2020; Yan et al., 2020). Based on these studies, we hypothesize that plasma EVs would access acutely inflamed
tissues as part of the plasma exudate generated due to an increase in endothelial permeability, and that they would interact with
macrophages modulating their response to microbial pathogen-associated molecular patterns (PAMPs). Thus, in this study, we
evaluated the ability of purified human plasma EVs (pEV) to modulate macrophage activation following exposure to different
microbial PAMPs.

 RESULTS

. pEVs inhibit inflammatory response to PAMPs

Plasma EVs were obtained from blood of fasted healthy donors by size exclusion chromatography (SEC) followed by centrifuga-
tion at 30,000 × g for 90 min and resuspension in phosphate-buffered saline (PBS) (Figure 1a). Centrifugation of pEV-enriched
SEC fractions at 30,000× g for 90 min was validated byWestern blotting (WB) to be sufficient to pellet most pEVs in the sample,
equivalent to centrifugation at 100,000× g (Figure S1a). pEV characterization was performed in compliance with theMISEV 2018
guidelines (Théry et al., 2018). Firstly, immunoblot analysis showed that pEV preparations were enriched in the canonical EV
markers CD63, CD81 and CD9 (transmembrane) as well as ALIX and HSP70 (cytosolic), as compared with plasma (Figure 1b,c).
Conversely, IgG and albumin, two of the most abundant plasma proteins, were depleted from the pEV fractions (Figure 1b–d).
Additionally, APOA1, a protein characteristic of high-density lipoproteins (HDL), and APOB-100, a protein enriched in low-
density and very-low-density lipoproteins (LDL and VLDL) were also shown to be depleted from the pEV fractions (Figure 1b,c).
Thus, purity assessment indicated that our pEV preparations were not significantly contaminated with either soluble or other
particulate plasma components. Transmission electron microscopy (TEM) visualization revealed that pEVs had the expected
lipid bilayer-membrane and (artefactual) cup-shaped morphology (Figure 1e) with a median (IQR 25%–75%) diameter of 142.0
(111.5–175.5) nm (Figure 1f). pEVswere further characterized by particle analysis platforms: nanoparticle-tracking analysis (NTA)
(Figure 1g,h) andmicrofluidic resistive pulse sensing (MRPS) (Figure S1b,c). Consistent with TEM data, particle analysis of pEVs
showed a size distribution compatible with small extracellular vesicles, such as exosomes and small microvesicles (Figure 1g,
Figure S1b). The pEV population detected by NTA had a mean diameter of 199.0 ± 6.6 nm and a mode diameter of 146.5 ±
7.0 nm. The concentration of isolated pEVs as calculated for the original plasma sample was 2.4 ± 0.6 × 108 EVs/mL (NTA
determination, Figure 1h), in accordance with data reported for circulating EVs in healthy individuals (Karimi et al., 2022).
To analyse the effect of plasma EVs on macrophage functionality, we selected an in vitro model of blood monocyte-derived

macrophages (MDMs). Monocytes were obtained from blood of volunteer healthy donors and differentiated to macrophages for
7 days with macrophage-colony stimulating factor (M-CSF, 50 ng/mL). Cells were then exposed to the toll-like receptor (TLR)
7/8 agonist Resiquimod (RSQ) or the TLR4 agonist lipopolysaccharide (LPS) in the presence or absence of freshly purified pEVs.
As an additional control, cells were stimulated with pEVs alone. After 24 h, cytokines IL-6, TNF-α and IL-10 were measured in
cell culture supernatants, and cell viability was analysed to confirm that neither PAMP nor pEV treatment induced cell mortality
(Figure S2a). Whereas stimulation with either RSQ or LPS triggered the release of IL-6, TNF-α and IL-10, pEVs alone induced
significant secretion of neither the pro-inflammatory cytokines IL-6 and TNF-α nor the anti-inflammatory IL-10 (Figure S2b).
Interestingly, when macrophages were simultaneously exposed to either RSQ or LPS and pEVs, secretion of IL-6 and TNF-α
was reduced, whereas secretion of IL-10 was augmented (Figure 2a,b). Similar results were obtained by exposing macrophages
to autologous pEVs (Figure S2c). As expected, the modulatory effect of pEVs on cytokine secretion followed a dose-dependent
response (Figure 2c). Paralleling the analysis of secreted cytokines, qPCR analysis showed downregulation of mRNA of IL-6 and
TNF-α and upregulation of IL-10 mRNA at 4 h post-stimuli (Figure 2d).

To better understand the dynamics of pEV inhibition of macrophage inflammation, we evaluated the effect of asynchronous
PAMP and pEV stimulation. Pre-treatment ofMDMswith pEVs up to 24 h before PAMP exposure and simultaneous stimulation
with PAMP+ pEVs inhibited IL-6 production (Figure 2e) both for RSQ and LPS. Strikingly, when pEVs were added after PAMP,
the inhibitory effect mediated by pEVs was seen only if they were added soon after RSQ stimulation (1 h) and not after more
extended times of RSQ pre-treatment (4 and 6 h), while it was not observed for LPS.
To verify the specificity of the effectmediated by pEVs onmacrophages, we first performed an additional step of purification of

pEVs by performing an iodixanol density cushion (IDC) before SEC separation to obtain highly pure pEVs (Karimi et al., 2018).
These pEVs were also very efficient at inhibiting inflammation in MDMs (Figure S2D–F). Next, to analyse whether the anti-
inflammatory effectmediated by pEVs onmacrophageswas specific for EVs from this source, we evaluated the anti-inflammatory
activity of EVs produced by two cell lines. Results show that in contrast to pEVs, EVs produced by the human embryonic kidney
293T (HEK293T) and the CD4+ T cell leukaemia Jurkat cell lines triggered rather than suppressed inflammation (Figure S2g).
Finally, we corroborated that the anti-inflammatory effectwas not a consequence of PAMPbinding to pEVs; for that, wemeasured
LPS using LAL reagent on pEVs incubated with this PAMP and washed afterwards, showing that there was no detection of
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 of  ADAMCZYK et al.

F IGURE  Obtention and characterization of plasma EVs. (a) Plasma from fasted healthy donors was recovered after sequential centrifugation with
addition of 200 nM prostaglandin I2 (PGI2) to inhibit platelet activation. Plasma EVs (pEV) were isolated from 2 mL of plasma by size exclusion
chromatography (SEC). pEV-containing 1-mL fractions (numbered 4–6) were combined, concentrated by centrifugation at 30,000 × g, and resuspended in PBS
for characterization and biological experiments. (b) Immunoblot characterization of pEVs from individual donors with antibodies directed against the EV
markers CD63, CD81, CD9, Alix and HSP70 and the non-EV markers IgG, APOA1 and APOB-100. Plasma was loaded as a positive control for non-EV
co-isolates. (c) Pixel density quantifications from immunoblots corresponding to n = 3–9 pEV preparations with antibodies directed against the EV markers
CD63, CD81, CD9, Alix and HSP70 and the non-EV markers IgG, APOA1 and APOB-100 (mean±SEM) (d) Albumin in pEV preparations from individual
donors (n = 6) was quantified by immunoturbidimetry (mean±SEM). (e) TEM visualization of pEVs purified by SEC combined with centrifugation at 30,000
× g, as depicted in (a). Scale bars in nm are shown for both micrographs in the lower left corner. (f) Violin plot showing median pEV diameter measured in
TEMmicrographs using Image J software, on a total of 137 EV-compatible structures observed. (g) Size distribution of pEVs from individual donors (n = 9)

(Continues)
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F IGURE  (Continued)
obtained by NTA, showing mean concentration for each EV size (green circles) and the non-linear regression fit (line). (h) Concentration of pEVs (mean ±
SEM) isolated by SEC followed by centrifugation, determined by NTA (n = 9). (**p < 0. 01; ****p < 0.0001; ns = not significant).

residual LPS on pEVs (data not shown). Hence, we conclude that not all EVs are naturally anti-inflammatory and that it is
unlikely that the effect herein described for pEVs is due to plasma contaminants nor to quenching of PAMP by pEVs.
Overall, these results demonstrate that pEVs have an anti-inflammatory effect on macrophages exposed to a viral or bacterial

PAMP, characterized by reduced IL-6 and TNF-α and increased IL-10 secretion.

. pEVs promote tissue repair functions in macrophages

To assess whether pEVs could promote tissue repair functions in macrophages, we first analysed by qPCR the expression of a set
of genes involved in cell growth and tissue remodelling (Hamidzadeh et al., 2020). Of note, transcripts for VEGFa, CD300e, CD93
and RGS2 were significantly upregulated in RSQ+ pEV-treated MDMs compared with RSQ treatment alone at 4 h post-stimuli
(Figure 3a). In contrast, pEVs as a single stimulus did not modulate the expression of the mentioned genes. To further char-
acterize the phenotype of MDMs simultaneously exposed to RSQ + pEV, we analysed their capacity to phagocytose apoptotic
cells. This process, known as efferocytosis, is a central macrophage function needed for inflammation resolution. pEV treatment
significantly increased efferocytosis capacity of RSQ-exposedMDMs compared with RSQ alone (Figure 3b). Finally, we explored
the pro-angiogenic capacity ofmacrophages, which is a critical process of their tissue-repair potential during the resolution phase
of inflammatory response. Concordantly with gene expression data, RSQ + pEV-treated macrophages secreted higher amounts
of VEGF (Figure 3c). Thus, to functionally evaluate whether macrophage stimulation with pEVs modulated the angiogenic pro-
cess, we performed an in vitro assay of tube formation of human umbilical vein endothelial cells (HUVEC). We observed that
conditioned media from pEV-stimulated macrophages induced robust in vitro angiogenesis, even when compared with RSQ
treatment alone (Figure 3d). These data indicate that pEVs not only dampen inflammatory responses of macrophages exposed
to a PAMP, but also promote efferocytosis and pro-angiogenic activities.

. pEVs favour monocyte differentiation towards macrophages with decreased inflammatory
and enhanced tissue-repair functions

At the site of infection, blood monocytes are recruited and differentiated into macrophages in response to cytokines and other
factors present in the local microenvironment. To investigate whether pEVs could enhance monocyte differentiation towards a
M2-like profile, monocytes were differentiated into macrophages with M-CSF for 5 days in the presence or absence of pEVs. M-
CSF-differentiated macrophages have a M2-like basal phenotype characterized by the surface expression of markers associated
with endocytic and phagocytic processes typical of resolution of inflammation, such as CD163, CD206 and merTK. Addition
of pEVs further increased the expression of these molecules (Figure 4a) as well as that of major histocompatibility complex II
(MHC II) molecules. To confirm the anti-inflammatory phenotype of these macrophages, we evaluated cytokine response to
PAMP stimulation and macrophage efferocytosis capacity. Macrophages differentiated from monocytes exposed to pEVs at day
0 were stimulated after 5 days with either RSQ or LPS and cytokine secretion was quantified in 24-h cell culture supernatants.We
observed that macrophages obtained from pEV-treated monocytes produced reduced amounts of IL-6 and TNF-α while secret-
ing higher levels of IL-10, as compared with macrophages obtained from untreated monocytes (Figure 4b). Finally, we observed
that pEV-treatment of monocytes also resulted in macrophages that exhibited greater efferocytosis capacity (Figure 4c). These
results indicate that pEVs favour polarization of monocytes towards macrophages with reduced inflammatory and enhanced
tissue-repair functions.

. The inhibitory effect of pEVs on macrophages is mediated by PGE production

Previous studies have shown that PGE2 directs the transition of LPS-treated MDMs from an inflammatory towards a growth-
promoting phenotype (Hamidzadeh et al., 2020). pEV-treatedMDMs exposed to RSQ resembled the transitional wound-healing
phenotype mediated by PGE2 in LPS-stimulated macrophages. Therefore, we wondered whether PGE2 could be involved in
the anti-inflammatory and wound-healing phenotype promoted by pEVs. PGE2 levels were evaluated by a homogeneous time-
resolved fluorescence competitive assay in 24 h supernatants of MDMs treated with RSQ in the presence or absence of pEVs.
Results showed a higher concentration of PGE2 released by pEV-treatedMDMs comparedwith RSQ treatment alone (Figure 5a),
indicating a pEV-induced production of this prostaglandin. In contrast, pEV treatment alone did not induce PGE2 synthesis.
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 of  ADAMCZYK et al.

F IGURE  Plasma EVs inhibit macrophage inflammatory response to RSQ and LPS. Isolated pEVs from individual donors were used to treat MDMs
differentiated for 7 days with M-CSF and exposed or not to RSQ (0.5 μg/mL) or LPS (1 ng/mL). Cytokine secretion into cell culture supernatant was measured
by ELISA or CBA at 24 h post-stimulation. Cytokine gene expression was also evaluated by qPCR at 4 h post-stimulation. (a) Cytokine secretion by MDMs
simultaneously stimulated with pEV and RSQ (left column) or pEV and LPS (right column), as compared to PAMP stimulation alone. The number of
individual pEV donors analysed is indicated in each graph. The number of independent MDMs stimulated with pEVs and either RSQ or LPS, respectively is: 16
and 5 for IL-6; 9 and 3 for TNF-α; 11 and 3 for IL-10. (b) IL-6 to IL-10 and TNF-α to IL-10 secretion ratios in RSQ or LPS-exposed MDMs treated or not with
pEVs. The number of individual pEV donors analysed is indicated in each graph. The number of independent MDMs stimulated with pEVs and either RSQ or
LPS, respectively is: 11 and 3 for IL-6/IL-10 ratio; 6 and 3 for TNF-α to IL-10 ratio. (c) Cytokine secretion by MDMs simultaneously stimulated with RSQ or LPS

(Continues)
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F IGURE  (Continued)
and decreasing doses of pEV from individual donors (n = 10), relative to PAMP stimulation alone (dashed lines); data from two independent experiments and
statistical significance for the linear regressions are shown. (d) Relative IL-6, TNF-α and IL-10 gene expression levels in MDMs treated with pEV alone or in
combination with RSQ versus unstimulated (NEG) and RSQ only treatment. The number of pEV preparations (obtained from plasma pooled from 3 to 4
donors) analysed is indicated in each graph. The number of independent MDMs stimulated with pEVs is n = 4 for IL-6; n = 5 for TNF-α and n = 5 for IL-10.
(e) MDMs were treated with pEV either before (−24 h, −4 h and −1 h), simultaneously (0 h) or after (1 h, 4 h, 6 h) RSQ (left panel) or LPS (right panel)
stimulation. The concentration of IL-6 secreted into cell culture supernatant by cells stimulated with PAMP only or PAMP + pEV was determined at 24 h after
PAMP stimulation. Graphs show the combination of two independent MDM donors including n = 9 pEV donors for RSQ and n = 4 pEV donors for LPS,
expressing IL-6 concentration in the PAMP + pEV condition relative to PAMP treatment alone. (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

COX2 was found to be significantly upregulated in the RSQ+ pEV condition (Figure 5b). This enzyme is the primary cyclooxy-
genase controlling PGE2 synthesis in response to inflammation (Murakami et al., 2000), and its upregulation could explain the
increased PGE2 production in macrophages treated with RSQ + pEV.
In order to better understand the contribution of endogenous COX2-derived PGE2 to the decreased activation phenotype

of pEV-treated macrophages exposed to RSQ, the activity of COX2 was pharmacologically inhibited by treating cells with the
selective inhibitor Celecoxib (Cib). Afterwards, macrophages were stimulated with RSQ alone or in combination with pEVs,
and TNF-α secretion into the supernatant was evaluated 4 h later by ELISA. Celecoxib treatment did not alter the response to
RSQ (data not shown). In agreement with results shown in Figure 2a, pEV treatment inhibited TNF-α secretion in RSQ-treated
macrophages. Remarkably, inmacrophages pre-treated with Cib, the anti-inflammatory action of pEVwas decreased (Figure 5c).
These results suggest that COX2-induced prostaglandin production is involved in pEV-dampening of the inflammatory response
to RSQ. Since PGE2 induces its own production (Kalinski, 2012), we wondered whether the observed PGE2 increment could be
attributed to PGE2 present on pEVs. Measurements of PGE2 on pEV-preparations showed that this prostaglandin was indeed
detected, with a mean ± SEM concentration of 64.7 ± 10.0 pg/mL. Whether pEV-associated PGE2 is responsible for triggering
de novo PGE2 production in macrophages will be the subject of future studies.
To further characterize the cellular pathways involved in the pEV-induced acquisition of a tissue-repair (M2-like) phenotype,

we analysed the phosphorylation status of CREB, a key transcription factor involved in dampening macrophage inflammatory
response (Na et al., 2015; Ruffell et al., 2009). Immunoblot analysis showed that whenmacrophages were treated with RSQ alone,
the amount of phosphorylated CREB (pCREB) peaked at 5 min post-stimulus and rapidly decayed to levels around those of the
untreated control (Figure 5d,e). Strikingly, when macrophages were treated with RSQ in the presence of pEVs, the amount of
pCREB continued to rise up to levels twice as high as those obtainedwith RSQ alone, peaking at 40min post-stimuli (Figure 5d,e).
These results suggest that pEVs activate the cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA)/CREB pathway,
and that this modulation is enhanced in an inflammatory setting upon PAMP recognition.
Altogether, these results support the hypothesis that pEVs activate the cAMP/PKA/CREB pathway in macrophages exposed

to RSQ, leading to COX2 induction and further PGE2 production, which, ultimately, could be responsible for dampening
inflammatory response and promoting transition to a tissue-repair (M2-like) phenotype (Figure 5f).

 DISCUSSION

Macrophages detect and respond to aggressions from the outside, participating in the initiation and maintenance of inflamma-
tion. Because failure to stop and resolve inflammation can lead to tissue damage and pathology, macrophages also possess a
myriad of mechanisms to dampen inflammatory responses and to restore tissue homeostasis. Herein, we demonstrate that EVs
circulating in the plasma of healthy individuals contribute to the control of macrophage activation induced by different microbial
PAMPs by reducing the production of pro-inflammatory cytokines and concurrently promoting the acquisition of tissue repair
functions.
The presence of EVs in blood plasma was reported decades ago (Crawford, 1971; George et al., 1982). Numerous studies have

proposed the use of circulating EVs as biomarkers of diseases (Hoshino et al., 2020; Kalani et al., 2020; Quinn et al., 2015; Vac-
chi et al., 2020). Regarding their functionality, it has been suggested that circulating EVs mediate intercellular communication
between different cell types throughout the body. For instance, it has been shown that plasma EVs mediate the intertissue com-
munication of eNAMPT, a critical enzyme of the NAD+ biogenesis pathway, thus contributing to the maintenance of NAD+
homeostasis and delaying aging (Yoshida et al., 2019). Other studies have shown that physical exercise triggers the release of EVs
into circulation (Brahmer et al., 2019; Frühbeis et al., 2015; Just et al., 2020; Oliveira et al., 2018), contributing to skeletal muscle
adaptations to training (Just et al., 2020; Oliveira et al., 2018). Furthermore, exercise-derived EVs have also been implicated in
cardioprotection in different experimental settings (Bei et al., 2017; Hou et al., 2019). In addition to participating in physiology
and homeostasis, circulating EVs can play a pathogenic role by fuelling immune cell activation in inflammatory diseases, such
as ulcerative colitis (Hu et al., 2021; Liu et al., 2018; Wong et al., 2016), acute pancreatitis (Bonjoch et al., 2016) and sepsis (Mas-
tronardi et al., 2011). Finally, we and others have shown that circulating EVs fromHIV-infected individuals promotemacrophage
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 of  ADAMCZYK et al.

F IGURE  Plasma EVs promote tissue-repair functions in macrophages exposed to RSQ. (a) Quantitative RT-PCR of genes involved in tissue repair and
angiogenesis (VEGFa, CD300e, CD93 and RSG2) evaluated at 4 h in RNA of MDMs exposed to the different experimental conditions. Relative expression
levels were normalized to housekeeping gene GAPDH and to unstimulated condition (NEG). The number of pEV preparations (obtained from plasma pooled
from 3 to 4 donors) analysed is indicated in each graph. The number of independent MDMs stimulated with pEVs is n = 9 for VEGFa, 5 for CD300e, 7 for
CD93 and 8 for RSG2. Statistical comparison between RSQ versus RSQ + pEV conditions was performed by ratio paired t test. (b) Phagocytosis of apoptotic
cells. MDMs untreated (NEG) or treated with RSQ or RSQ + pEV for 24 h were trypsinised and mixed with CFSE-labelled apoptotic Jurkat cells (1:2) in 1%
FBS-RPMI. After 1 h incubation at 37◦C, phagocytosis was stopped by washing with cold PBS. Cells were maintained in ice until cytometric acquisition. Left: a
representative histogram showing the phagocytosis positive population. Right: Quantification of phagocytosis percentages in two independent MDM cultures
stimulated with pEVs from six individual donors. (c) VEGF secretion by MDMs treated with pEVs alone or in combination with RSQ versus unstimulated
(NEG) and RSQ only treatment, measured by ELISA 24-h post-stimulation. Eight independent MDM cultures each treated with a single pEV donor are shown.
(d) Tube formation assay. Starved HUVEC (n = 2) were stimulated with conditioned media fromMDMs treated with the experimental conditions
(corresponding to 4 independent MDM cultures each with a single pEV donor) in a 1:2 dilution and incubated at 37◦C for 6 h. Representative photographs
taken for each condition are shown. Tube formation was quantified by counting the number of branching points in the total photographed area. (*p < 0.05; **p
< 0.01; ***p < 0.001; ****p < 0.0001).

activation and the release of inflammatory cytokines (Bernard et al., 2014; Chettimada et al., 2018; Duette et al., 2018; Ostalecki
et al., 2016). Thus, depending on their origin and the pathophysiological context, EVs present in circulation can promote or
inhibit inflammation. Remarkably, previous studies have shown that exogenously administered “healthy” EVs are able to reach
and infiltrate inflamed tissues (Deng et al., 2013; Escobar et al., 2020; French et al., 2020; Nakazaki et al., 2021). Indeed, it is likely
that the entry of EVs into inflamed tissues occurs during the period of increased vascular permeability that takes place during
inflammatory processes, as previously reported for other nanoparticles (Brusini et al., 2020; Liu et al., 2020; Yan et al., 2020). In
this scenario, we hypothesize that in healthy individuals with a local inflammatory reaction, plasma EVs reach inflamed tissues as
part of the inflammatory exudate. After extravasation, pEVs interact withmacrophages, tuning their control of the inflammatory
process.
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ADAMCZYK et al.  of 

F IGURE  Plasma EVs favour monocyte differentiation towards macrophages with decreased inflammatory and enhanced tissue-repair functions.
Monocytes were differentiated with M-CSF (50 ng/mL) in the presence or absence of pEVs for 5 days. (a, upper panel) Representative histograms showing
MHC-II, CD206, CD163 and merTK expression of pEV-treated cells (green) compared to no-EV control (grey), and isotype control (dotted line) analysed by
flow cytometry. (A, lower panel) Summary of 7 independent MDM cultures stimulated with pEVs from 13 individual donors, (mean ± SEM) showing
geometric mean fluorescence intensities (GMFI) of the mentioned markers in the pEV-treated condition compared with the non-EV control (M-CSF
differentiation alone). (b) Cytokine profile on 24-h supernatants of MDMs (n = 2 independent cultures) differentiated in the presence or absence of pEVs (n =
6 individual donors) for 5 days and further stimulated with RSQ or LPS (c) Phagocytosis of apoptotic cells. MDMs differentiated with M-CSF at 50 ng/mL
alone or in combination with pEVs were trypsinised at day 5 and mixed with CFSE-labelled apoptotic neutrophils (1:2) in FBS 1%-RPMI. After 1 h incubation at

(Continues)
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 of  ADAMCZYK et al.

F IGURE  (Continued)
37◦C, phagocytosis was stopped by washing with cold PBS. Cells were maintained on ice until cytometric acquisition. Left: Representative histograms showing
the phagocytosis-positive population. Right: Quantification of phagocytosis in three independent macrophages stimulated with pEVs from six individual
donors. (*p < 0.05; **p < 0.01; ***p < 0.001).

EVs are considered to exert their functions as intercellular messengers by mediating the cytoplasmic delivery of molecules
(i.e., RNAs) to recipient cells or by stimulating a cell membrane receptor with a ligand (i.e., a protein) present on the EV surface
(Théry et al., 2009). Regarding their role in macrophage polarization, both EV-mediated transfer of miRNAs (Cooks et al.,
2018; Park et al., 2019; Qian et al., 2020) and EV surface expression of growth factors (Tkach et al., 2022) have been implicated.
Although we do not yet know the EV cargo molecule(s) responsible for inducing the modulation of macrophage phenotype,
we found that pEVs mediate the induction of PGE2 production by macrophages. This prostaglandin is, in turn, critical for
the anti-inflammatory activity of pEVs. Indeed, inhibition of PGE2 production by pharmacological blockade of macrophage
COX2 prevented pEVs from controlling inflammation. Thus, although more investigation is needed to elucidate the complex
mechanism underlying pEV-mediated modulation, our data suggest that induction of the PGE2 pathway is involved.
PGE2 is a local mediator that can be produced by all cell types, but epithelia, fibroblasts and infiltrating inflammatory cells,

such as monocytes andmacrophages, are major sources of PGE2 in inflammatory foci (Kalinski, 2012). PGE2 exerts its functions
mainly in an autocrine and paracrine fashion, acting onmacrophages through two Gs-coupled receptors, EP2 and EP4, and trig-
gering the cAMP/PKA/CREBpathway (Fujino et al., 2005;Honda et al., 1993; Regan et al., 1994). This signalling pathwaymediates
the dominant aspects of the anti-inflammatory and suppressive activity of PGE2, including induction of anti-inflammatory gene
expression (Na et al., 2015) and suppression of pro-inflammatory cytokines and chemokines’ response to LPS (Gill et al., 2016;
Takayama et al., 2002). In addition to promoting the control of inflammation, recent work published by Hamidzadeh et al.
(2020) demonstrated that PGE2 also promotes transition of LPS-stimulated M-CSF macrophages to a growth-promoting and
pro-angiogenic phenotype, characterized by upregulated expression of VEGFa, CD300e, RGS2 andCD93, among other signature
genes, and acquisition of tissue repair activities. Our results show that plasma EV treatment recapitulates most of the effects on
macrophages that Hamidzadeh and collaborators assigned to PGE2, including the expression of a set of growth-promoting genes,
reduction of pro-inflammatory cytokine production and enhanced pro-resolution functions. The ability of EVs to induce PGE2
production by EV-recipient macrophages has been previously demonstrated for both tumour andMSC-derived EVs (Hyvärinen
et al., 2018; Linton et al., 2018). However, to the best of our knowledge, this is the first report describing PGE2 induction by EVs
isolated from plasma. Although the mechanisms underlying the EV-mediated induction of PGE2 and other eicosanoids are not
clear, it has been shown that eicosanoids and the enzymes in charge of their synthesis are present in EVs (Boilard, 2018; Deng
et al., 2013; Duchez et al., 2015; Rossaint et al., 2016; Subra et al., 2010; Xiang et al., 2009). Since detectable levels of PGE2 were
found on pEVs, we hypothesize that pEV-PGE2 could serve as a trigger for endogenous PGE2 production, as this prostaglandin
is shown to autoamplify by inducing COX2 (Cho & Choe, 2020; Hsu et al., 2017; Suda et al., 1998), and thus lead to the acqui-
sition of anti-inflammatory and tissue-repair functions in macrophages. Furthermore, it has been proposed that EV-associated
miRNAs can regulate PGE2-levels (Donzelli et al., 2021). Investigating how plasma EVs boost PGE2 production by macrophages
will be an important subject of future research.
It is noteworthy that pEV treatment in the presence of a TLR7/8 agonist promoted rapid CREB phosphorylation and at higher

levels than those observed for the agonist alone (Figure 5d,e). Transcription factorCREB is phosphorylated on Ser-133 in response
to an array of stimuli and has well known roles in cell proliferation, differentiation, and survival (Shaywitz & Greenberg, 1999),
along with functions in immunity (Wen et al., 2010). In particular, it has been shown that CREB is phosphorylated following
PGE2 stimulation of macrophages in a cAMP/PKA dependent fashion, participating in polarization towards a pro-resolution
phenotype (Luan et al., 2015; Na et al., 2015). Considering this background, together with our experimental data showing pEV-
mediated induction of PGE2 and CREB phosphorylation, we suggest that pEVs rapidly activate the cAMP/PKA/CREB pathway
inmacrophages upon contact or internalization, inducing PGE2production. This, in turn, leads to a positive activation loop of the
cAMP/PKA/CREB pathway, responsible for promoting the anti-inflammatory and tissue-repair (M2-like) phenotype (Figure 5f).
More research is needed to determine whether PGE2 or other pEV-cargoes trigger this pathway, as well as the receptors involved.
Finally, results in Figure 2e show that pEVs are effective at regulating macrophage inflammation only during the initial phase

of the response. In addition, as shown in Figure 4, pEVs also favour polarisation of monocytes towards macrophages with tissue-
repair functions and diminished inflammatory response. Altogether, these results indicate that pEVs prime macrophages and
monocytes towards an anti-inflammatory and tissue-repair (M2-like) phenotype. Hence, we suggest that by acting on both
monocytes and macrophages, pEVs act at the onset of inflammation as a homeostatic mechanism.
Blood derived EVs are being actively investigated for their anti-inflammatory and regenerative properties (De Boer & Davies,

2022; Wu et al., 2021). As an example, in an in vitro co-culture system of primary osteoarthritic chondrocytes and activated M1
macrophages, treatment with blood-products derived EVs reduced TNF-α and IL-1β secretion (Otahal et al., 2021). Another
interesting study reported that serum EVs from normal mice but not from fibrotic mice reduced hepatic fibrosis in carbon
tetrachloride or thioacetic acid-induced liver injury mice models, also showing reduced levels of inflammatory infiltration and
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ADAMCZYK et al.  of 

F IGURE  PGE2 production is involved in pEV-inhibitory effect on macrophages. (a) PGE2 was evaluated by a homogeneous time-resolved fluorescence
competitive assay. PGE2 concentration on 24 h-supernatants of MDMs treated with pEVs alone or in combination with RSQ versus unstimulated (NEG) and
RSQ only treatment is shown. Results from 6 independent MDM cultures stimulated with pEVs from 14 individual donors. (*p < 0.05). (b) Relative expression
of COX2 at 4 h on MDMs exposed to the different experimental conditions, normalized to housekeeping gene GAPDH and to unstimulated condition (NEG).
Results from five independent MDM cultures stimulated with seven pEV preparations (obtained from plasma pooled from 3 to 4 donors) are shown. Statistical
comparison between RSQ versus RSQ + pEV conditions was performed by ratio paired t test (C) MDMs (three independent donors) pretreated or not for 20
min with 25 μMCelecoxib (Cib) were stimulated with RSQ alone or in combination with pEVs from 2, 5 and 3 individual donors in each experiment; TNF-α
secretion into supernatants was evaluated 4 h later by ELISA. (d) Representative immunoblots showing pCREB kinetics on MDMs along time (5, 10, 20, 40 and
60 min) after RSQ treatment (R) in the absence or presence of pEVs (R+ EV), or treatment with pEVs alone (EV), versus untreated control (NEG). GRP94 was
used as loading control. (e) Kinetics of p-CREB/CREB ratio, measured as band intensity quantification in four independent experiments. (f) Working model.
Macrophages exposed to infections detect PAMPs such as single-stranded RNA molecules in the endocytic compartments through TLR7/8 receptors and LPS
by TLR4 in plasma membrane (1). This interaction triggers molecular signals leading to NFkB activation (2) and synthesis of pro-inflammatory cytokines (3),
typical of inflammatory (M1) macrophages. However, when plasma EVs reach the site of infection, they interact with and/or are uptaken by macrophages (4)
and induce sustained CREB phosphorylation. pCREB suppresses NFkB-mediated transcription (5) thus reducing transcription of pro-inflammatory cytokines
(6), and induces IL-10 (7) and COX2 transcription, among other genes, with the consequent increase in PGE2 production (8). PGE2 acts in an autocrine and
paracrine fashion to promote a tissue-repair (M2-like) phenotype in macrophages. Thus, we propose that plasma EVs act as endogenous immunomodulators
of macrophages at the site of infection, promoting the transition from inflammation to resolution. (*p < 0.05; **p < 0.01; ns: not significant).
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 of  ADAMCZYK et al.

pro-inflammatory cytokines (Chen et al., 2018). Although these studies did not directly address how blood-derived EVsmodulate
macrophages, they showed reduced inflammation cues. Thus, we consider that the ability of pEVs to dampen macrophage-
mediated inflammation reported in this study is responsible, at least in part, for these therapeutic effects of pEVs.
In conclusion, our results reveal plasma EVs as endogenous homeostatic immunomodulators of macrophages and monocytes

at the site of infection, enhancing the transition from inflammation to resolution. Further identification of the molecular pEV
factors responsible for these anti-inflammatory and tissue-repair functionsmay lead to the discovery of therapeutic candidates for
treating inflammatory conditions with a principal macrophagic component. Ultimately, future investigations in animal models
are needed to understand the in vivo impact of circulating EVs on inflammation, and, more importantly, the plausible utility of
human plasma-derived extracellular vesicles as therapies for inflammatory diseases.

 MATERIALS ANDMETHODS

. Plasma samples

Plasma samples for pEV separation were obtained from volunteer fasted healthy donors older than 18 years who had com-
pleted and passed a survey on blood donation and were screened for serological markers before being accepted as donors. Blood
extraction was performed by venipuncture using EDTA-containing vacutainer tubes (BD Biosciences, San Jose, CA). Plasma was
recovered after centrifugation at 350 × g for 10 min, and then depleted of platelets by centrifugation at 2000 × g for 15 min with
addition of 200 nM prostaglandin I2 (PGI2) (Cayman Chemical, Ann Arbor, MI) to inhibit platelet activation. Finally, aliquots
were stored at −80◦C until use.

. Isolation of pEVs by size exclusion chromatography (SEC)

Purification of pEVs was accomplished by size exclusion chromatography following a protocol adapted from Böing et al. (Böing
et al., 2014; Duette et al., 2018). Sepharose CL-2B columns (Cytiva, Uppsala, Sweden) were assembled using 12-mL empty car-
tridges with 20-mm hydrophobic frits (Applied Separations, Allentown, PA). Two millilitres of plasma were loaded on top, and
1-mL fractions were eluted using 0.9% NaCl–0.38% sodium citrate solution. pEV containing fractions (fractions 4-5-6) were
centrifuged at 30,000 × g at 4◦C for 90 min in a centrifuge (Biofuge Stratos, rotor Heraeus, k-factor = 340). Pellets were pooled
and resuspended in 50 μL of phosphate-buffered saline (PBS).

. Isolation of pEVs by iodixanol density cushion and size-exclusion chromatography (IDC +

SEC)

A combination of iodixanol density cushion and SEC was used for isolation of lipoprotein-free pEVs (Karimi et al., 2018). In
brief, 6 mL of plasma was layered on top of a 2 mL 50%, 2 mL 30% and 2 mL 10%OptiPrep (Sigma-Aldrich, St. Louis, MO, USA)
cushion, and centrifuged at 178,000 × g (TH-641 rotor, k-factor 133, Sorvall wX+ Ultracentrifuge) for 2 h at 4◦C. A visible band
between the 10% and 30% layers was collected, brought to 2mLwith PBS, and loaded onto a SEC column and pEVs were purified
as described previously.
All relevant data regarding EV-experiments have been submitted to the EV-TRACK knowledgebase (EV-TRACK ID:

EV220310) (Van Deun et al., 2017).

. Transmission electron microscopy (TEM)

A droplet of each pEV suspension fixed in 2% paraformaldehyde was mounted on a collodion-coated copper grid (400 mesh)
for 20 min. Then, grids were washed three times with PBS (pH 7.4) and once with distilled water. Samples were incubated with
4% uranyl acetate for 40 s for contrast. Finally, grids were visualized under a JEM 1200 EX II transmission electron microscope
(JEOL Ltd., Tokyo, Japan) and photographed by an Erlangshen ES1000W camera (Model 785, Gatan Inc., Pleasanton, CA, USA)
at the ElectronMicroscopy Central Service from University of La Plata, Veterinary Science School (Servicio Central de Microscopía
Electrónica de la Facultad de Ciencias Veterinarias, Universidad de La Plata).

. Nanoparticle-tracking analysis (NTA)

Plasma samples were obtained from EDTA-anticoagulated whole blood venipuncture from nine healthy fasted donors. Plasma
EVs were isolated by SEC followed by centrifugation at 30,000 × g for 90 min as described above and resuspended in PBS. Size
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ADAMCZYK et al.  of 

distribution and concentration of pEVs were analysed using NanoSight NS300 equipment (NanoSight, Amesbury, UK). The
analysis was performed using a 532 nm laser and 565 nm long pass filter, with a camera level of 12, video time of 30 s, and
detection threshold of 5. pEVs were diluted in PBS before the analysis.

. Microfluidic resistive pulse sensing (MRPS)

Plasma EVs from three healthy donors were isolated by SEC followed by centrifugation at 30,000 × g for 90 min, as described
above. Purified pEVs were resuspended in 50 μL PBS. MRPS measurements were conducted using the nCS1 instrument
(Spectradyne, Torrance, CA, USA). pEVs were diluted 105–107 times in 0.1% Tween 20-PBS, and 5 μL were loaded onto poly-
dimethylsiloxane cartridges (diameter range 65 nm to 400 nm). About 5000 events were recorded for each sample. Data were
analysed using the nCS1 Data Analyzer (Spectradyne, Torrance, CA). For all samples, user-defined filtering was applied by
defining 2D polygonal boundaries based on transition time and diameter to exclude false positive signals.

. Culture and differentiation of human monocyte-derived macrophages (MDMs)

Buffy coats from healthy anonymous blood donors were processed by Ficoll-Paque (Cytiva, Uppsala, Sweden) density gradi-
ent centrifugation. Peripheral blood mononuclear cells were recovered and monocytes were purified using magnetic CD14+
microbeads by positive selection (Miltenyi Biotec, Germany). Depending on the needs of each experiment, monocytes were cul-
tured in 96, 48, 24 or 12-well plates in RPMI 1640 culture medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
FBS (Sigma-Aldrich, St. Louis, MO, USA) and 50 ng/mL M-CSF (Miltenyi Biotec) growth factor for 7 days.

. Cell stimulation

pEV stimulation was always performed as per the following criteria: pEVs obtained from 2 mL of plasma were resuspended in
50 μL PBS and used to treat 500,000macrophages at a 0.15 dilution (24-well plate). This dose of pEVs was previously determined
to be suitable for macrophage stimulation (Duette et al., 2018). For experiments performed in different plate formats with other
amounts of cells, pEV-dose was adjusted tomaintain the aforementioned ratio of pEVs/cells.Whenever indicated, other dilutions
of pEV preparations were used.
TLR7/8 agonist Resiquimod (R848) (Invivogen, San Diego, CA) was used at 0.5 μg/mL for all experiments. LPS (Sigma-

Aldrich, St. Louis, MO) was used at 1 ng/mL. For the COX-2 inhibition experiments, Celecoxib (Cayman Chemical, Ann Arbor,
MI) was used at 25 μM.

. Cytokine measurements

Concentrations of human IL-6, TNF-α and IL-10 were quantified by ELISA (BD Biosciences, San Jose, CA) or by cytokine bead
array (CBA) (BD Biosciences, San Jose, CA) according to the manufacturer’s instructions. VEGF in supernatants was quantified
by a Human VEGF ELISA kit (R&D Systems, Minneapolis, USA) according to the manufacturer’s instructions.

. RNA extraction and qPCR

For expression analyses, stimulated macrophages were lysed at 4 h post-stimuli, after which mRNA extraction was performed
using the PureLink RNA mini kit (Invitrogen, Thermo Fisher Scientific, USA) with on-column DNase I treatment (TransGen
Biotech, Beijing, China) following manufacturer’s instructions. Nucleic acid was eluted in 30 μL elution buffer and stored at
−80◦C until use. Double-stranded cDNAwas synthesized with M-MLV reverse transcriptase (Promega, Madison, WI). Quanti-
tative PCR (PRISM 7500; Applied Biosystems, Foster Citi, CA), was performed using LightCycler 480 SYBR Green I Master mix
(Roche, Basel, Switzerland) and primer pairs as listed in Table S1. Cycle thresholds (Ct) were normalized to the Ct of GAPDH,
and fold enrichments were calculated compared to the values from unstimulated control cells.

. Western blotting

Macrophages were lysed with radioimmunoprecipitation assay buffer using phosphatase inhibitor (PhosSTOP, Roche, Basel,
Switzerland) and protease inhibitor (Protease Inhibitor Cocktail, Sigma-Aldrich, St. Louis, MO, USA). Protein samples were
quantified with Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA), 15 μg were loaded on
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 of  ADAMCZYK et al.

10% SDS-PAGE per condition and transferred to a polyvinylidene difluoride (PVDF) membranes (Immuno-Blot LF PVDF, Bio-
Rad, Hercules, CA, USA). After blocking the membranes with 5% non-fat milk in Tris-buffered saline containing 0.05% Tween
for 1 h at room temperature, they were incubated with primary antibodies including phospho-serine133 CREB (Cell Signalling
Technology, Danvers, MA, USA), total CREB (Cell Signalling Technology, Danvers, MA, USA) and GRP94 (Enzo Life Sciences,
Villeurbanne, France) overnight at 4◦C.

For EV characterization, pEVs from healthy donors were isolated from 2 mL of plasma according to the above sections. EV-
containing 1-mL fractions (Locati et al., 2020; Nathan & Ding, 2010; Serhan & Savill, 2005) were combined, concentrated by
centrifugation at 30,000 × g for 90 min, resuspended in PBS and later lysed in Laemmli buffer. Equal volumes of extracts were
separated on 12% SDS-PAGE under non-reducing conditions for CD63, CD9, CD81 and IgG detection, 10% SDS-PAGE under
reducing conditions for ALIX, HSP70 and APOA1, and 8% SDS-PAGE under reducing conditions for APOB-100 detection,
and further blotted on PVDF transfer membrane. Primary antibodies used were as follows: CD63, clone H5C6 (556019, BD
Pharmingen, Franklin Lakes, NJ); CD9, clone M-L13 (555370, BD Pharmingen Franklin Lakes, NJ); CD81, clone JS-81 (555675,
BD Pharmingen, Franklin Lakes, NJ); ALIX, clone E6P9B (92880, Cell Signalling Technology, Danvers, MA, USA); HSP70,
clone C92F3A-5 (ADI-SPA-810, Enzo Life Sciences, Villeurbanne, France); APOA1, clone 5F4 (3350S, Cell Signalling Technology,
Danvers, MA); and APOB-100 (20a-g1B, Academy Bio-Medical, Waltham, MA). Primary antibody dilution used for blotting
was 1/10000 for IgG and 1/1000 for the rest of the antibodies. Anti-species secondary antibodies conjugated to HRP were used
at 1/10000 dilution. All blots were revealed using SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher
Scientific, Waltham,MA, USA), and images were acquired with the BioSpectrum-815 Imaging System (UVP, Upland, CA, USA).

. Flow cytometry

For surface staining, macrophages were trypsinised and resuspended in 2% FBS-PBS. Cells were pretreated with Human Fc
Block (BD Pharmingen, Franklin Lakes, NJ) for 10 min before antibody staining for 30 min at 4◦C. Antibodies used were: HLA-
DR/DQ/DP-FITC, cloneREA33 (Miltenyi Biotec);merTK-PECy7, clone 590H11G1E3 (BioLegend, SanDiego, CA,USA); CD163-
PE, clone GHI/61 (BioLegend, San Diego, CA, USA); CD206-AF647, clone 15–2 (BioLegend, San Diego, CA, USA). Data were
acquired on a FACSCanto cytometer (BD Biosciences, San Jose, CA, USA) and analysed using FlowJo X software.

. Phagocytosis of apoptotic cells

Neutrophils and Jurkat cells were used as apoptotic cells for efferocytosis evaluation. Human neutrophils were prepared by Ficoll-
Paque (Cytiva, Uppsala, Sweden) gradient centrifugation and dextran sedimentation, followed by removal of erythrocytes by
hypotonic lysis, and left overnight in 5%FBS-RPMI for natural apoptosis to occur. Apoptosis of Jurkat cells was inducedwith 1 nM
staurosporine for 6 h. Apoptotic cells were washed with PBS and labelled with 5 μM carboxy-fluorescein diacetate succinimidyl
ester (CFSE) (Sigma-Aldrich, St. Louis, MO) for 5 min at 37◦C. After labelling, cells were washed with 5% FBS-RPMI and left in
medium for 15 min to eliminate leftover CFSE. Finally, cells were resuspended to 5×106 cells/mL in 1% FBS-RPMI. MDMs were
trypsinised and mixed with CFSE-labelled apoptotic cells (1:2) in a final volume of 200 μL of 1% FBS-RPMI. After 1 h incubation
at 37◦C, phagocytosis was stopped by washing with cold PBS. Cells were maintained in ice until cytometric acquisition on a
FACSCanto (BD Biosciences, San Jose, CA, USA) cytometer. Analyses were performed using FlowJo X software.

. Tube formation assay

Primary human umbilical vein endothelial cells (HUVEC) were purified from human umbilical vein as previously reported
(Bannoud et al., 2022). For tube formation assays, HUVEC were starved for 2 h in RPMI 1640 without FBS. Afterwards, cells
were trypsinised, collected and plated on an angiogenesis micro slide (Ibidi GmbH, Gräfelfing, Germany) at a density of 1 × 104
cells per well over 10 μL of solidified Geltrex LDEV-free (Gibco). Negative control cells were incubated with serum-free RPMI;
positive control cells were exposed to RPMI 15% FBS+ 20 ng/mL of human VEGF and the remaining cells were stimulated with
conditionedmedia frommacrophages in a 1:2 dilution. Then, themicro slide was incubated at 37◦C for 6 h. Finally, the formation
of tubular structures in the total area was photographed at a 4×magnification by a Nikon Eclipse microscope. Branching points
were considered for the count, using the multi-point tool of Image J Software for the analysis.

. Statistical analyses

Data analysis was performed with GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, USA). Statistical differences were
assessed by paired analysis of variance (ANOVA) or t test. Differences with a p-value < 0.05 were considered significant.
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