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Abstract
Despite an enormous interest in understanding the bioactivity of extracellular vesi-
cles (EV) in physiology and disease for the development of therapeutic applications,
the impact of EV preparation methods remains minimally explored. In this study,
we implemented density gradient ultracentrifugation combined with size-exclusion
chromatography (DG-SEC), differential ultracentrifugation (dUC) and/or stand-
alone SEC (sSEC) to fractionate media conditioned by different cancer cells and/or
cancer-associated fibroblasts (CAF). EV-enriched but protein-depleted versus EV-
depleted but protein-enriched DG-SEC fractions, and EV-containing dUC and sSEC
preparations were quality controlled for particle number, protein concentration,
selected protein composition and ultrastructure, characterized for their cytokine con-
tent, and dose-dependently evaluated for monocyte-derived dendritic cell (MoDC)
maturation by measuring surface marker expression and/or cytokine secretion. EV
preparations obtained by DG-SEC from media conditioned by different cancer cell
lines or CAF, were depleted from soluble immune suppressive cytokines such as
VEGF-A and MCP-1 and potently stimulated MoDC maturation. In contrast, EV-
containing dUC or sSEC preparations were not depleted from these soluble cytokines
and were unable to mature MoDC. Subsequent processing of dUC EV prepara-
tions by SEC dose-dependently restored the immunomodulatory bioactivity. Overall,
our results demonstrate that method-dependent off-target enrichment of soluble
cytokines has implications for the study of EV immunomodulatory bioactivity and
warrants careful consideration.
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 INTRODUCTION

As professional antigen presenting cells, dendritic cells (DC) are essential to elicit sustained anti-tumour immune responses and
targeted by several immunotherapy strategies (Anguille et al., 2014;Wculek et al., 2019). Tumour antigens are used to pulse ex vivo
autologous DC, often generated from the differentiation of CD14+ bloodmonocytes (i.e., monocyte-derived DC orMoDC), that
initiate anti-tumour immune responses when re-injected in patients (Dillman et al., 2018; Perez & De Palma, 2019). DC-based
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vaccines are safe and well tolerated (Anguille et al., 2014), and started to move to the clinic with the approval of Sipuleucel-T for
the treatment of metastatic castration-resistant prostate cancer (Kantoff et al., 2010). However, the objective response of patients
remains low in clinical trials, paving the way for a new generation of DC vaccines using autologous tumour-derived extracellular
vesicles (EV) as DC maturation and antigen source over commonly used whole tumour lysates that induce variable responses
(Wculek et al., 2019; Perez & De Palma, 2019; Squadrito et al., 2018).
EV are nanometer-sized membrane-enclosed particles containing proteins, lipids and nucleic acids that are released by cells

and mediate local and distant cell-cell communication between cancer and stromal cells, including cancer-associated fibroblasts
(CAF) and immune cells (Melo et al., 2015). The analysis of EV function requires their separation from other extracellular mate-
rials (such as lipoproteins or Ago2-containing ribonucleoprotein complexes) and soluble factors (such as cytokines) which is
challenging and differently achieved by available preparation methods, but introduces biases in downstream functional assays
(Whittaker et al., 2020; VanDeun et al., 2014). Recent observations that EV carry a functional biomolecular corona (e.g., heparin-
binding cytokines that interact with proteoglycans on the EV surface) which is differentially maintained during EV preparation
further adds to the complexity (Tóth et al., 2021; Wolf et al., 2022). As a consequence, it is not surprising that EV preparations
have been attributed both stimulating and inhibiting roles in MoDC maturation and function (Andre et al., 2002; Marton et al.,
2012; Ning et al., 2018; Rao et al., 2016; Salimu et al., 2017; Wang et al., 2020; Wolfers et al., 2001; Yang et al., 2011). The pres-
ence of soluble cytokines impairing DC maturation such as VEGF, GROα and MCP-1 (Michielsen et al., 2011; Park et al., 2004;
Takahashi et al., 2004; Xu et al., 2022), may confound functional assessment of EV preparations, depending on the specificity
of the preparation method implemented. Differential ultracentrifugation (dUC), known to recover EV by high speed pelleting
with moderate specificity (Shu et al., 2019; Van Deun et al., 2014), is predominantly used to study the effect of tumour-derived
EV on MoDC maturation and function (Naseri et al., 2020). Polymer-based precipitation recovers EV preparations with lower
specificity containing cytokines (Jung et al., 2020) or Ago2-containing ribonucleoprotein complexes (Van Deun et al., 2014),
introducing biases in downstream functional applications (Jeppesen, 2019; Van Deun et al., 2014). The sequential implementa-
tion of density gradient ultracentrifugation (DG) combined with size-exclusion chromatography (SEC) (combination referred to
as DG-SEC) separates EV with higher specificity from other materials as has been reported for soluble proteins and lipoprotein
particles in complex biofluids (blood plasma (Geeurickx et al., 2019; Vergauwen et al., 2021), urine (Dhondt, Geeurickx, et al.,
2020; Dhondt, Lumen, et al., 2020), faeces (Tulkens et al., 2018, 2020) and cell culture medium (CM) (Van Deun et al., 2020).
Interestingly, the use of SEC and dUC has recently been shown to affect the EV biomolecular corona and abrogate EV bioactivity
(Wolf et al., 2022).
In this study we used different methodologies (including DG-SEC, dUC and stand-alone SEC (sSEC)) to prepare EV from

concentrated CM (CCM) of breast cancer cell lines and CAF. EV separation from other extracellular materials (such as soluble
cytokines and Ago2-containing ribonucleoprotein complexes) was evaluated using complementary characterization methods
(including transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), Qubit protein dosage, western blot-
ting and Luminex® cytokine multi-analyte profiling). Next, the dose-dependent potential of EV-enriched but protein-depleted
versus EV-depleted but protein-enriched DG-SEC fractions, and EV-containing dUC and sSEC preparations was tested on
expression and secretion of MoDC maturation markers. We observe method-dependent enrichment of soluble cytokines in
EV preparations which consequently affect immunomodulatory bioactivity resulting in differential expression and secretion of
MoDCmaturationmarkers. Specific depletion of soluble cytokines fromEVpreparations through the sequential implementation
of preparation methods is necessary and sufficient to unlock EV immunomodulatory bioactivity.

 RESULTS

. DG-SEC separates EV from soluble cytokines released in medium conditioned by breast
cancer cells and CAF

Weprepared EV from 300mL ofmedium conditioned byMDA-MB-231 andMCF-7 breast cancer cells, and CAF using a sequen-
tial implementation of bottom-up DG followed by SEC (combination referred to as DG-SEC) (Figure 1a). EV were enriched in
fractions with a density of ≈1.085–1.110 g/mL, corresponding to 1 mL fractions 9 and 10 that were pooled as pool (p) 1 as previ-
ously described (Dhondt, Geeurickx, et al., 2020; Dhondt, Lumen, et al., 2020; Tulkens et al., 2018, 2020; Van Deun et al., 2020,
Vergauwen et al., 2017, 2021) (Figures 1a and S1e). Next, p1 was further processed by SEC . SEC fractions 4-5-6-7 referred to as
EV-enriched SEC fractions , and 8-9-10-11 referred to as protein-enriched SEC fractions were respectively pooled and concen-
trated to 100 μL using 10 kDa ultrafiltration units (Figure 1a). To compare the fractions of the DG fractionation process and to
ensure that the majority of EV are in p1, we generated a pool (p) 2 with 1 mL fractions 11, 12, 13, (density ≈1.115–1.195 g/mL) and a
pool (p) 3 corresponding to 1 mL fractions 14, 15, 16 (density ≈1.200–1.260 g/mL) (Figures 1a and S1e) (Dhondt, Geeurickx, et al.,
2020; Vergauwen et al., 2021). For each cell line, p2 and p3 were processed by SEC as done for p1.
For all cell types, EV were present in EV-enriched SEC fractions from p1 characterized by a density of ≈1.085–1.110 g/mL

(Dhondt, Geeurickx, et al., 2020; Dhondt, Lumen, et al., 2020; Van Deun et al., 2014, 2020, Vergauwen et al., 2017, 2021) as shown
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F IGURE  Bottom-up DG-SEC efficiently separates EV from soluble cytokines. (a) Schematic representation of the DG-SEC protocol. CM: conditioned
medium, CCM: concentrated CM, EV: EV-enriched, Prot: protein-enriched. (b, d, and e) Particle and protein characterization of CCM and pools (p)1, p2 and
p3 EV and protein-enriched samples generated as described in (a) from a representative MDA-MB-231, MCF-7 and CAF harvesting (n = 1) (see Figures S1 c,
d,g). (b) Transmission electron microscopy images fromMDA-MB-231, MCF-7 or CAF p1 EV-enriched SEC fractions. Magnification × 30,000, scale bar: 200
nm. (c) Western blot analysis of MCF-7 p1, p2 and p3 EV and protein-enriched (Prot) SEC fractions. Thirty microlitres of samples generated by DG-SEC (a)
were denatured as described in the methods section and loaded in each lane. CL: cell lysate (15 μg). (d) Particle and protein concentrations measured in CCM
and p1, p2 and p3 EV and Prot samples. Particle and protein concentration were measured by nanoparticle tracking analysis (see (d)) and Qubit protein assay
respectively (n = 1). (e) Luminex® cytokine 65-analytes profiling of CCM and p1, p2 and p3 EV and Prot samples characterized in (b) and (d) (n = 1).
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by TEM that revealed abundant vesicular structures of 30–200 nm in size (Figures 1b and S1c). Western blot confirmed the
enrichment of EV-associated proteins Alix, TSG101 and CD9 in EV-enriched SEC fractions from p1 compared to p1 protein-
enriched SEC fractions and p2 and p3-derived samples for cancer cells (Figures 1c and S1a). Ago2-containing ribonucleoprotein
complexes were depleted in p1 EV-enriched SEC fractions, in accordance with previous reported results (Van Deun et al., 2014)
(Figures 1c and S1a). Western blot analysis of p1, p2 and p3 pellets obtained by 3 h ultracentrifugation at 100,000 g instead of SEC
confirmed the enrichment of Alix, TSG101 and CD9 in p1, and the presence of Ago2-containing ribonucleoprotein complexes in
p2 and p3 pellets for CAF (Figure S1b). NTA confirmed particle enrichment in EV-enriched SEC fractions from p1 compared to
p1 protein-enriched SEC fractions, p2, and p3-derived samples (Figures 1d and S1d). In compliance with TEM analysis, higher
particle concentrations were measured by NTA in p1 EV-enriched SEC fractions fromMCF-7 cultures (1.36e+12 ± 1.67e+11 parti-
cles/mL) compared to MDA-MB-231 (6.74e+11 ± 1.21 e+11 particles/mL) and CAF (2.6e+11 ± 3.68 e+10 particles/mL, p = 0.029)
(Figure S1f). For all cell lines, protein concentrations measured by the Qubit protein assay were the lowest in EV-enriched SEC
fractions from p1 (<0.2 μg/μL), while p2 and p3 protein-enriched SEC fractions contained the highest protein concentration
(>1.5μg/μL) (Figure 1d).
Luminex® cytokine profiling on a panel of 65 cytokines revealed that EV-enriched SEC fractions from p1 were efficiently

depleted from abundant soluble cytokines present in media conditioned by all cell lines, including VEGF-A, GROα, IL-6 and
MCP-1 known to inhibitMoDCmaturation (Michielsen et al., 2011; Park et al., 2004; Takahashi et al., 2004;Wculek et al., 2019; Xu
et al., 2022) (Figure 1e). In line with the Qubit protein assay, the lowest cytokine concentrations weremeasured in p1 EV-enriched
SEC fractions while cytokines eluted abundantly in protein-enriched SEC fractions fromp2 and p3 (Figure 1e). Concentrations of
the most highly abundant cytokines in media cultured by cancer cells and CAF were all below 1 pg/1e+9 NTA-measured particles
in p1 EV-enriched SEC fractions and above this threshold in p1 protein-enriched SEC fractions, p2 and p3-derived samples
(Figure S1g).

Altogether, DG floatation enriched EV at their expected density in p1 and separated EV efficiently from other extracellu-
lar materials, including Ago2-containing ribonucleoprotein complexes and soluble cytokines that remained in EV-poor higher
density pools p2 and p3. SEC processing of p1 further separated EV from soluble cytokines, generating EV-enriched preparations
depleted of cytokines, defined hereafter as DG-SEC EV preparations. In addition, SEC processing of DG fractions clears iodix-
anol from the preparations as previously reported (Tulkens et al., 2020; Vergauwen et al., 2017) and confirmed by the detection
of iodixanol in protein-enriched but not EV-enriched SEC fractions from p1, p2 and p3 (Figure S4a), thus excluding potential
confounding effects of density medium on EV immunomodulatory bioactivity.

. DG-SEC EV from cancer cells stimulate MoDCmaturation in a dose-dependent manner

Maturation of MoDC upon uptake and loading of exogenous antigens involves a significant increased cell-surface expression
of antigen-presenting major histocompatibility complex MHCII. Co-stimulatory molecules required for T cell activation such
as CD80 and CD86 (Cunningham & Hackstein, 2020) show also increased cell-surface expression together with PD-L1 which
protect DC from activated T cells following antigen presentation (Oh et al., 2020). We investigated the impact of DG-SEC EV
from MCF-7 and MDA-MB-231 breast cancer cells on MoDC maturation. We generated CD11c+/MHCII+ immature MoDC
from healthy volunteers by IL-4 and GM-CSF-induced differentiation of CD14+ blood monocytes (Cunningham & Hackstein,
2020; Tkach, 2017). MoDC were treated for 24 h with DG-SEC EV from cancer cells, or the TLR4 ligand lipopolysaccharide
(LPS) as positive control for MoDCmaturation. NTA-measured particle concentration of DG-SEC EV preparations (Figure S1f)
was used to determine EV treatment dose, and expression of MoDC maturation markers MHCII, CD80, CD86 and PD-L1 was
assessed by flow cytometry (Figure S2a).
First, we compared MHCII, CD80 and CD86 expression in MoDC treated with 4 μg of CCM or EV-free p3 protein-enriched

SEC fractions (Figure 1), or with DG-SEC EV at a low dose corresponding to 5,000 NTA-measured particles per MoDC
(part/MoDC) (Figure S2b,c). At this low concentration, DG-SEC EV did not induce MoDC upregulation of MHCII, CD80 or
CD86. In contrast, CCM or p3 protein-enriched SEC fractions from the different cancer cell lines while not increasing MHCII
expression at the tested concentration (40 μg/mL) stimulated CD80 andCD86 expression, underpinning the importance to qual-
ity control the specificity of EV preparation prior to functional analysis (Figure S2b,c). This effect was independent of iodixanol
present in p3 protein-enriched SEC fractions (Figure S4a) as treating MoDC with p3 protein-enriched SEC fractions generated
from PBS-loaded control DG did not induce the expression of MoDC maturation markers (Figure S4b–f).

Next, we evaluated the dose-response effect of DG-SEC EV from cancer cells on MoDC maturation using increasing particle
concentrations from 12,500 to 75,000 part/MoDC (Figure 2a). DG-SEC EV from the different cancer cell lines induced MHCII
expression in a dose-dependent manner in MoDC from all tested donors (n = 4 donors per cell line). MHCII increase was
statistically significant from 75,000 part/MoDC for MDA-MB-231 (p< 0.05) andMCF-7 DG-SEC EV (p< 0.05), and associated
with an increase in the percentage of CD80, CD86 and PD-L1 positive populations as well as an increase in CD80, CD86 and
PD-L1 expression (Figure 2a). The average percentage of MoDC expressing CD80 more than doubled following treatment with
DG-SEC EV at 75,000 part/MoDC (Figure 2a). While less than 30% of non-treated MoDC expressed CD86, the CD86 positive
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F IGURE  EV separated by DG-SEC induce a dose-dependent increase in MoDC maturation markers. a. Flow cytometry analysis after 24 h treatment of
200,000 immature MoDC from healthy volunteers with DG-SEC EV fromMDA-MB-231 or MCF-7 (n = 4 MoDC donors per cell line). Treatment is indicated
as corresponding number of NTA-measured particles per MoDC. LPS (100 ng/mL) was used as a positive control to induce MoDC maturation. PBS was used
as a negative control. Data represent mean and standard error. Statistical analysis: Friedman test with Dunn’s multiple comparisons test (*p < 0.05, **p < 0.01,
***p < 0.001). (b) Transmission electron microscopy images fromMDA-MB-231 dUC EV. Magnification x30,000, scale bar: 200 nm. (c) NTA size distribution
profile of MDA-MB-231 dUC EV represented as mean (black line) and standard error (red shaded area). Conc.: particle concentration. Particle concentration

(Continues)
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F IGURE  (Continued)
and mode are expressed as mean and standard error (n = 3 videos). (d) Western blot analysis of MDA-MB-231 EV DG-SEC and dUC EV preparations. Thirty
microliters of EV preparations were denatured as described in the methods section and loaded in each lane. CL: cell lysate (15 μg). (e) Flow cytometry analysis
after 24 h treatment of 200,000 immature MoDC from healthy volunteers with dUC EV fromMDA-MB-231 (n = 3 MoDC donors). LPS (100 ng/mL) was used
as a positive control to induce MoDC maturation. PBS was used as a negative control. Data represent mean and standard error. Statistical analysis: Friedman
test with Dunn’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001).

population increased in a dose-dependent manner to over respectively 65% and 80% following treatment with DG-SEC EV
from MDA-MB-231 and MCF-7 (p < 0.05). While PD-L1 is expressed by most MoDC, the PD-L1 positive population and PD-
L1 expression significantly increased in response to DG-SEC EV from the different cancer cell lines (Figure 2a). PD-L1 mean
fluorescence intensity more than doubled in MoDC treated with DG-SEC EV at 75,000 part/MoDC from the different cancer
cell lines compared to PBS-treated cells (Figure 2a). As expected MoDC matured by LPS exhibited the strongest MHCII and T
cell costimulatory CD80, CD86 and PD-L1 expression (Figure 2a). In addition, DG-SEC EV prepared from PBS-loaded empty
DG did not induce expression of MoDC maturation markers (Figure S4b–f).

Our results are strongly indicative that cancer cell derived EV-enriched but cytokine depleted DG-SEC fractions stimulate
MoDCmaturation. To explore the impact of different EV preparation methods onMoDCmaturation, we repeated these experi-
ments with EV-containing preparations obtained fromMDA-MB-231 cultures by differential ultracentrifugation (dUC) pelleting
at 100,000 g (Théry et al., 2006) (Figure 3a), and assessed MoDCMHCII, CD80, CD86 and PD-L1 expression by flow cytometry
(Figure 2b–e). Abundant vesicular structures of 30–300 nm in size were recovered in dUC pellets as shown by TEM (Figure 2b,
S2d), NTA (Figure 2c) and western blot analysis for Alix, TSG101 and CD9 (Figure 2d). More EV were recovered from MDA-
MB-231 cultures with dUC compared to DG-SEC as shown by increased abundance of EV-associated proteins by western blot
analysis (Figure 2d), and vesicular structures by TEM (Figures 1b, S1c, 2b). However, western blot analysis identified a substantial
amount of Ago2-containing ribonucleoprotein complexes in dUC pellets but not in DG-SEC EV preparations (Van Deun et al.,
2014), confirming the presence of other extracellular materials and previously reported lower specificity of dUC EV preparations
(Cocozza et al., 2020; Van Deun et al., 2014) (Figure 2d). Treatment of MoDC with dUC EV up to 100,000 part/MoDC did not
significantly increase MHCII and CD80 expression compared to PBS-treated MoDC while PD-L1 expression and CD86 positive
population only moderately increased in MoDC treated with 100,000 part/MoDC (Figure 2e). Interestingly, subsequent pro-
cessing of dUC EV preparations by SEC dose-dependently restored EV immunomodulatory bioactivity (Figure s3). Treatment
with 12,500 to 75,000 part/MoDC dUC-SEC EV (Figure S3a,b) but not dUC EV dose-dependently increased MHCII and PD-L1
expression, and the percentage of CD80 and CD86 positive populations reaching statistical significance at 75,000 part/MoDC (p
< 0.05, Friedman test with Dunn’s multiple comparisons test) (Figure S3c).
To further confirm that cytokines present in EV preparations impair EV immunomodulatory bioactivity, we comparedMoDC

response to 75,000 part/MoDC DG-SEC EV prepared frommedia conditioned by MDA-MB-231 cells, alone, or in combination
with 4 μg of p1 protein-enriched SEC fraction or VEGF-A (1 ng/mL or 10 ng/mL) known to inhibitMoDCmaturation (Takahashi
et al., 2004) and separated from EV by DG-SEC (Figure S5). While MoDC treated with DG-SEC EV increased the percentage of
CD80, CD86 and PDL1 positive populations, MoDC treatment with DG-SEC EV supplemented with 4 μg of p1 protein-enriched
SEC fractions or VEGF impaired MoDC maturation (Figure S5).
Our results support that cancer cell-derived EV preparations specifically separated by DG-SEC from other extracellular mate-

rials induce a dose-dependent maturation of MoDC (Figure 2a). This bioactivity may however depend on the specificity of the
EV preparation method as MDA-MB-231 dUC EV showed a reduced potency to stimulate expression of MoDC maturation
markers compared to DG-SEC EV (Figure 2b–e). Notably, SEC processing of dUC EV restored EV immunomodulatory bioac-
tivity with significantly upregulated MoDC maturation markers at 75,000 part/MoDC (Figure S3c). Addition of VEGF-A or p1
protein-enriched SEC fractions impaired EV-induced surface remodelling of CD80/86 costimulatory molecules during MoDC
maturation further underpinning the need to deplete EV preparations from cytokines and soluble proteins to enable the study
of EV immunomodulatory bioactivity (Figure S5).

. EV separation specificity determines EV bioactivity in MoDCmaturation

To further study the impact of EV separation onMoDCmaturation, we used EV preparations obtained by DG-SEC, dUC (Théry
et al., 2006), or sSEC from medium conditioned by CAF (Figure 3a). We selected CAF to study the impact of EV separation on
MoDC maturation from technical perspectives: (1) CCM evaluation revealed a high protein concentration (Figure 1d) and high
abundance of immunosuppressive cytokines such as VEGF-A,MCP-1 andGRO-α (Figure 1e) orWnt2 (Huang et al., 2021) poten-
tially interfering with EV immunomodulatory bioactivity; and (2) in contrast to cancer cell lines, CAF show contact inhibition
of growth, allowing sequential harvesting of confluent monolayers of a same cell batch limiting pre-analytical variables.
Due to the relative higher protein concentration of CAF CCM (Figure 1d), abundant proteins started to elute already in EV-

enriched fraction n◦7 by sSEC, generating EV preparations with a defined protein contamination (Figure s6a). Accordingly,
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F IGURE  Impact of separation method on breast CAF EV particle and protein content. (a) Schematic view of CAF EV separation using different
methods. (b) Protein concentration measured by Qubit using 5 μL of each preparation (DG-SEC [n= 4], dUC [n= 3], sSEC [n= 3]). (c) Particle concentration
measured by NTA in DG-SEC (n = 4), dUC (n = 3), sSEC (n = 3). Three videos of 30 s were acquired for each replicate. (b–d) Data represent mean and
standard error. Statistical analysis: Kruskal Wallis test with Dunn’s multiple comparisons test. (d) Representative NTA size distribution profile of DG-SEC, dUC
and sSEC EV represented as mean (black line) and standard error (red shaded area). Conc.: particle concentration. Particle concentration and mode are
expressed as mean and standard error. (e) Transmission EM of DG-SEC, dUC, and sSEC CAF EV, magnification × 30,000, scale bar 200 nm. (f) Cytokine
profiling in one representative DG-SEC, dUC and sSEC EV preparation lysed or not with 0.2% Triton X-100. Signal from PBS 0.2% Triton X100 control was
subtracted.

protein concentration measurements identified the highest concentrations in EV-containing sSEC preparations in contrast to
EV-enriched DG-SEC preparations which were below the detection limit of the instrument (Figure 3b). Western blot revealed
that EV-associated proteins TSG101 and CD9 were detected in dUC and sSEC EV-containing preparations while Ago2 was not
substantially depleted in dUC EV preparations (Figure S6b). NTAmeasurements identified that particle concentrations obtained
by dUC (1.52 e+12 ± 4.3e+9 part/mL, n = 3) and sSEC (1.25e+12 ± 2.5e+11 part/mL, n = 3) were respectively over 5, and 4-fold
higher to DG-SEC (2.74e+11 ± 3.6e+9 part/mL, n = 4) (Figure 3c,d). TEM identified 30–200 nm sized vesicular structures in the
three preparations, but also proteinaceous background in sSEC preparation (Figure 3e, S6c). Thus, despite lower yield, DG-SEC
recovered EV with higher specificity compared to dUC and sSEC as previously reported (Van Deun et al., 2014).
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Cytokine profiling of DG-SEC, dUC or sSEC EV preparations reflected the results from the protein concentration measure-
ments, with the lowest concentrations for GROα, IL-6, IL-8, VEGF-A, FGF-2 andMCP-1 identified in DG-SEC EV compared to
dUC and sSEC EV (Figure 3f). Cytokine concentrations reported as pg per 1e+9 particles confirmed that DG-SEC improved EV
separation from cytokines including VEGF-A, FGF2 andMCP-1 compared to dUC while GROα, IL-6 and IL-8 relative amounts
were similarly low in DG-SEC and dUC (Figure 3f). In accordance with protein concentration measurements, cytokines were
increased in sSEC preparations with a relative concentration regularly over 1 pg/1e+9 particles (Figure S6d). EV lysis with 0.2%
Triton X-100 initiated a consistent increase in the detection of most cytokines except fractalkine (CX3CL1) that decreased in all
lysed preparations in line with its transmembrane nature (Figures 3f and S6d). Overall, cytokines such as MCP-1 and VEGF-A,
known to inhibit MoDC maturation (Alfaro et al., 2009; Omata et al., 2002; Oyama et al., 1998), were mainly identified in dUC
and sSEC EV preparations. In addition, GROα, IL-6, IL-8 were only identified in sSEC EV preparations in line with its higher
protein concentration.
Pooled EV preparations from multiple harvestings of a same cell batch (Figure 3a) were used to perform NTA particle-based

dose response-treatment (12,500–75,000 part/MoDC) of MoDC from healthy volunteers. Maturation was monitored by flow
cytometry measuring MHCII, CD80, CD86 and PD-L1 expression and percentages of positive populations (Figure 4), and by
Luminex-basedMoDC cytokinemeasurements (Figure 5). From 25,000 part/MoDC,DG-SECEV significantly increased expres-
sion of all MoDCmembranemarkers and the percentage of positive populations compared to PBS-treated cells (Figure 4).While
DG-SEC EV at 25,000 to 75,000 part/MoDC significantly increased MHCII expression compared to PBS-treated MoDC, dUC
and sSECEV induced amoderate but not significantMHCII upregulation at highest particle concentrations (75,000 part/MoDC)
(Figure 4a). MHCII expression following treatment with DG-SEC EV at 50,000 part/MoDC doubled compared to PBS-treated
MoDC and was higher than after dUC (p < 0.05, Friedman test with Dunn’s multiple comparisons test) and sSEC EV treatment
at 75,000 part/MoDC. The percentage of CD80 positive cells increased significantly following DG-SEC EV treatment reaching
a maximum of 71.9 ± 10.1% (p < 0.01) with 50,000 part/MoDC compared to PBS-treated MoDC (45.3 ± 9.1%) (Figure 4b,c).
CD86 positive population significantly increased after treatment with DG-SEC EV over 25,000 part/MoDC compared to PBS-
treated MoDC (34 ± 7.5%), reaching a maximum of 85.9 ± 3.4% (p < 0.001) with 50,000 part/MoDC. In addition to DG-SEC
EV and LPS positive control, only sSEC EV preparations resulted in a significant increase of CD86 positive population from
50,000 part/MoDC, with a maximum of (61.4 ± 8%) at 75,000 part/MoDC (p < 0.05) while dUC EV induced a maximum of
49.4 ± 6% (p = 0.4991) at the highest particle concentration (Figure 4d,e). PD-L1 expression increased significantly in response
to DG-SEC EV preparations from 25,000 to 75,000 part/MoDC and sSEC EV preparations at 75,000 part/MoDC compared to
PBS-treatedMoDC. In line withMHCII, CD86 andCD80, dUCEVpreparations did not induce a significant upregulation of PD-
L1 expression compared to PBS-treated MoDC (Figure 4f,g). Interestingly DG-SEC EV-induced maturation markers expression
was higher at a concentration of 50,000 than 75,000 part/MoDC, suggesting MoDC response regulation to prevent overacti-
vation (Figure 4). These results indicate that EV separated by DG-SEC from other extracellular materials potentially stimulate
MoDC antigen presentation and confirm T cell co-stimulator expression in a dose dependent manner. While sSEC EV prepara-
tions were unable to stimulate MoDC antigen presentation they could increase MoDC CD80, CD86 and PD-L1 markers only at
highest particle amounts and at the lowest significance levels. In contrast, dUC EV were unable to induce a significant increase
of MoDC markers at all tested concentrations, highlighting that despite the presence of EV in the dUC/sSEC preparations, they
have a reduced potential in stimulating MoDC maturation.
T cell activation requires antigen presentation and presence of co-stimulatory molecules but also the release by DC of stim-

ulatory cytokines, such as type I interferons, and IL-12 secreted as a functional 75 kDa heterodimer (p70) composed of p35 and
p40 subunits (Curtsinger &Mescher, 2010; Tugues et al., 2014; Wculek et al., 2019). We used Luminex® multi-analyte profiling to
measure cytokine released by MoDC in the culture medium in response to DG-SEC, dUC and sSEC EV preparations (Figure 5).
In line with increased surface expression of MHCII, CD80 and CD86, MoDC treated with DG-SEC EV exhibited a secretory
phenotype of mature MoDC with increased IL-1β, IL-6, IL-8, IL-12 (p40 and p70), MCP-1, TNFα, IFN-γ and a reduced release
of IL-4 and GM-CSF compared to PBS-treatedMoDC (Figure 5). This effect is in agreement with MoDCmaturation induced by
LPS. In response to DG-SEC EV, MoDC secreted high amounts of IL-6 (5.2 ± 1.5 ng/mL), IL-12p40 (5.6 ± 2.6 ng/mL), TNF-a
(10.6 ± 4.7 ng/mL), IL-8 (21.9 ± 4.2 ng/mL) and MCP-1 (6.6 ± 4.1 ng/mL). With the exception of IL-8, a key chemoattractant of
neutrophils, myeloid-derived suppressor cells, and blood monocytes (Ha et al., 2017), dUC EV did not strongly induce MoDC
cytokine release at tested particle concentrations, inducing a maximum of 0.12 ± 0.02 ng/mL IL-6, 0.54 ± 0.25 ng/mL IL-12p40,
0.59 ± 0.22 ng/mL TNF-a, 10.3 ± 4.8 ng/mL IL-8 and 0.13 ± 0.02 ng/mL MCP-1 when treated with 75,000 part/MoDC. sSEC
preparations of 75,000 part/MoDC were only capable to induce higher IL-6 (2.2 ± 1.2 ng/mL but not significantly) and IL-8
(14.9 ± 4.4 ng/mL, p < 0.05). Only sSEC EV were able to induce statistically significant MCP-1 (17.1 ± 6.5 ng/mL, p < 0.05)
release compared to PBS-treated MoDC again strongly indicating the difference in MoDC activation potential compared to the
other EV preparations. IL-6 released by activated DC is an essential contributor to effector T cell proliferation and activation,
inhibiting regulatory T cell differentiation and function, and participating in the differentiation of T helper 17 and T helper 2
cells (Xu et al., 2022). IFN-γ is the main mediator of IL-12 potent antitumor immunity functions and its signalling promotes DC
maturation and IL-12 secretion in a positive feedback loop (Subbiah et al., 2018; Trinchieri, 2003; Tugues et al., 2014). Accord-
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F IGURE  Impact of separation method on CAF EV potential to stimulate MoDC maturation markers expression. (a–g) Flow cytometry analysis after
24 h treatment of 200,000 immature MoDC from healthy volunteers with DG-SEC, dUC or sSEC EV breast CAF (n = 4 MoDC donors). Treatment is indicated
as corresponding number of NTA-measured particles per MoDC. LPS (100 ng/mL) was used as a positive control to induce MoDC maturation. PBS was used
as a negative control. Data represent mean and standard error. Statistical analysis: Friedman test with Dunn’s multiple comparisons test (*p < 0.05, **p < 0.01,
***p < 0.001).
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F IGURE  Impact of separation method on CAF EV-induced cytokine release by MoDC. Luminex 15-plex cytokine profiling in MoDC culture medium
following treatment with breast CAF DG-SEC, dUC and sSEC EV preparations (Figure 4). LPS (100 ng/mL) was used as a positive control to induce MoDC
maturation. PBS was used as a negative control. Data represent mean and standard error. Statistical analysis: Friedman test with Dunn’s multiple comparisons
test (*p < 0.05, **p < 0.01, ***p < 0.001).
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ingly, MoDC released more IFNγ in response to DG-SEC EV at 50,000 part/MoDC (47.5 ± 11.8 pg/mL, p < 0.05) than dUC EV
(17.3 ± 12.2 pg/mL) and sSEC EV at 75,000 part/MoDC (15 ± 5.2 pg/mL).

In conclusion, cytokine profiling confirmed that EV separated with high specificity from other extracellular materials by
DG-SEC stimulate MoDC maturation in a dose-dependent manner, with after 24 h a maximal response at a concentration
of 50,000 part/MoDC that was reduced at 75,000 part/MoDC, suggesting a mechanism of autocrine loop regulating MoDC
response to excessive EV concentrations. This could be mediated by regulators as IL-10 or IL-6 at high concentrations. IL-6 was
notably released at similar concentration in MoDCmedium following treatment with 50,000 and 75,000 part/MoDC (Figure 5)
(Wculek et al., 2019). MoDC maturation response was not recapitulated by EV-containing preparations obtained by dUC or
sSEC at tested particle concentrations, demonstrating that EV separation specificity is essential to identify and characterize EV
bioactivity.

 DISCUSSION

EV separation from other extracellular materials is a challenge achieved with differential specificity by currently available
methodologies. Assessment of the impact of EV preparation methods is however critical to our understanding of EV bioac-
tivity in physiology and disease, and to the development of EV-based therapeutic applications and their manufacturing (De
Wever & Hendrix, 2019; Van Deun et al., 2014; Whittaker et al., 2020). In addition, appropriate controls, including assessment
of the bioactivity of EV-depleted samples and dose response experiments, are other methodological aspects that require careful
consideration.
DC are the most sensitive sensors of the innate immune system, detecting molecular changes in the extracellular microen-

vironment. EV are a potential source of maturation signals and tumour antigens with the capacity to improve the efficacy of
DC-based cancer immunotherapy (Perez & De Palma, 2019; Wculek et al., 2019). Indeed, cancer cell EV engineered to express
chimeric receptors notably improve EV uptake and tumour antigen presentation by DC (Squadrito et al., 2018). Considering this
therapeutic potential, we implementedMoDC as a model system in this study to evaluate their ability to respond to EV obtained
from different cancer cell and CAF cultures using diverse methods that prepare EV with variable specificity.
The sequential combination of density-based and size-based preparation methods can be used to process EV from the most

complex biofluids (Dhondt, Geeurickx, et al., 2020; Dhondt, Lumen, et al., 2020; Tulkens et al., 2018, 2020; Simonsen, 2017; Ver-
gauwen et al., 2021) and to study EV bioactivity in pre-clinical research. Our results show that EV separated with high specificity
by DG-SEC from other extracellular materials, including soluble cytokines known to inhibit DC maturation, induce, without
any additional stimulatory cytokine cocktail, a dose-dependent increase of MoDC maturation markers such as MHCII CD80,
CD86 and PD-L1. Given that EV uptake is a low yield process (∼1% spontaneous rate at 1 h (Bonsergent et al., 2021)) it is not
surprising to observe a dose-dependency of DG-SEC EV induced effects. At a given number of EV corresponding in our set-
up to final concentration a maximum bioactivity is observed most probably due to saturation of binding, uptake, and cytosolic
release mechanisms. Interestingly, while these effects are observed for EV-enriched preparations obtained by DG-SEC they are
not observed with EV-containing preparations obtained by dUC or sSEC from the same batches of CCM and using the same
batches ofMoDC. Cytokines such asMCP-1, GROα and growth factors such as VEGF-A are known to inhibit DCmaturation but
are not efficiently depleted from EV preparations obtained by dUC or sSEC. Subsequent processing of dUC EV preparations by
SEC dose-dependently restored the immunomodulatory bioactivity, while addition of VEGF-A impaired DG-SEC EV induced
EV immunomodulatory bioactivity.
Our experimental set-up demonstrates that co-separated extracellular materials, including soluble cytokines, obscure EV

bioactivity which is only revealed using highly specific separation. Other groups have shown that bioactivity is attributed to
co-separated soluble cytokines or growth factors rather than EV (Whittaker et al., 2020; Wolf et al., 2022). Indeed, the field is
still reminiscent to claimed pro-angiogenic functions misattributed to MSC-derived EV with detailed investigations concluding
that VEGF co-separated with EV was responsible for the observed regenerative effects (Whittaker et al., 2020). Recent break-
through research (Tóth et al., 2021; Wolf et al., 2022) postulates the intriguing possibility that soluble cytokines or growth factors
can be part of a biomolecular corona on the surface of EV which may be affected by particular EV preparation methods, espe-
cially when separating EV with higher specificity. Two independent research groups reported that EV bioactivity was, at least
partly, attributed to the biomolecular corona (Tóth et al., 2021; Wolf et al., 2022). Intriguingly, although increasing specificity by
combining tangential flow filtration with dUC or SEC has been shown to abrogate EV bioactivity, presumably by affecting the
biomolecular corona (Wolf et al., 2022), in our experimental EV bioactivity was only obtained after highly specific separation
with DG-SEC or dUC-SEC. Although the contribution of the biomolecular corona in our experimental set-up remains to be
defined, our study highlights the importance of higher specificity methods, especially in relation to EV-based therapeutic manu-
facturing and application. Indeed, recent clinical evidence demonstrated that ex vivo secretion of IL-6, IL-8, Il-12p40 and TNF-α
from cancer patient-derived MoDC, partially matured ex vivo with IFNγ and inactivated Bacillus Calmette-Guerin, positively
correlated with survival or stable disease following MoDC intratumor injection (Subbiah et al., 2018). This ex vivo secretion of
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IL-6, IL-8, Il-12p40 and TNF-α was only achieved upon incubation of MoDC with DG-SEC EV, but not dUC or sSEC EV in our
experimental set-up.
Although demonstrated here with in vitro cell culture-derived EV and allogenic healthy volunteer-derivedMoDC, our results

strongly indicate that specificity of preparation methodology is also critical to uncover therapeutic applications using autolo-
gous MoDC and tumour EV abundantly present in more complex biofluids such as blood plasma (Vergauwen et al., 2021) or
supernatants from ex vivo patient-derived tissue fragments. Uncovering the full therapeutic potential of EV immunomodula-
tory bioactivity therefore requires implementing community guidelines to ascertain the EV-associated nature of results, through
appropriate controls, transparent reporting, and cross validation with higher specificity methods (De Wever & Hendrix, 2019;
Théry et al., 2018; Van Deun et al., 2017; Whittaker et al., 2020). It must be emphasized that the methodological threats identified
in this study are most probably also relevant to evaluation of EV bioactivity in general.

 MATERIALS ANDMETHODS

. Cell culture

Humanbreast cancer cells oestrogen receptor-positiveMCF-7 (ATCC,Manassas, VA), and triple-negativeMDA-MB-231 (ATCC,
Manassas, VA) were cultured in Dulbecco’s Modified Eagle’s Medium high glucose (DMEM) supplemented with 10% heat-
inactivated foetal bovine serum (FBS) at 37◦C, 10% CO2. Human breast cancer associated fibroblasts (CAF) were isolated from
a breast tumour resection immortalized by transduction of a human telomerase reverse transcriptase construct and cultured as
previously described (De Vlieghere et al., 2015; De Wever et al., 2004). All Cell cultures were regularly tested and confirmed
negative for mycoplasma contamination using the MycoAlert Mycoplasma Detection Kit (Lonza, Verviers, Belgium).

. Antibodies and reagents

Primary antibodies used for western blotting included anti-human Alix (1:1000, mouse monoclonal, Cell Signalling, #2171S),
anti-human TSG101 (C-2) (1:1000, mouse monoclonal, Santa Cruz Biotechnology, #sc-7964), anti-human CD9 (1:1000, rab-
bit monoclonal, Cell Signalling, #13403), anti-human Ago2 (1:1000, rabbit polyclonal, Abcam, #ab32381). Secondary antibodies
used for western blot included: anti-mouse horseradish peroxidase-linked antibody (1:3000, sheep, GE Healthcare Life Sciences,
#NA931V), and anti-rabbit horseradish peroxidase-linked antibody (1:4000, donkey, GE Healthcare Life Sciences, #NA934V).
Antibodies used for flow cytometry experiments included PE/Cyanine 7 anti-human CD11c (1:200, BioLegend, #337216), PE
anti-humanCD80 (1:100, BioLegend, #305208), PerCP/Cyanine5.5 anti-humanCD86 (1:200, BioLegend, #305420), Brilliant Vio-
let 421™ anti-human CD274 (B7-H1, PD-L1) (1:50, BioLegend, #329714), FITC anti-human HLA-DR (MHCII) clone: REA805
(1:200, Miltenyi, #130-111-788). In all experiments particle-free sterile commercial Phosphate-buffered saline (PBS) pH 7.2 was
used (Thermo Fisher Scientific, Gibco™ #20012027).

. Preparation of conditioned medium

MCF-7, MDA-MB-231 and CAF were expanded to 20 T175 culture flasks in 875 cm2 multilayer culture flasks (Corning, #353144)
for each cell line as previously described (Geeurickx et al., 2021). An additional T175 was plated for each cell line and trypsinized
at the moment of harvesting to determine cell number and viability using a Countess Automatic Cell Counter and 0.1% trypan
blue exclusion test (Thermo Fisher Scientific, Erembodegem, Belgium). Cell viability was always greater than 95%. When 70%
confluence was reached for MCF-7 andMDA-MB-231 (approximately 2e+8 cells), or 100% confluence for CAF that have contact
inhibition of growth (approximately 2.5e+8 cells), cells were washed three times with pre-warmed serum-free DMEM using first
10 mL per T175 for 1 min, replaced by 15 mL per T175 for 10 min, and lastly 15 mL for 30 min at 37◦C. After the last washing,
cells were incubated with 15 mL of pre-warmed EV-harvesting medium per T175 and kept at 37◦C, 10% CO2 for 24 h (Geeurickx
et al., 2021; Van Deun et al., 2014, 2020). EV-harvesting medium consisted for CAF of DMEM and Ham’s F-12 nutrient mixture
(1:1), 100 U/mL penicillin, and 100 U/mL streptomycin, and for MCF-7 and MDA-MB-231 of DMEM supplemented with 0.5%
EV-depleted serum (EDS), 100 U/mL penicillin, and 100 U/mL streptomycin. EDS was obtained through 18 h centrifugation of
FBS at 100,000 g, 4◦C (SW 32.1Ti rotor) and subsequent 0.2 μmfiltration of the EV-depleted supernatant (Van Deun et al., 2020).
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. Conditioned medium collection and concentration

After 24 h, 300 mL conditioned medium (CM) was collected for each cell line in 50 mL tubes and centrifuged for 10 min at
300 g, 4◦C, followed by 0.45 μm filtration through a cellulose acetate bottle top filter (Corning, Amsterdam, The Netherlands).
Filtered CM was concentrated to 800 μL using Centricon® Plus-70 centrifugal filter units with a 10 kDa nominal molecular
weight limit at 3200 g, 4◦C (Merck Millipore, Burlington, MA). Concentrated conditioned medium (CCM) was recovered after
inversion of centrifugal filter units and 10min centrifugation at 1000 g, 4◦C, and stored at−80◦Cuntil EV separation. Cancer cells
were discarded after one CM collection. For CAF, 15 mL of culture medium (DMEM F-12 (1:1), 10% FBS, 100 U/mL penicillin,
100 U/mL streptomycin) was added per T175 after collection and CAF confluent monolayers were kept at 37◦C, 5% CO2 at least
24 h before a next washing and collection.

. EV separation by bottom-up density gradient and size-exclusion chromatography (DG-SEC)

Total 5%, 10%, and 20% OptiprepTM iodixanol gradient solutions were prepared by mixing appropriate amounts of a 50% iodix-
anol working solution (WS) with homogenisationmedium (0.25M sucrose,1mMEDTA, 10 mMTris-HCL, pH 7.4) as previously
described (Dhondt, Geeurickx, et al., 2020; Dhondt, Lumen, et al., 2020; Geeurickx et al., 2021; Van Deun et al., 2020). The
50% iodixanol WS was prepared by mixing OptiPrepTM (60% (w/v) aqueous iodixanol solution, Axis-Shield, Oslo, Norway)
with appropriate amounts of buffer (0.25 M sucrose, 6 mM EDTA, 60 mM Tris-HCl, pH 7.4). The sample-containing 40% solu-
tion was prepared by mixing 800 μL of CCM with 3.2 mL of WS. The gradient was built in a sterile 16.8 mL polyallomer open
top centrifuge tube using the Biomek 4000 automated workstation (Beckman Coulter) as previously described (Tulkens et al.,
2020). A total of 4 mL of the 40% sample-containing solution was first gently added to the bottom of the tube, followed by 4 mL
of 20% solution, 4 mL 10% solution, 3.5 mL 5% solution and 1 mL of sterile commercial PBS as previously detailed (Dhondt,
Geeurickx, et al., 2020; Dhondt, Lumen, et al., 2020). Gradients were centrifuged 18 h at 100,000 g, 4◦C (SW 32.1 Ti rotor, Beck-
man Coulter). After the centrifugation, 16 fractions of 1 mL were collected in sterile 1.5 mL Eppendorf tubes using the Biomek
4000 workstation and kept at 4◦C. Density of collected fractions was determined by measuring 340 nm absorbance of individual
fractions collected from of blank PBS-loaded bottom-up density gradient as previously described (Dhondt, Geeurickx, et al.,
2020).
Fractions 1–8 of the DG were discarded, while the other fractions were pooled in 5 mL Eppendorf tubes as follows: 9–10

(2 mL), 11–13 (3 mL), 14–16 (3 mL). Two millilitres of each pool was loaded on top of a SEC column. Columns were prepared as
previously described (Dhondt, Geeurickx, et al., 2020) at least 1 day before performing SEC. Briefly, for each SEC column±20mL
of Sepharose CL-2B (GE Healthcare, Machelen, Belgium) was washed three times with commercial PBS. A nylon net with 20
μm pore size (Merck Millipore, NY2002500) was placed on the bottom of a 10 mL syringe (Romed, 3SYR-10ML), followed by
stacking of 10 mL washed Sepharose CL-2B. EV-rich 1 mL SEC fractions (4–7) (Dhondt, Geeurickx, et al., 2020; Dhondt, Lumen,
et al., 2020; Van Deun et al., 2020; Vergauwen et al., 2021) and protein-rich SEC fractions (8–11) were collected and concentrated
to 100 μL with Amicon® ultra 2 mL centrifugal filters (10 kDa NMWL). Concentrated DG-SEC samples were stored at −80◦C.

. Stand-alone size exclusion chromatography (sSEC)

CAF CCM was prepared as described above and diluted with sterile commercial PBS to obtain a 2 mL sample. The sample was
loaded on top of a SEC column and EV-rich fractions (4–7) were pooled and concentrated to 100 μL as previously described.

. EV separation by differential ultracentrifugation pelleting (dUC)

EV recovery by dUC from MDA-MB-231 or CAF CM (300 mL) was carried out according to the protocol from Théry et al.
(2006). Briefly, CM was collected in 50 mL sterile conical polypropylene centrifuge tubes and centrifuged at 300 g, 4◦C for 10
min, after which the supernatant was transferred to 6 new 50 mL centrifuge tubes and centrifuged at 2000 g, 4◦C for 10 min.
Next, the supernatant was transferred to 38.5 mL open-top thin wall polypropylene tubes and centrifuged at 4◦C, 10,000 g for 30
min (SW 32.1 Ti rotor, Beckman Coulter). Again, the supernatant was collected and transferred to new 38.5 mL open-top thin
wall polypropylene tubes and centrifuged in the same ultracentrifuge at 4◦C and 100,000 g (SW 32.1 Ti rotor, Beckman Coulter)
for 70 min. As muchmedium as possible was removed above the pellets that were resuspended in 1 mL of PBS, pooled in a single
17 mL open-top thin wall ultra-clear tube, and centrifuged again at 4◦C, 100,000 g for 70 min (SW 32.1 Ti, Beckman Coulter).
The final EV-enriched pellet was resuspended in 100 μL PBS and stored at −80◦C.
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. Nanoparticle tracking analysis (NTA)

NTA was performed with NanoSight LM10-HS equipped with an automated syringe pump, a temperature sensor and 488 nm
laser (NanoSight Ltd.), and software 3.0. Samples were diluted in commercial PBS to a particle concentration within the linear
range of the instrument: 2e+8 – 1 e+9 particles/mL and a final volume of 1 mL which was taken up with a 1 mL syringe and
introduced in the chamber. For every sample, the pump flow was set at 20 and 3 videos of 30 s were recorded with screen gain
set at 1.0 and camera level at 13. For processing the videos, the screen gain was set at 1.0 and the detection threshold at 3.0.
Transmission electron microscopy: Samples were deposited on a formvar coated grid, stabilised with evaporated carbon film

and glow discharged before sample application. Sample staining with neutral uranyl acetate (2% in aqua distilled (AD)) was done
after which grids were coated with 2%methyl cellulose/uranyl acetate (0.4%) solution. These grids were analysed using a Tecnai
G2 Spirit transmission electron microscope (FEI) operated at 100 kV and images were acquired with a Quemesa charge-coupled
device camera (Olympus Soft Imaging Solutions GMBH).

. Protein analysis

Protein concentration of cell lysates, DG-SEC, and EV samples was measured using the Qubit Protein assay kit (Thermo Fisher
Scientific) and Qubit fluorometer 3.0 following manufacturer’s instructions. Cell lysates were obtained in Laemmli lysis buffer
(0.125 M Tris–HCl [pH 6.8], 10% glycerol, 2.3% SDS) and proteins were lysed in reducing sample buffer (0.5 M Tris-HCl (pH
6.8), 43% glycerol, 9.2% SDS, 5% 2-mercaptoethanol, 5% bromophenol blue) and boiled for 5 min at 95◦C. DG-SEC sample and
EV preparation lysates were obtained by mixing 30μL of sample with 5 μL of reducing sample buffer (0.5 M Tris-HCl (pH 6.8),
43% glycerol, 9.2% SDS, 5% 2-mercaptoethanol, 5% bromophenol blue) and boiled for 5 min at 95◦C. Proteins were separated
by SDS–PAGE (SDS polyacrylamide gel electrophoresis), transferred to nitrocellulose membranes, blocked in 5% non-fat milk
in PBS 0.5% Tween-20, and incubated overnight at 4◦C with primary antibodies described in the reagents section. Secondary
antibodies were added for 60 min at room temperature after extensive washing with blocking buffer. After final washing, Blots
were developed using the WesternBright Sirius reagent (Advansta, Menlo Park, CA) and visualized on a Proxima 2850 Imager
(IsoGen Life Sciences) and images were analysed using ProXima AQ-4 software.

. Cytokine assays

Cytokine assays were conducted at Eve Technologies (Calgary, Canada) using the Luminex® xMAP® technology. Cytokine
profiling in DG-SEC samples and EV preparations were assessed by the human cytokine array/chemokine array 65-Plex Panel
(HD65). Twenty-five microliters of each sample was diluted to 100 μL with commercial PBS and stored at −80◦C until analysis.
Cytokines released by MoDC in the culture medium were assessed by the human Cytokine Array Proinflammatory Focused
15-plex (HDF15). Following MoDC treatment, cells were pelleted by centrifugation 2 min at 2000 rpm, 4◦C and 75 μL of MoDC
culture medium was collected per well and stored at −80◦C until analysis.

. Human monocyte-derived dendritic (MoDC) cell generation

Blood samples were obtained from 22- to 35-year-old voluntary male (n= 5) and female (n= 3) healthy donors that gave written
informed consent. Fifty millilitres of blood was collected from each donor in 9 mL Vacuette® citrate tubes (Greiner Bio One,
Kremsmünster, Austria) and diluted to 90 mL with commercial sterile PBS. Thirty millilitres of diluted blood was layered on
16 mL of Ficoll-Paque™ PLUS density gradient media (Cytiva, Marlborough) in 50 mL sterile centrifugation tubes and cen-
trifuged 30 min at 400 g at room temperature without brake. The ring of peripheral blood mononuclear cells (PBMCs) was
collected in a new tube, diluted to 50 mL with RPMI medium and centrifuged 10 min at 400 g at room temperature. The PBMCs
pellet was washed twomore times with RMPI and centrifuged for 10 min at 400 g and room temperature. The final PBMCs pellet
was resuspended in PBS, 2% ultra-low endotoxin FBS (Biosera, Nuaillé, France), 1mM EDTA at a concentration of 1e+8 cells/mL
and CD14+ cells were separated using the EasySepTM Human CD14 Positive Selection Kit II (STEMCELL Technologies, Saint-
Egrève, France, #17858) with the EasySepTM Magnet (STEMCELL Technologies, #18000) following manufacturer instructions.
Separated CD14+ cells were cultured at 2 million cells per ml for 5 days in DC medium (RPMI 1640, 10 mM Hepes, 100 U/mL
penicillin,100 U/mL streptomycin (Fisher Scientific, Merelbeke, Belgium), 10% ultra-low endotoxin FBS) supplemented with IL-
4 and GM-CSF (50 and 100 ng/mL, respectively; Miltenyi Biotec, Bergisch Gladbach, Germany) to generate immature MoDC as
previously described (Tkach, 2017).
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. MoDC treatment, staining and fixation

For each donor, MoDC were centrifuged 10 min at 400 g at room temperature, resuspended in fresh DC medium, counted,
and viability controlled by 0.1% trypan blue stain exclusion (Life Technologies, Merelbeke, Belgium) was greater than 95%.
Cells were resuspended at 4 million cells per mL in DC medium and 50 μL of cell suspension (200,000 cells) was placed per
well in 96-well plates and kept at 37◦C, 5% CO2. For treatment, particle concentration in EV samples was first measured by
NTA and particles corresponding to a treatment of 5,000–100,000 particles per MoDC were resuspended in DC medium and
adjusted to final volume of 50 μL. For treatment with CCMor p3 protein-enriched samples (Figure S2), 4 μg of proteinmeasured
with Qubit protein assay were resuspended in 50 μL of DC medium. Fifty microlitres of particle or protein suspensions, LPS-
EB Ultrapure 200 ng/mL (Invivogen, San Diego, #tlrl-3pelps), or particle-free sterile PBS (Thermo Fisher Scientific, Gibco™
#20012027) were then added to the 96-well plates and gently mixed with 50 μL of MoDC cell suspension. Plates were incu-
bated 24 h at 37◦C, 5% CO2. Plates were then centrifuged for 2 min at 2000 rpm, 4◦C, and the supernatant was discarded. Fifty
microlitres of eBioscienceTM Fixable Viability Dye eFluorTM 780 (Invitrogen, Waltham MA, USA) was added to the cell pel-
lets and incubated 15 min at 4◦C protected from light following manufacturer’s instructions. Pellets were then washed with
staining buffer (PBS, 0.5% BSA, EDTA 2 mM) and centrifuged 2 min at 2000 rpm at 4◦C. Supernatant was discarded and
human FcR blocking reagent (Miltenyi Biotec) was added and incubated 15 min at 4◦C protected from light. After washing
with staining buffer and 2 min centrifugation at 2000 rpm, 4◦C, supernatant was discarded and 25 μL of staining antibodies
diluted in staining buffer (see antibodies and reagents) was added and incubated 30 min at 4◦C protected from light. After
washing with staining buffer and 2 min centrifugation at 2000 rpm, 4◦C, the supernatant was discarded and 50 μL of 3%
formaldehyde was added for fixation and incubated for 15 min at 4◦C protected from light. After a last washing supernatant was
discarded, and cells resuspended in 100 μL of staining buffer. Plates were kept protected from light at 4◦C until flow cytometry
analysis.

. Flow cytometry

Flow cytometry was performed on a BD LSRII cytometer equipped with a high throughput sampler and using BD FACS Diva™
Software. Cells were gated on forward (FSC-A) and side scatter area (SSC-A) to exclude cells debris, followed by FSC-A/FSC-H
gating to define single cell populations (Figure S2a). Exclusion of Fixable Viability Dye eFluorTM 780 (Invitrogen,WalthamMA)
was used to gate living cells following manufacturer’s instructions. Fluorescence minus one (FMO) control samples established
for each donor with LPS-treated MoDC were used to define positive population gates of each staining antibody (Figure S2a).
CD11c+/MHCII+ positive cells were defined as MoDC and a minimum of 10,000 events within the MoDC population were
acquired for each treatment condition. Flow cytometry data were analysed using the FlowJo V10 software.

. Statistical analysis

All statistical analyses performed in this manuscript were done using GraphPad Prism v9. Particle concentration measurements
were not assumed to be normally distributed and to have equal variance; theywere analysed usingKruskalWallis test withDunn’s
multiple comparisons test. Flow cytometry and Luminex data from humanMoDC were not assumed to be normally distributed
and to have equal variance; they were analysed using Friedman test (pairing within donors) with Dunn’s multiple comparisons
test or using Mann-Whitney test (no pairing within donors, Figure S2c).
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