
Article

Qualitative differences in T-cell activation by

dendritic cell-derived extracellular vesicle subtypes

Mercedes Tkach , Joanna Kowal† , Andres E Zucchetti, Lotte Enserink, Mabel Jouve,

Danielle Lankar, Michael Saitakis, Lorena Martin-Jaular & Clotilde Théry*

Abstract

Exosomes, nano-sized secreted extracellular vesicles (EVs), are

actively studied for their diagnostic and therapeutic potential. In

particular, exosomes secreted by dendritic cells (DCs) have been

shown to carry MHC-peptide complexes allowing efficient activa-

tion of T lymphocytes, thus displaying potential as promoters of

adaptive immune responses. DCs also secrete other types of EVs of

different size, subcellular origin and protein composition, whose

immune capacities have not been yet compared to those of

exosomes. Here, we show that large EVs (lEVs) released by human

DCs are as efficient as small EVs (sEVs), including exosomes, to

induce CD4+ T-cell activation in vitro. When released by immature

DCs, however, lEVs and sEVs differ in their capacity to orient T

helper (Th) cell responses, the former favouring secretion of Th2

cytokines, whereas the latter promote Th1 cytokine secretion (IFN-

c). Upon DC maturation, however, these functional differences are

abolished, and all EVs become able to induce IFN-c. Our results

highlight the need to comprehensively compare the functionalities

of EV subtypes in all patho/physiological systems where exosomes

are claimed to perform critical roles.
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Introduction

Cells secrete into their environment different types of membrane-

enclosed structures, collectively called extracellular vesicles (EVs),

which play an important role in cell-to-cell communication (Raposo

& Stoorvogel, 2013; Colombo et al, 2014; Yanez-Mo et al, 2015).

EVs have been shown to contain proteins and nucleic acids that can

be transferred to recipient cells, modifying their physiological state

(Kosaka et al, 2016; Tkach & Théry, 2016).

Live cells release very heterogeneous EV populations that have

distinct structural and biochemical properties depending on their

subcellular site of origin. Exosomes are a subtype of EVs that are

formed as intraluminal vesicles of multivesicular compartments of

the endocytic pathway, and they therefore present a mean diameter

of 50–150 nm, similar to the diameter of intraluminal vesicles. On

the other hand, microvesicles display a diverse range of sizes (100–

1,000 nm in diameter) and are formed and released by budding from

the cells’ plasma membrane. Cells undergoing apoptosis also release

EVs, generally called “apoptotic bodies”, with a wide range of sizes

(from 50 nm to bigger than 1,000 nm) (Crescitelli et al, 2013;

Colombo et al, 2014). EVs are commonly isolated and concentrated

by differential ultracentrifugation (Thery et al, 2006). At each step of

centrifugation, enrichment of different EVs is obtained. Large vesi-

cles (lEVs) are pelleted at low speed centrifugation (2,000 × g),

while vesicles smaller than 150 nm constitute the majority of EVs

recovered at the last step of high-speed ultracentrifugation

(100,000 × g) (Kowal et al, 2016). In the literature, the latter EVs are

generally called exosomes (Gould & Raposo, 2013). However, we

now know that this small EV pellet is composed not only of

exosomes but also of other non-exosomal vesicles (Kowal et al,

2016). We will thus use the term “small EVs (sEVs)” instead of

“exosomes” in this article.

In the past years, numerous studies have described functions of

sEVs, in all pathological and physiological systems, from cancer to

cardiovascular function, as well as development or neurobiology

(Yanez-Mo et al, 2015). Induction of T lymphocyte-dependent

immune responses by sEVs secreted by professional antigen present-

ing cells like B lymphocytes (Raposo et al, 1996) or dendritic cells

(DCs) (Zitvogel et al, 1998; Thery et al, 2002; Segura et al, 2005)

provided the first evidence that secretion of EVs could play a

communication role between cells (Thery et al, 2009; Robbins &

Morelli, 2014). DCs play a fundamental role in the initiation of

immune responses (Merad et al, 2013) by presenting exogenous

antigens to CD8+ T lymphocytes as peptides loaded onto MHC class

I molecules (a process called cross-presentation), or to CD4+ T

lymphocytes as peptides bound to MHC class II molecules. Consis-

tently, human DC-derived sEVs have been shown to bear functional

MHC class I and class II molecules that can be loaded with specific
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peptides to activate cognate T cells (Hsu et al, 2003; Admyre et al,

2006), demonstrating the capacity of DCs to spread immune

responses through sEVs. These findings motivated the use of DC-

derived sEVs to boost anti-tumour immune responses in cancer clini-

cal trials (Escudier et al, 2005; Morse et al, 2005; Besse et al, 2016),

although with limited clinical effects.

We have recently demonstrated that human DCs secrete simulta-

neously abundant and heterogeneous EVs of different sizes and from

different intracellular origins, which all bear MHC class I and class II

molecules (Kowal et al, 2016). These other types of EVs may thus

represent alternative immunotherapy tools. However, side-by-side

comparison of the immune effects of sEVs and other EVs has never

been comprehensively performed. Therefore, it is unclear whether

exosomes, despite the numerous studies describing their functions,

are the best or only EVs with interesting therapeutic potential.

Here, we have isolated different subtypes of EVs simultaneously

released by live human primary DCs and characterized their effects

on primary CD4+ T lymphocytes in vitro. Our results show that

both lEVs and sEVs secreted by immature DCs efficiently induce

activation of T cells, but these activated T cells release different

cytokines. Particularly, lEVs promote the secretion of Th2 cytokines

like IL-4, IL-5 and IL-13 while sEVs induce the secretion of the Th1

cytokine IFN-c. sEVs bearing the IFN-c-inducing activity were recov-

ered in intermediate floating fractions of a density gradient, with the

most efficient sEVs in a subfraction not enriched in bona fide

exosomes (Kowal et al, 2016). In addition, the most efficient IL-13-

inducing EVs were recovered in floating fractions of the gradient

displaying a higher density than sEVs. We could assign part of the

activity of EVs to some transmembrane receptors involved in T-cell

activation: CD40 and DC-SIGN for sEVs, and CD80 for lEVs. Upon

DC maturation; however, all types of EVs became equally efficient

to induce IFN-c secretion by Th lymphocytes, that is the kind of

immune response expected to be efficient in anti-tumour

immunotherapy.

Results

Characterization of different types of EVs secreted by human DCs

We have shown that human primary DCs differentiated in vitro from

monocytes secrete a heterogeneous range of EVs, which can be in

part separated by their pelleting properties (Thery et al, 2006; Kowal

et al, 2016). In this previous work, we extensively characterized by

transmission electron microscopy (TEM) and Western blot (WB) the

lEVs recovered by low speed centrifugation (2,000 × g = 2K), inter-

mediate speed (10,000 × g = 10K) centrifugation and sEVs pelleted

by high-speed (100,000 × g = 100K) ultracentrifugation. Our previ-

ous measuring of EV sizes on TEM pictures had shown that 95% of

EVs were smaller than 200 nm in the 100K pellet, 85% in the 10K

pellet and less than 50% in the 2K pellet (Kowal et al, 2016).

Nanoparticle Tracking Analysis (NTA, Fig 1A) showed similar

distributions, with 74.4% particles smaller than 200 nm in the 100K

pellet (median size of 155.6 nm), less than 45.1% in the 2K pellet,

which contained vesicles as big as 500 nm (median size of

199.7 nm), and a combination of both in the intermediate 10K pellet

(median size 168.2 nm). The 2K pellet contained generally lower

numbers of particles than the 100K, as quantified by NTA (Fig 1B),

but more total proteins (Kowal et al, 2016), suggesting its enrich-

ment in large, protein-containing EVs. This was confirmed by scan-

ning electron microscopy (SEM) imaging of the pellets loaded on

slides coated with poly-L-lysine, which ensures efficient capture of

all vesicles (Fig 1C). We observed numerous spherically shaped

vesicles larger than 500 nm in diameter in the 2K pellet: these lEVs

are clearly distinct from irregular-shape debris (arrow, Fig 1C, 2K

panel). The 2K pellet also contains EVs of about 200–500 nm in

diameter, and a few even smaller EVs. While analysing the

morphology of the whole DC by SEM, we observed various protru-

sions on the plasma membrane, including spherical structures of

100–250 nm, and larger tubules and ruffles that we speculate can

lead to the formation of EVs (Fig EV1A). The 100K pellet contains a

vast majority of the smallest EVs (< 100 nm, Fig 1C, 100K panel,

enlargement), but also some rare intermediate size EVs. The 10K

pellet contains a mixture of all these EVs. SEM therefore represents

a complementary imaging technique providing a comprehensive

view of the size and shape of EVs, and demonstrating the actual

vesicular nature of the lEVs.

By WB and quantitative proteomic analyses, we had observed

that the tetraspanin CD9 was present in all pellets but enriched in

the sEVs, whereas equivalent levels of the immunologically relevant

MHC class I and class II molecules were recovered in all EV pellets

(Kowal et al, 2016). Thus, we next analysed whether the relevant

immune molecules (i.e. MHC molecules) were equally displayed at

the surface of all EVs, information that could not be retrieved from

▸
Figure 1. Characterization of DC-derived EVs recovered in successive differential ultracentrifugation pellets.

A, B The different pellets of EVs isolated from DCs (2K = 2,000 × g; 10K = 10,000 × g; 100K = 100,000 × g) were analysed by Nanoparticle Tracking Analysis (NTA).

Each line corresponds to the mean � SEM of four acquired donor samples for each pellet. A wide range of particle size is observed in the 2K and 10K pellet,

whereas the size range of particles in the 100K pellets is more restricted (A). The number of purified particles secreted per million cells tracked by NTA for each

pellet (2K, 10K and 100K) was calculated using the NTA3.2 software (B) (n = 4, one symbol per donor). Red line indicates median.

C The 2K, 10K and 100K pellets were loaded on poly-lysine-coated slides, fixed and analysed by scanning EM (SEM). Inset in the 100K pellet image shows another

field with higher magnification. Arrow in 2K panel indicates a cell debris. Scale bars = 1 lm.

D The whole number of MHC II molecules on the EVs was quantified coupling the different pellets to beads and incubating them with mouse antibodies against

HLA-DR/DQ/DP. The absolute number of MHC II molecules per pellet was determined using calibration beads (see Materials and Methods for assay description)

(n = 4, one symbol per donor). Red line indicates median.

E The successive pellets were analysed by flow cytometry, to measure the overall level of surface expression of various markers. EVs were detected in a FSC/SSC gate,

which did not contain any events when dilutions of antibodies in filtered PBS in the absence of EV pellets were analysed (upper panel). EVs were stained for the

CD9 tetraspanin and immune molecules (HLA-ABC, HLA-DR and CD86) (red histogram). Isotype antibodies were used as control (black line). The specific mean

fluorescence intensity (MFI with antibody–MFI with isotype control) was calculated as value of global molecule exposure on the bulk EV pellets. Representative

histograms are shown in the lower left panel, and the quantification of the specific MFI are shown in the lower right panel (n = 8–12, one symbol per donor). Red

line indicates median. *P < 0.05; **P < 0.01; (Friedman test).
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the analysis by WB of intracellular epitopes in lysates of EVs. We

thereby used a FACS-based calibration assay previously developed

(Viaud et al, 2011) to quantify the absolute number of MHC class II

(HLA-DR, DQ and DP) molecules and observed not significantly

different levels in all pellets (mean � SEM: 2K = 7.6 × 1008 �

1.9 × 1008, 10K = 6.7 × 1008 � 9.5 × 1007 and 100K = 8.8 × 1008 �

3.2 × 1008 molecules secreted on EVs per million cells) (Fig 1D).

We have also analysed the presence of CD9, MHC class I (HLA-A/

B/C), MHC class II (HLA-DR) and the co-stimulatory molecule CD86

by direct flow cytometry with antibodies recognizing extracellular
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domains from each protein (Fig 1E). Forward scatter (FSC) and side

scatter (SSC) parameters of the flow cytometer were set to log scale

and low threshold, to allow detection of antibody-dependent fluo-

rescent signal in EV preparations above the background signal given

by antibodies in the absence of EVs (Fig 1E, upper right panel), and

by isotype control antibodies on EVs. Note that the flow cytometer

used here cannot differentiate FSC/SSC properties of EVs or poly-

styrene beads of 100 nm, 400 nm or 1 lm in diameter (data not

shown). Thus, it provides information about EVs as a bulk popula-

tion and not single EVs. By using this assay, we could corroborate

the presence of all the molecules in all EV pellets, although a clear

enrichment of CD9 and CD86 was detected in sEVs. Besides, all dif-

ferent vesicles showed variable contents of MHC class I and II, with

higher levels of HLA-DR on the 100K compared to the 2K pellet.

Finally, by TEM, we observed MHC class II staining on the surface

of several (but not all) EVs in the 10K and 100K pellet, and a partic-

ular pattern of MHC class II distribution on lEVs (> 500 nm), which

often displayed high content of MHC class II on membrane patches

(Fig EV1B).

CD4+ T cells are activated by all DC-derived EV subtypes

Since the 2K, 10K and 100K pellets all contain MHC class II, we

decided to analyse whether the EVs could exert any immunomodu-

latory effect on CD4+ T cells. Given the biochemical complexity of

EVs (proteins, lipids, nucleic acids), it is impossible to quantify their

concentration in a rigorous manner in terms of molarity, as is done

for single molecules. Furthermore, we observed that while the 2K

pellet contained, in general, more proteins and fewer particles than

the other two pellets, the 100K pellet contained, conversely, more

particles and less proteins (Fig 1B and Kowal et al, 2016). There-

fore, choosing either protein amount or particle number to equalize

the amount of EVs used in functional assays would have biased the

results in favour of either the 100K or the 2K pellet, respectively,

leading to, potentially, opposite conclusions. We thus chose to

expose T cells to EV pellets recovered from a given number of

secreting DCs, that is a given volume of conditioned medium.

Table 1 indicates the average particle number and protein content

of each pellet used in such experiments. We first evaluated how the

different EVs interacted with T cells, as compared to DC-derived

sEVs, which are known to be recruited by these cells (Nolte-’t Hoen

et al, 2009). We incubated freshly isolated total CD4+ T cells for

18 h with the different EVs labelled with DiO, and analysed them by

confocal microscopy (Fig 2A) and flow cytometry (Figs 2B and

EV2). Some CD4+ T cells became DiO+ upon treatment with each

of the different EV pellets, with similar percentages of DiO+ cells

observed in all conditions (Fig 2B), suggesting that CD4+ T cells

bind all of the EV subtypes similarly. We did not observe any DiO-

labelled CD4+ T cell when we used as control the DiO-labelled

pellets of non-conditioned medium (Fig EV2). We then assessed

T-cell activation by measuring the up-regulation of the early T-cell

activation marker CD69. The three pellets induced surface expres-

sion of CD69 on allogeneic CD4+ T cells when compared to

untreated cells (control), and the 100K was slightly more efficient

than the 2K and the 10K (Fig 2C). Upon prolonged culture, CD4+ T

cells proliferated in the presence of all EV pellets in a dose-

dependent manner and at similar rates (Fig 2D). At the highest dose

(EVs from 8 × 106 DCs), 2K, 10K and 100K pellets induced similar

proliferations of CD4+ T cells, 19.8% (�2.9%), 16.6% (�2.8%) and

17.5% (�3.0%), respectively. T-cell proliferation was due to specific

recognition of allogeneic MHC class II molecules in all EV subtypes,

as it was decreased in the presence of antibodies against HLA-DP/

DR/DQ (Fig 2E), and not observed when T cells were exposed to

autologous EVs secreted by DCs of the same donor (Fig 2F). Note

that to perform the latter experiment, we had to keep both autolo-

gous and allogeneic CD4+ T cells frozen during the 6 days of DC

culture required for their differentiation and subsequent EV isola-

tion, which resulted in a weaker responsiveness of T cells to the

10K and 100K pellets (compare Fig 2F and E). Finally, activation by

allogeneic EVs was only observed on total CD4+ T cells: none of the

EV pellets were able to induce proliferation of isolated naı̈ve T cells

(Fig 2G), as it was previously shown for mouse DC-derived sEVs

(Thery et al, 2002). These observations indicate that all types of

EVs, not only sEVs, induce direct activation of allogeneic CD4+ T

cells in an MHC-dependent manner, and that presence of activated/

memory cells is necessary for an efficient response.

Distinct DC-derived EVs promote the release of a specific

cytokine signature by CD4+ T cells

Since activation of CD4+ T cells can result in the release of different

cytokines, which reflect the polarization state of the T cells, we

examined CD4+ T-cell cytokine profile after 6 days of culture with

allogeneic EVs. IFN-c is the main cytokine secreted by Th1 effector

cells involved in cell-mediated immunity, and IL-13, as well as IL-5

and IL-4, is preferentially produced by differentiated Th2 cells that

regulate antibody-mediated humoral immune responses (Chaudhry

& Rudensky, 2013). T cells activated by the 2K pellet from 1 to

8 × 106 DCs secreted higher levels of IL-13 as compared to untreated

cells, but little or no IFN-c nor IL-17 (Th17-secreted cytokine)

(Fig 3A and B). By contrast, T cells activated by the 10K and 100K

pellet secreted IFN-c and IL-17, but only low amounts of IL-13

(Fig 3A and B), even at the highest dose of EV used. The highest

dose of EVs (i.e. secreted by 8 × 106 DCs) was used to analyse

Table 1. Calculation of the average number of particles and total proteins present in the EV pellets from 1, 2, 4 and 8 million DCs.

Million of secreting

cells

Total number of particles Total protein (lg)

2K 10K 100K 2K 10K 100K

8 4.11 × 10
08

� 2.27 × 10
07

5.18 × 10
08

� 3.83 × 10
07

6.82 × 10
08

� 4.97 × 10
07

23.2 � 2.4 13.6 � 2.4 8.8 � 1.6

4 2.06 × 10
08

� 1.14 × 10
07

2.59 × 10
08

� 1.92 × 10
07

3.41 × 10
08

� 2.48 × 10
07

11.6 � 1.2 6.8 � 1.2 4.4 � 0.8

2 1.03 × 10
08

� 5.69 × 10
06

1.29 × 10
08

� 9.58 × 10
06

1.70 × 10
08

� 1.24 × 10
07

5.8 � 0.6 3.4 � 0.6 2.2 � 0.4

1 5.14 × 10
07

� 2.84 × 10
06

6.47 × 10
07

� 4.79 × 10
06

8.52 × 10
07

� 6.21 × 10
06

2.9 � 0.3 1.7 � 0.3 1.1 � 0.2
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secretion of other cytokines by T cells exposed to it: the other Th2

cytokines (IL-4 and IL-5) were also significantly secreted by T cells

exposed to the 2K pellet, whereas the 10K and 100K pellets induced

secretion of IL-6 (Fig 3B) and of TNF-a (100K pellet, Fig EV3A). The

10K and 100K pellets were also able to promote production of IL-5

and IL-13 in some cases, but not in a significantly different manner
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(DiO = green; DAPI = blue) (scale bars = 5 lm).

B The percentage of DiO+ T cells was analysed by flow cytometry. Total CD4+ T cells incubated for 18 h with DiO-labelled EVs coming from 4 × 10
6 DCs or cultured

alone as control (n = 11, one symbol per donor). Red line indicates median.

C CD69 expression on CD4+ T cells cultured for 18 h with the subtypes of EVs released by DCs. The percentage of CD69+ CD4+ T cells for each pellet treatment is

shown (n = 11 donors, one symbol per donor). Red line indicates median. *P < 0.05; ***P < 0.001 (Friedman test).

D Total CD4+ T-cell proliferation was evaluated after 6 days of culture with different amounts of DC-derived EVs. Proliferation was calculated by dilution of Cell Trace

Violet dye (n = 13 donors, mean � SEM is shown).

E Proliferation of total CD4+ T cells after culture for 6 days with EVs from 8 × 10
6 DCs in the presence of blocking antibodies against HLA-DR/DQ/DP or control

isotype antibodies (n = 8 donors).

F, G EVs from 8 × 10
6 DCs were cultured with autologous or allogeneic total CD4+ T cells (F) or with total versus naïve CD4+ T (G) for 6 days to evaluate T-cell

proliferation (n = 4 donors (F) and n = 10 donors (G)).

Data information: (E–G) P-values were calculated using a Wilcoxon signed-rank test: *P < 0.05; **P < 0.01; ***P < 0.001.
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from spontaneous secretion by untreated CD4+ T cells. We also

measured other cytokines in the supernatants, such as IL-9 (Th9-

secreted cytokine) and IL-10 (secreted by Treg) (Chaudhry &

Rudensky, 2013), but we did not observe any significant differences

compared to their basal levels secreted by non-activated T cells

(Fig EV3A). IFN-c and IL-13 were the two cytokines produced in the

greatest amounts in our cultures upon EV treatment (ranges of 0.2–

2 ng/ml). We thus used the ratio of secreted IFN-c versus IL-13 as

an indication of the relative proportions of Th1 versus Th2 lympho-

cytes. The median IFN-c/IL-13 ratio was below 1 (0.45) for the 2K-

stimulated CD4+ T cells, whereas it was above 1 (3.1 and 3.8) for

the 10K- and 100K-stimulated T cells, respectively (Fig 3C). This

suggests that lEVs can tip the balance towards Th2, whereas

medium and sEVs tip it towards Th1 lymphocytes. To study cyto-

kine production by individual CD4+ T cells that proliferated upon

EV stimulation (6 days culture), we performed intracellular staining

for IFN-c, IL-4 and IL-17 after 4 h stimulation with PMA and iono-

mycin. The percentage of different cytokine-producing subpopula-

tions (Fig EV3B and C) and their relative proportions (Fig EV3D)

were calculated for the proliferating CD4+ T cells. We observed that

in all activation conditions, cytokine-expressing cells were in major-

ity single IFN-c producers (Fig EV3C). Cells activated by the 2K

pellet, however, were more frequently IL-4 single-positive (10.2%)

than cells activated by the 10K and 100K pellets (2–4%, Fig EV3C
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Figure 3. CD4+ T cells release different cytokines upon stimulation by DC-derived EV subtypes.

A The concentration of IL-13, IFN-c and IL-17 was measured by cytometric bead array (CBA) in supernatants after 6 days of culture of total CD4+ T cells with EVs

released by 1 to 8 × 10
6 DCs (n = 9, mean � SEM is shown).

B The concentration of IL-4, IL-5, IL-6, IL-13, IFN-c and IL-17 was measured by CBA in supernatants after 6 days of culture of total CD4+ T cells with the highest dose of

EVs (the released by 8 × 10
6 DCs). Each individual DC-EV donor was used on T cells from two different donors, providing two biological replicates. Results are

expressed as fold induction compared to untreated CD4+ T cells (n = 11, one symbol per individual DC-EV:T-cell combination). Red line indicates median. The range of

cytokines secreted by untreated CD4+ T cells was 8.3–15 pg/ml of IL-4; 18–109.1 pg/ml of IL-5; 12.4–961.1 pg/ml of IL-13; 18–115.2 pg/ml of IL-6; 23–894.4 pg/ml of

IFN-c; 20–152.5 pg/ml of IL17.

C Th1 to Th2 ratio was calculated by dividing the absolute amount of IFN-c (pg/ml) to the absolute amount of IL-13 (pg/ml) secreted by a given T-cell donor exposed to

the different pellets obtained from an individual DC donor (n = 20 individual DC-EV:T-cell combination). The ratio is represented as a box plot (25th to 75
th percentiles,

the line represents the median; whiskers, min to max, points represent outliers as calculated by Tukey’s test).

Data information: (B and C) P-values were calculated using a Friedman test. *P < 0.05; **P < 0.01; ***P < 0.001.
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and D), whereas the latter were more frequently multifunctional,

especially by producing simultaneously IFN-c and IL-17A (10.7%),

than cells activated by the 2K pellet (3.2%) (Fig EV3C and D). In

addition, among the proliferating CD4+ T cells, the 10K and 100K

pellets were more efficient at inducing cytokine-producing cells (58–

61%) than the 2K pellets (51%) (Fig EV3D). Therefore, even if all

types of EVs efficiently induce CD4+ T-cell activation, the resulting

functionality of Th cells is different.

To determine whether each EV pellet contained functionally dif-

ferent subpopulations of vesicles, we used floatation into iodixanol

gradients, which allowed us previously to separate two distinct EV

populations from 10K and 100K pellets (Kowal et al, 2016). Here,

we collected 5 × 1 ml fractions (instead of 10 × 0.5 ml in Kowal

et al, 2016), which were numbered [1–2] to [9–10] from top to

bottom (Fig 4A), to match Kowal’s numbering of fractions. We

observed that the majority of the MHC II- and CD9-containing vesi-

cles floated in the first three fractions ([1–2, density 1.08–1.09], [3–

4, density 1.10–1.11] and [5–6, density 1.13–1.14]) (Fig 4B and C),

consistent with our previous observation. However, for the 2K pellet

of some donors, there were also MHC II-containing vesicles in the

dense fractions [7–8, density 1.17] and [9–10, density 1.18–1.19]

(see quantification of individual Western blots: Fig 4C). We then

analysed the effect of all fractions on CD4+ T cells and found that

the IFN-c-inducing activity was recovered in several fractions

(Fig 4D, right panel) with a predominance in the fraction [5–6].

Therefore, all sEVs are able to polarize Th1 cells, but the exosome-

enriched fraction (fraction 3 in Kowal et al, 2016) is less efficient

than the exosome-depleted one (fraction 5 in Kowal et al, 2016).

Fractions [5–6] of the 10K and 100K pellets also showed an ability

to promote IL-13-secretion. Strikingly, the IL-13 inducing activity of

the 2K was significantly recovered in the first and lightest fraction

[1–2] and in the denser fractions [7–8] and [9–10], with a predomi-

nance in the dense floating fraction [7–8] (Fig 4D, left panel). There-

fore, the IL-13-inducing activity of the 2K pellet is present

throughout the gradient, but the strongest in floating fractions that

contain low levels of MHC II, suggesting that other EVs (with a low

content of CD9 and MHC II) participate in the promotion of Th2

cells.

Since all these EVs are simultaneously released by the same DC

population, we next asked whether their distinct CD4+ T-cell polar-

ization abilities were determined by the secreting DCs themselves. A

fixed number of CD4+ T cells were cultured with increasing

amounts of DCs, side-by-side with the highest amount of vesicles

used in Figs 2 and 3. We observed an equivalent proliferation rate

for T cells cultured with 125–250 intact DCs as for the EVs of

8 × 106 DCs (Fig 5A). The CD4+ T cells stimulated by this amount

of DCs (125 and 250) secreted both IL-13 and IFN-c at similar levels

as observed with the EV pellets (Fig 5B). When we calculated the

Th1/Th2 ratio, we observed that intact DCs promote both Th1 and

Th2 responses, with median values of the IFN-c/IL-13 ratio not

significantly different from 1, which is in contrast with the selective

Th1 induction by both 10K and 100K pellets (ratio > 1) (Fig 5C).

Finally, to determine whether DCs could activate T cells at a

distance by releasing EVs, without the “artefactual” step of EV

centrifugation and concentration, we co-cultured DCs and T cells

separated through either a 0.4-lm or a 1-lm porous membrane

(Fig 5D). At a 1:1 DC:T-cell ratio, we observed that T cells produced

both IL-13 and IFN-c at higher levels than T cells cultured alone
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Figure 4. Analysis of EV function after floatation on iodixanol gradient.

A–C Pellets obtained after 2K, 10K and 100K centrifugations from 80–

120 × 10
6 cells were floated into an overlayed iodixanol gradient (A). Five

fractions were collected and analysed by WB (representative of five

experiments) (B), showing the floatation of MHC II- and CD9-enriched

EVs in fraction F3–4 and fraction F5–6. Densities of recovered fractions,

as measured by refractometry, are shown below the WB figure (mean

density of five independent gradients). Quantification of the distribution

of MHC II relative abundance in all fractions of each centrifugation pellet

analysed by WB of five independent experiments (C). For each pellet,

arbitrary units (AU) = (SIfraction)/sum(SIF1–2 + SIF3–4 + SIF5–6 + SIF7–8 +

SIF9–10) where SI = signal intensity (i.e. ratio of signal intensity in the

given pellet to the total secreted protein) (n = 5, one symbol per donor).

Red line indicates median.

D IL-13 and IFN-c secretion was measured in supernatants after 6 days of total

CD4+ T-cell culture with the different fractions of the iodixanol gradients of

the 2K, 10K and 100K pellets. The graph indicates the relative contribution of

each fraction to the total cytokine secretion induced by each pellet. The

relative contribution for each donor was calculated as CCfraction/sum

(CCF1–2 + CCF3–4 + CCF5–6 + CCF7–8 + CCF9–10) for each pellet, where CC is

cytokine concentration. Mean + SEM is shown. Below each graph, the sum of

the cytokine concentration in all the fractions for each pellet is shown

(median of 14 individual DC-EV:T-cell combinations).

Source data are available online for this figure.
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(Fig 5D). Interestingly, at the 1:8 ratio, no IL-13-production was

observed in the co-culture through the 0.4-lm filter, which retains

EVs larger than 400 nm. Altogether, these results confirm that the

DCs spread their capacity to induce Th1 and Th2 responses into

distinct subtypes of EVs, carrying separately each activity.

The molecular composition of the EV surface is involved in the

induction of T-cell responses

We next searched for molecular determinants that could explain

differential functionalities of the 100K and 2K pellets. We thus

analysed our extensive proteomic comparison of the medium

(10K) and small DC-derived EVs (100K) (Kowal et al, 2016), to

identify differentially expressed proteins with immune functions.

In this proteomic approach, we had not analysed the 2K pellets,

but since proteins enriched in the 10K fractions were always even

more abundant in the 2K pellet, as measured by WB, we used

the proteomic analysis of 10K as an indication of the trend we

could expect in the 2K pellet. We observed enrichments of some

known immune regulators in the 100K fractions in our proteomic

data: CD40 (Uniprot: TNR5, gene: TNFRSF5) was significantly

detected with 3–5 peptides in each biological replicate of the

100K pellet and barely detected in the 10K (< 3 peptides), DC-

SIGN (Uniprot and gene: CD209), an adhesion molecule with

immunomodulatory properties (den Dunnen et al, 2009), was

very abundant in both 10K and 100K pellets (around 20 different

peptides), but was significantly (P = 0.0006) 2.5 times enriched in

the 100K as compared to 10K fractions of our proteomic data.

We confirmed enrichment of DC-SIGN and CD40 in the 100K

pellets by WB (Fig 6A and B). We then asked whether these

molecules were involved in the response induced by the medium

and small EVs. We blocked the interaction between CD40 and
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Figure 5. Comparison of the effect of DC-derived EVs versus the whole DC on T cells.

A Total CD4+ T cells were isolated, stained with Cell Trace Violet dye and cultured for 6 days with increasing numbers of in vitro differentiated DCs or with EVs purified

from these DCs (2K, 10K and 100K). Proliferation was calculated by dilution of the fluorescent dye on CD3+CD4+ cells (n = 8, one symbol per individual DC-EV:T-cell

combination). Red line indicates median.

B The concentration of IL-13 and IFN-c was measured in culture supernatant after 6 days of culture of total CD4+ T cell with 125 and 250 whole DCs or with their

secreted EVs. Results are expressed as fold induction compared to untreated CD4+ T cells (n = 8, one symbol per individual DC-EV:T-cell combination). Red line

indicates median. The range of cytokines secreted by untreated CD4+ T cells was 20.8–402.7 pg/ml of IL-13; 24.8–143.6 pg/ml of IFN-c.

C Th1 to Th2 ratio was calculated by dividing the concentration of IFN-c to the concentration of IL-13 for each donor, for the whole DC-T-cell co-culture (125 and 250

DCs) and for the EV-T-cell culture (n = 8). Results are shown as a box plot (25th to 75
th percentiles, the line represents the median; whiskers, min to max, points

represent outliers as calculated by Tukey’s test). *P < 0.05; **P < 0.01; ***P < 0.001 (Friedman test).

D DC and T cells were co-cultured in a Transwell system, separated through either a 0.4-lm or a 1-lm porous membrane at a 1:1 or 1:8 DC:T-cell ratio. After 6 days,

the supernatants were analysed for the presence of IL-13 and IFN-c by cytometric bead array. Experiments done with 0.4-lm or with 1-lm pore are completely

independent (not paired donors) (n = 4–5, one symbol per individual DC:T-cell combination). Red line indicates median. *P < 0.05, **P < 0.01; one-way ANOVA

followed by Bonferroni’s multiple comparison test.
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CD40L present in T cells using blocking antibodies against CD40L

and evaluated T-cell proliferation (Fig EV4A) and cytokine secretion

(Figs 6C and D, and EV4B). Note that the levels of cytokine secre-

tion were decreased in the presence of irrelevant isotype-control

antibodies, although not significantly, as compared to those

observed in the absence of antibodies (Figs 6C and E, and EV4B

and D). Blocking CD40–CD40L interaction did not significantly

affect EV-induced proliferation of CD4+ T cells (Fig EV4A), nor

IL-13 secretion by CD4+ T cells exposed to the 2K pellet (Fig EV4B,

2K), nor IFN-c secretion induced by the 10K pellet (Fig 6C, 10K). By

contrast, in cells exposed to the 100K pellet, IFN-c secretion was

significantly decreased (P = 0.0004) by anti-CD40L (Fig 6C, 100K).

Moreover, in these cells, the ratio between IFN-c and IL-13 levels

was also decreased (Fig 6D, 100K). Similarly, blocking DC-SIGN

using an antibody in the EV-CD4+ T-cell cultures also resulted in

minor, but significant decrease of 100K pellet-induced IFN-c secre-

tion (P = 0.0024), without altering T-cell proliferation or IL-13

secretion (Figs 6E and F, and EV4C and D). Again, the Th1 to Th2

ratio was also decreased upon blocking of DC-SIGN (Fig 6F). Thus,

CD40 and DC-SIGN expression on sEVs both partially explain their

ability to favour Th1 polarized CD4+ T cells.

The same approach was not sufficient to identify molecular

mechanisms underlying the specific T-cell responses promoted by

the 2K pellet, since we did not spot, in our previous proteomic

analysis, an obvious protein candidate with immune regulatory

properties that would be enriched in the 10K compared to the

100K. Thus, we performed a mini-screen with blocking antibodies

against various DC molecules involved in DC–T-cell interaction or

in T-cell activity. We searched for those who blocked IL-13 induc-

tion by the 2K pellet, without affecting IFN-c secretion induced by

the 100K pellet, that is the opposite pattern as that observed with

anti-CD40L and DC-SIGN antibodies (Fig 6G). As compared to cyto-

kine secretion observed in the presence of isotype control antibod-

ies, antibodies blocking ICOSL (ICOSLG), TNF-a (TNFA) or TGF-b

(TGFB1) did not decrease IL-13 secretion by the 2K pellet-exposed

T cells, and anti-TGF-b decreased IFN-c secretion induced by the

100K, even though TGF-b was slightly more abundant in the 2K

than 10K or 100K pellets (Fig EV4E). Anti-OX40L (TNFSF4) slightly

increased secretion of IL-13, as well as of IFN-c. By contrast, anti-

bodies blocking MHC class II, LFA-1 (ITGAL), CD80 (CD80) or

CXCR4 (CXCR4) induced a two- to fourfold decrease of IL-13 secre-

tion in the 2K-exposed cultures (Fig 6G). However, blocking MHC

Class II, LFA-1 or CXCR4 also decreased more than twofold IFN-c

secretion induced by the 100K pellets, suggesting, as expected, that

these molecules are involved in EV–T-cell interaction in general. By

contrast, when blocking CD80, we observed that IFN-c secretion

promoted by the 100K was not affected (Fig 6G). The potential

involvement of CD80 in the specific activity of 2K pellets was there-

fore further investigated. Western blotting revealed similar levels of

CD80 as well as MHC II in all pellets, whereas other molecules like

the tetraspanin CD9 tended to be more abundant in the 100K pellets

(Fig 6H and I), as shown before (Fig 1E, Kowal et al, 2016). By

quantifying the secretion of the full-range of cytokine induced by

all three pellets, we confirmed that anti-CD80 blocked IL-13 induc-

tion exclusively in T cells cultured with the 2K (Fig 6J) without

affecting significantly their proliferation (Fig EV4F), while IFN-c

secretion induced by any pellet was unaffected (Fig EV4G). Conse-

quently, the IFN-c/IL-13 ratio became higher than 1, thus switched

in favour of Th1 rather than Th2 cells, in cultures exposed to the

2K pellets and CD80-blocking antibodies (Fig 6K). These results

indicate that CD80 is partly responsible for the specific Th2-

promoting activity of lEVs.

◀
Figure 6. Blockade of CD40–CD40L interaction or of DC-SIGN decreases the response induced by sEVs, whereas blockade of CD80 decreases the response

induced by lEVs.

A, B The successive pellets (2K, 10K, 100K) of EVs isolated from DCs were analysed by WB side-by-side with the lysate of producing cells (CL, 0.4 × 10
6 cells), using

antibodies to MHC II, CD40 and DC-SIGN. Equivalent volume of each pellet was loaded on the gels (10 × 10
6 of secreting cells). Representative images (A) and

quantifications (B) are shown (n = 5 donors, one symbol per donor). Red line indicates median.

C, D DC-derived EVs (from 8 × 10
6 secreting cells) were cultured for 6 days with total CD4+ T cells pre-incubated with blocking antibodies against CD40L. IFN-c

secretion for the cells stimulated with the different pellets is shown (C). Th1 to Th2 ratio was calculated by dividing the concentration of IFN-c to the

concentration of IL-13 for each DC-EV:T-cell donor combination (D) (n = 7–18). The range of cytokines secreted by untreated CD4+ T cells was 20.3–483.1 pg/ml of

IL-13; 30–319.2 pg/ml of IFN-c.

E, F DC-derived EVs (from 8 × 10
6 secreting cells) were pre-incubated with blocking antibodies against DC-SIGN for 30 min and then cultured with total CD4+ T cells

for 6 days. Secretion of IFN-c for CD4+ T cells at the end of the culture with the 2K, 10K and 100K pellets is shown (E). Th1 to Th2 ratio was calculated as

previously described for each DC-EV: T-cell donor combination (F) (n = 7–14). The range of cytokines secreted by untreated CD4+ T cells was 18–31 pg/ml of IL-13;

21.5–194.8 pg/ml of IFN-c.

G Mini-screen using blocking antibodies against several molecules known to be relevant for DC:T-cell interaction or to T-cell activation by DCs (MHC II, ICOSL, CD40L,

DC-SIGN, CD80, OX40L, TNF-a, TGF-b, CXCR4, LFA-1). DC-derived 2K and 100K pellets (from 2 × 10
6 secreting cells) were pre-incubated with the indicated blocking

antibodies or its corresponding isotype control for 30 min before the addition of the CD4+ T cells. In some cases, CD4+ T cells were incubated with the blocking

antibodies prior the addition of the DC-derived EVs (see Materials and Methods for details). The CD4+ T cells were cultured for 6 days, and the IL-13 and IFN-c

were measured in the culture supernatants. Heat map representing the median of the log2-transformed fold change respect to each isotype control is shown

(n = 4–6 individual DC-EV:T-cell combinations). Asterisks indicate significant difference of the blocking antibody with respect to the isotype antibody treatment.

H, I The successive pellets (2K, 10K, 100K) of EVs isolated from DCs were analysed by WB side-by-side with the lysate of producing cells (CL, 0.4 × 10
6 cells), using

antibodies to MHC II, CD80 and CD9. Equivalent volume of each pellet was loaded on the gels (10 × 10
6 of secreting cells). Representative images (H) and

quantifications (I) are shown (n = 4, one symbol per donor). Red line indicates median.

J, K DC-derived EVs (from 2 × 10
6 of secreting cells) were pre-incubated with blocking antibodies against CD80 for 30 min and then cultured with total CD4+ T cells for

6 days. Secretion of IL-13 at the end of the culture with the 2K, 10K and 100K pellets is shown (J). Th1 to Th2 ratio was calculated as already described for each

donor (K) (n = 7). The range of cytokines secreted by untreated CD4+ T cells was 200.3–730.5 pg/ml of IL-13; 18–151.3 pg/ml of IFN-c.

Data information: (C, E and J) Results are expressed as fold induction compared to untreated CD4+ T cells. Each symbol represents a single DC-EV:T cell combination. Red

line indicates median. (D, F and K) Results are expressed as the ratio between the absolute value of secreted IFN-c to the absolute value of secreted IL-13, shown as a

box plot (25th to 75
th percentiles, the line represents the median; whiskers, min to max, points represent outliers as calculated by Tukey’s test). For all panels, P-values

were calculated using a Wilcoxon signed-rank test. *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.
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All EV subtypes from IFN-c-matured DCs promote secretion of

the Th1 cytokine

Lastly, we asked whether maturation of DCs alters the characteristic

of the different subtypes of EVs and their capacity to promote dif-

ferential responses. As done for the clinical trial using DC-derived

sEVs in lung cancer patients (Viaud et al, 2011; Besse et al, 2016),

we treated DCs with IFN-c during the EV-secretion time. This treat-

ment induced maturation of the DCs, with a majority of cells

expressing high levels of MHC class II and CD86 maturation mark-

ers, whereas the non-treated DCs were composed of a mixed

population of immature (low MHC class I and CD86) and mature

DCs (Fig 7A). We observed by NTA analysis that the IFN-c treat-

ment of DCs did not alter the number of particles present in the 2K,

10K and 100K pellets, as compared to those of untreated DCs

(Fig 7B). However, we noticed that more sEVs were now present in

the 2K pellet, since 65% of these particles were smaller than

200 nm (Fig 7C), as compared to 45% for 2K-EVs from untreated

DCs (Fig 1A). This observation is consistent with SEM images show-

ing that IFN-c-matured DCs displayed a smooth surface, devoid of

the plasma membrane ruffles observed in immature DCs (compare

Figs EV5A and EV1A). We then treated CD4+ T cells with vesicles
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Figure 7. IFN-c treatment of DCs results in IFN-c secretion induced by lEVs.

A DCs treated for 24 h with IFN-c present a mature phenotype characterized by an up-regulation of the co-stimulatory molecule CD86 and of HLA-DR measured by

flow cytometry. One representative histogram profile is shown.

B, C The different pellets of EVs isolated from untreated- or IFN-c-treated DCs were analysed by NTA. The number of purified particles secreted per million DCs (B) or

their size distribution (C) is shown (n = 4). In (C), each line corresponds to the mean � SEM of four acquired donor samples for each pellet.

D, E Total CD4+ T cells were cultured for 6 days with EVs derived from DCs treated or not with IFN-c. Proliferation (D) and IL-13 (left panel) and IFN-c secretion (right

panel) (E) were evaluated at the end of the culture. Individual donors from untreated- versus IFN-c-treated DCs are shown. Results in (D) are expressed as fold

induction compared to untreated CD4+ T cells, and the red line indicates median (n = 8, each symbol represents a DC-EV:T cell donor combination). The range of

cytokines secreted by untreated CD4+ T cells was 20.8–478.6 pg/ml of IL-13; 24.8–688.1 pg/ml of IFN-c.

F Th1 to Th2 ratio was calculated by dividing the concentration of IFN-c to the concentration of IL-13 for each donor, for the EV-T-cell culture (n = 8). Results are

shown as a box plot (25th to 75
th percentiles, the line represents the median; whiskers, min to max, points represent outliers as calculated by Tukey's test).

Data information: (E and F) P-values were calculated using a Wilcoxon signed-rank test; *P < 0.05.
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from control or from IFN-c-treated DCs and evaluated their prolifer-

ation (Fig 7D) and cytokine secretion (Fig 7E). As for immature

DCs, the three EV pellets from IFN-c-treated DCs induced similar

T-cell proliferation. Strikingly, however, the differential cytokine

secretion induced by the distinct EVs was abolished, with the 2K

pellets showing similar levels of IFN-c induction as the 10K and

100K pellets (Fig 7E, right panel, and F). Similar levels of IFN-c

were measured in 2K pellets of immature and IFN-c-treated DCs,

ruling out artefactual presence of IFN-c coming from the DC treat-

ment (Fig EV5B). Altogether, these results thus show that differen-

tial immune activities can be obtained from different subtypes of

EVs released by human DCs, and that these activities can be modu-

lated by treating the secreting DCs with a maturation-inducing

stimulus.

Discussion

Following our study showing that human monocyte-derived DCs

secrete a very wide and heterogeneous spectrum of vesicles (Kowal

et al, 2016), we aimed to characterize and compare the effects of

these different types of EVs on T cells. Our data show that: (i) all EV

types efficiently induce T-cell activation and expansion; (ii) distinct

EV subtypes promote secretion of different cytokines by CD4+ T

cells: both exosomal and non-exosomal sEVs induce IFN-c secre-

tion, suggesting Th1 polarization, whereas lEVs, which float at

higher densities than sEVs in density gradients, preferentially favour

IL-13 secretion and Th2 orientation; (iii) DCs display both Th1 and

Th2 polarizing capacities, which are released separately in their dif-

ferent EV subtypes; (iv) the molecules CD40 and DC-SIGN on sEVs

and CD80 on lEVs are involved in their specific Th activating abili-

ties; (v) all EVs released by IFN-c-activated DCs promote Th1 type

of responses. One major outcome of this work is to provide, for the

first time, an integrated view of the specific versus shared immune

activities of DC-derived EVs. Our results highlight the need for

comprehensive deciphering of the functional diversity of EV

subtypes, in the future, for any patho/physiological systems.

Activation of human CD4+ T clonal cell lines by exosomes from

Epstein–Barr virus-infected B lymphocytes was the first observation

suggesting an immune effect of these vesicles (Raposo et al, 1996).

The activation of primary CD4+ T cells by exosomes secreted by

murine DCs was then demonstrated in vitro and in vivo (Zitvogel

et al, 1998; Thery et al, 2002). However, our work is the first to

disclose the effect of human DC-derived sEVs on primary CD4+ T

cells and to compare it to the effect induced by all the different EVs

secreted by human DCs. The effect of exosomes derived from DCs

loaded with tumour or non-tumoral antigens on CD8+ T-cell activa-

tion has also been extensively studied, both in humans (Andre et al,

2002; Admyre et al, 2006) and in mice (Zitvogel et al, 1998), but

without comparing its efficiency with that of other EVs. The promis-

ing preclinical results showing that exosomes from DCs are capable

of inhibiting tumour growth in mice in a T cell-dependent manner

motivated the use of these vesicles as a cell-free tumour vaccine in

the clinics. Three clinical trials have been done thus far, immuniz-

ing patients with exosomes released in vitro by their own immature

(Escudier et al, 2005; Morse et al, 2005) or IFN-c-matured DCs

(Besse et al, 2016) loaded with tumour antigen-derived peptides. In

phase I and phase II trials done on melanoma and on non-small cell

lung cancer, clinical stabilization of some patients and NK cell stim-

ulation were observed, but no T-cell responses were detected. This

could be due to several reasons, such as the advanced stage of

cancer in the patients, possibly leading to compromised immune

responses. Alternatively, the MHC I- and MHC II-restricted tumour

peptides may have been insufficient to generate an adequate T-cell

response, possibly due to the absence of intact antigen allowing

simultaneous B-cell stimulation on the injected exosomes. This

feature has indeed been shown to be essential for T-cell activation

and for the induction of Th1 responses required for anti-tumour

effects (Qazi et al, 2009). The lack of T-cell responses could also be

due to an insufficient number of MHC molecules presenting the rele-

vant peptides in the injected exosome preparation. In our work, we

have observed that not only the sEVs (including exosomes) secreted

by immature DCs can activate and promote T-cell activation, expan-

sion and Th1 differentiation, but also the medium and large EVs

obtained from mature DCs (Fig 7). Furthermore, we also observed

similar efficacy of CD8+ T-cell activation by large, medium and

sEVs secreted by DCs (Fig EV6A and B). Taken together, these

results suggest that a mixture of all types of EVs released by IFN-c-

matured DCs, could be equally or even more efficient as cancer

immunotherapy than exosomes or sEV preparation, which are much

more difficult to obtain. Such immunotherapy would still qualify as

“cell-free” vaccine, as opposed to the use of membrane vesicles

generated by sonication of whole DCs as previously suggested

(Kovar et al, 2006). However, our proteomic comparative study of

DC-derived medium and sEVs revealed the presence of the

immunoregulatory molecule PD-L1 (PD1L1, CD274) which inhibits

T-cell activation, on both types of EVs (Kowal et al, 2016). Thus,

simultaneous administration of neutralizing monoclonal antibodies

to PD-L1 together with the EVs, as proposed for exosome-based

therapy (Besse et al, 2016), could be also implemented in this

setting to improve the therapy.

Concerning the molecular and cellular mechanisms of T-cell acti-

vation by EVs, our work confirms previous results published on

exosomes, expands them to the other EVs and describes surface

molecules that mediate immune effects of EVs. In addition, we

demonstrate that DC–T-cell communication can occur in vitro at a

distance, through secretion of EVs bearing functional MHC II mole-

cules, without the need for artificial isolation and concentration of

EVs (Fig 5D). MHC-peptide complexes on exosomes can be

presented to T cells either in a direct or an indirect manner (Thery

et al, 2002; Montecalvo et al, 2008; Liu et al, 2016). In the former,

MHC-peptide complexes are directly engaged by antigen-specific T

cells leading to T-cell activation, whereas in the latter recipient DCs

acquire antigens or even the MHC-peptide complexes carried by

exosomes and then present them to T cells. This indirect mechanism

is required for activation of naı̈ve T cells by DC-derived exosomes

(Thery et al, 2002), whereas pre-activated T cells can be directly

activated by DC-derived exosomes (Nolte-’t Hoen et al, 2009). In

our work, T-cell expansion was dependent on MHC class II (Fig 2E)

and was only achieved when EVs were cultured with allogeneic T

cells (Fig 2F). Hence, T cells recognize allogeneic MHC class II

molecules on EVs, in the absence of additional DCs. In the cultures

used here, both naı̈ve and memory T cells are present, and we

observed that all EVs secreted by immature DCs were able to acti-

vate total T cells, and all were unable to activate in a direct manner

naı̈ve CD4+ T cells alone (Fig 2G). Therefore, memory T cells
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probably synergize with naı̈ve T cells that have engaged antigens on

the allogeneic MHC class II molecules present on the different EV

types, to promote their activation, as described for presentation of

alloantigens on intact cells (Morimoto et al, 1985; Akbar et al, 1988,

1991).

Despite the overall similarities in effects of the different EV

subtypes, we also observed striking and clear differences in activi-

ties of large and small EVs. Another group has reported different

quantitative effects of sEVs (called exosomes) and lEVs (called ecto-

somes) released by tumour cells (Keerthikumar et al, 2015), but

here we also show a difference in qualitative effects. Large EVs that

float at high densities in iodixanol gradient (Fig 4D, fractions [7–8]),

and do not efficiently pass through 0.4-lm pores (Fig 5D) promote

secretion of Th2 cytokines. Note that separation of intracellular vesi-

cles by iodixanol gradients, using the same conditions as used here

for EVs, showed the presence of several transmembrane proteins in

fractions [7–10] (TGN46, TfR, CD45), which therefore also contain

membrane-enclosed vesicles (Hivroz et al, 2017). We only detected

MHC class II in these dense fractions by WB in some of the donors

analysed. This added to the TEM observation that MHC Class II is

not evenly distributed on lEVs but rather concentrated on patches

(Fig EV1B) suggests that these few molecules on lEVs may fall

below the detection limit of WB, but are sufficient to trigger T-cell

activation. By contrast, the sEVs, a majority of which bear MHC

class II (Fig EV1B), float at lower densities in iodixanol (Fig 4C and

D, fractions [3–6]) and promote secretion of Th1-cytokines. Surpris-

ingly, when analysing separately the two sEV subpopulations sepa-

rated by iodixanol gradient, we observed (Fig 4D) that the sEVs

floating around 1.14 g/ml (fractions [5–6]) were displaying stronger

Th1 polarizing activity than those floating around 1.09 g/ml (frac-

tions [3–4]). Indeed, our proteomic analysis had shown that the

latter contain bona fide exosomes, enriched in late endosomal

components, in addition to other sEVs, whereas the former contains

a non-exosomal subtype. Thus, our results suggest that some func-

tional activities claimed to be exosomal features could be instead

more prominent in other types of sEVs. We therefore now propose

that, within the sEVs, exosomes and non-exosomal EVs may not be

functionally equivalent.

We could assign part of the differential activity of small and large

EVs to the presence of CD40 and DC-SIGN in the former, and their

absence in the latter, and to CD80, which is present in all of them

(Fig 6). DC functions have been extensively studied through allo-

geneic T-cell stimulation assays, which led to fundamental under-

standing of DC biology and the finding of important DC

immunoregulatory molecules (McDevitt, 2000): in our study, we

used this molecular knowledge of DC functions to search for molec-

ular players of T-cell polarization in their EVs. Upon specific MHC-

peptide recognition by the T-cell receptor (TCR) of a T cell, transient

adhesive interactions between the T cell and DCs need to be

strengthened in order to properly activate T cells, resulting in an

immunological synapse. For instance, the co-stimulatory molecules

CD80 and CD86 interact with their counterparts in T cells, and the

adhesion molecule LFA-1 interacts with ICAM-1, which all together

provide a platform for sustained TCR engagement and signalling

(Dustin & Chan, 2000; Montoya et al, 2002). It has long been docu-

mented in vitro and more recently in vivo that a strong TCR signal

leads to a predominance of Th1 differentiation, whereas weak TCR

signalling leads to Th2 differentiation (Constant et al, 1995; Hosken

et al, 1995; van Panhuys et al, 2014; Besse et al, 2016). Consis-

tently, DC-SIGN has been described to have a transient role in

immune synapse stabilization and to induce prolonged TCR signal-

ling (Gijzen et al, 2007) when it binds to its counterpart ICAM-3

(Geijtenbeek et al, 2000): this function may explain why its inhibi-

tion decreases sEV-induced secretion of Th1 cytokines (Fig 6). In

the case of CD40, it promotes Th1 polarization by inducing IL-12

secretion by DCs upon interaction with CD40L on T cells (Ruedl

et al, 2000). This mechanism cannot take place in our experimental

system since DC-derived EVs cannot be induced to secrete IL-12.

Thus, signalling induced by CD40L cross-linking on T cells, together

with signalling mediated by the TCR and other co-stimulatory mole-

cules also present on the EVs, are likely responsible for Th1 polar-

ization. In addition to these molecules, we can hypothesize some

other mechanisms linked to biophysical features of sEVs. For

instance, the density of MHC class II molecules is higher on the 10K

and 100K pellet EVs, compared to the lEVs found in the 2K pellet

(Fig EV1B), which could thus explain their higher ability to promote

the secretion of Th1 cytokines (van Panhuys et al, 2014). Further-

more, highly curved sEVs probably have different mechanical prop-

erties than lEVs, that is sEVs may be more difficult to deform.

Indeed, the mechanical properties of antigen presenting substrates

have recently been recognized as important modulators of T-cell

responses (Hivroz & Saitakis, 2016), and it would be worth explor-

ing its role in EV-mediated effects.

For the ability of lEVs to induce secretion of Th2-cytokines, our

work shows CD80 to be specifically involved in this process. Since

CD80 is also detected on sEVs, we suspect that the ratio between

CD80 and other immune synapse molecules in sEVs (CD40, DC-

SIGN, CD86 (Fig 1E) and possibly others) has an impact on the final

EV function. Thus, quantitative differences in the protein composi-

tion of EVs may result in a completely different effect on the target

cells, here Th polarization. Interestingly, previous works analysing

the roles of CD80 in T-cell polarization concluded that CD80 favours

Th1 (Kuchroo et al, 1995; van Panhuys et al, 2014); however,

others showed that CD80 is required for Th2-responses in a model

of lung inflammation (Harris et al, 2001). Therefore, the expression

pattern of other co-stimulatory ligands, together with CD80, should

be further analysed to conclude on their respective polarization

abilities.

Importantly, our experimental system uses mainly immature

DCs, which are less efficient than mature DCs to induce T-cell polar-

ization, and is performed in vitro, which is a limitation of all human

studies. Thus, our work cannot be interpreted in terms of the

physiological roles of EVs in immune responses involving T-cell

polarization. As stated before, our goal was instead to provide a

proof-of-principle of the importance to comprehensively compare

the functionalities of EV subtypes. However, if we want to specu-

late, the observation that all EVs secreted by matured DCs favour

Th1 responses, suggests that mature DCs could not only activate

and polarize T cells by direct contact, but also via all their secreted

EVs. On the contrary, different EVs secreted by immature DCs have

different T-cell orientation capacities, thus possibly immature DCs

would send contradictory messages via their EVs, resulting in

inefficient T-cell polarization.

In conclusion, by simultaneously comparing side-by-side dif-

ferent types of EVs secreted by a given cell type, we here evidenced

both common and different functional properties of EV subtypes, in
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antigen presentation to T lymphocytes. Performing similar compara-

tive systematic studies in other physiological and pathological

systems where exosomes or EVs are shown to perform interesting

functions should be now considered. For instance, a myofibroblast-

inducing activity of tumour-derived exosomes has been previously

assigned to TGF-b-bearing exosomes (Webber et al, 2015): since we

observed as much TGF-b in lEVs than sEVs, (Fig EV4E), it would be

important to determine if TGF-b-bearing lEVs do, or not, also carry

this pro-tumoral activity. Such studies will be crucial to determine

which EVs should be used as therapeutic tools or targets in clinical

approaches.

Materials and Methods

We have submitted all relevant data of our experiments to the

EV-TRACK knowledgebase for transparent reporting on EV-related

studies (EV-TRACK ID: EV170008) (Van Deun et al, 2017).

Cells

Monocyte-derived DCs were obtained from buffy coats from healthy

human donors as previously described (Colombo et al, 2013).

Briefly, peripheral blood mononuclear cells (PBMCs) were purified

by density gradient centrifugation (LymphoPrep, Axis Shield).

CD14+ cells were enriched by magnetic sorting (Miltenyi Biotec)

and cultured at 2 million cells per ml for 5 days in RPMI 1640

(Gibco) supplemented with 10% FCS (Biowest or Lonza), 10 mM

Hepes, 100 IU/ml penicillin and 100 lg/ml streptomycin (Gibco) in

the presence of IL-4 and GM-CSF (50 and 100 ng/ml, respectively;

Miltenyi Biotec). For IFN-c-induced maturation, cells were treated

24 h with 1,000 IU/ml rIFN-c (Imukin, Boehringer Ingelheim,

France) on day 5 in EV-depleted FCS medium. Total or naı̈ve CD4+

T cells were isolated from PBMCs or from CD14 negative fraction by

negative selection using magnetic beads (CD4+ T Cell Isolation Kit

or Naive CD4+ T Cell Isolation Kit, respectively, Miltenyi Biotec)

following the manufacturer indications. Total CD8+ T cells were

isolated from CD14 negative fraction by negative selection using

magnetic beads (EasySepTM Human CD8+ T Cell Isolation Kit, Stem

Cell Technologies) following the manufacturer indications. This

study was conducted according to the Helsinki Declaration, with

informed consent obtained from the blood donors, as requested by

our Institutional Review Board.

EV isolation

Bovine EV-depleted medium was obtained by overnight ultracen-

trifugation of RPMI 1640 medium (Gibco) supplemented with 20%

of FCS at 100,000 × g in a 45Ti rotor (Beckman Coulter). On day 5

of DC-differentiation, cells were washed in PBS (Gibco) and further

cultured in EV-depleted medium (10% EV-depleted FCS final) for

24 h before collection of conditioned medium for EV isolation. EVs

were isolated by differential ultracentrifugation as previously

described (Kowal et al, 2016). Briefly, conditioned medium was

centrifuged at 350 × g for 15 min at 4°C to pellet cells. Super-

natant was centrifuged at 2,000 × g for 20 min at 4°C (2K pellet),

transferred to new tubes and centrifuged in a 45Ti rotor for

40 min at 10,000 × g (9,000 rpm = 10K pellet), and finally for

90 min at 100,000 × g (30,000 rpm = 100K pellet). All pellets

were washed in 50–60 ml of PBS and re-centrifuged at the same

speed before being resuspended in 50 ll of sterile PBS and stored

at �20°C. Cells recovered from the first 350 × g pellet were

pooled with cells detached from the plates by incubation at 4°C in

PBS-EDTA (DCs) and counted by Countess (Invitrogen). Viability

was assessed by Trypan Blue stain 0.4% (Life Technologies)

exclusion.

EV-characterization by direct flow cytometry and

Western Blotting

Vesicles secreted by 1 × 106 DCs (2K, 10K and 100K pellets) were

stained with titrated amounts of mouse monoclonal anti-human

antibodies against CD9 (CD9-FITC (clone M-L13)), HLA-DR (HLA-

DR-APC (clone G46-6)), HLA-ABC (HLA-ABC-APC (clone G46-

2.6)) and CD86 (CD86-FITC (clone 2331 (FUN-1))) all from BD

Biosciences for 30 min at 4°C in 50 ll of filtered (0.22 lm) PBS.

As control, we acquired the dilution of the antibodies in filtered

PBS without vesicles. Samples were acquired on a MACSQuant

(Miltenyi Biotec) instrument. FSC and SSC parameters were set to

log scale and low threshold. Data were analysed with FlowJo

(Tree Star).

WB analysis was done as previously described (Kowal et al,

2016). Briefly, pellets recovered from a given number of cells

(Fig 6A and H) or 10 ll of the optiprep gradient fractions (Fig 4B)

were loaded for all samples from each preparation (2K, 10K and

100K pellet and cell) and analysed simultaneously on 4–15% Mini-

Protean� TGX Stain-FreeTM gels (Bio-Rad), under non-reducing

conditions. Transferred membranes (Immun-Blot PVDF Bio-Rad)

were developed using BM Chemiluminescence WB Substrate (POD)

(Roche), and a ChemiDoc Touch imager (Bio-Rad). Intensity of the

bands was quantified using ImageLab Software (Bio-Rad). Anti-

bodies for WB were mouse monoclonal anti-human CD9 (clone

CBL162, Millipore), MHC class II (1B5 hybridoma anti-DRa (Adams

et al, 1983)), DC-SIGN (clone 120507, R&D), CD40/TNFRSF5 (clone

82102, R&D) and CD80 (clone EPR1157(2), Abcam).

Nanoparticle Tracking Analysis

A LM10 NTA device (Malvern) was used following recommenda-

tions for EV acquisition by Gardiner et al (2013). Before each

session, the size and concentration of standard silica beads (silica

microspheres, 0.15 lm; Polysciences) was measured. All settings

for the camera were determined using the bead solution and fixed

for all measurements during the session [camera level 8, camera

shutter 3.73–8.75 ms (depending on the set of measurements),

camera gain 250.00]. For each sample, at least five videos of 30–

60 s with more than 200 detected tracks per video, and in at least

two dilutions, were taken and analysed using the Nanoparticle

Tracking Analysis software 3.2 with default settings. Results repre-

sent the mean of the videos at different dilutions (multiplying by

their correspondent dilution factor) of several donors.

EV floatation into iodixanol gradients

Iodixanol gradients were done as described previously (Kowal et al,

2016), with some modifications. Briefly, 2K, 10K and 100K pellets
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obtained by ultracentrifugation of conditioned medium from 80 to

120 million DCs were washed with PBS and resuspended in 1.2 ml

of suspension buffer containing 0.25 M sucrose, 10 mM Tris pH 8.0

and 1 mM EDTA (pH 7.4). Vesicle suspension was mixed 1:1 with

60% stock solution of iodixanol/Optiprep (Sigma) and transferred

to a SW55Ti rotor tube (Beckman). Then, 1.3 ml 20% iodixanol and

1.2 ml 10% iodixanol were successively layered on top of the vesi-

cle suspension and tubes were centrifuged for 1 h at 4°C at

350,000 × g (54,000 rpm) in SW55Ti rotor, stopping without break.

After centrifugation, five fractions of 1 ml were collected from the

top of the tube. The density of each fraction was assessed with a

refractometer (Carl Zeiss). Fractions were diluted with 1.5 ml PBS

and centrifuged for 30 min at 100,000 × g (43,000 rpm) in a TLA

110 rotor (Beckman). The fractions were resuspended in 20 ll of

PBS, and half of it was used for functional assays and the other half

for WB analysis.

MHC class II quantification assay

The absolute number of molecules of MHC class II was calculated as

described previously (Viaud et al, 2011). Briefly, a titrated mouse

antibody (Ab) anti-human HLA-DP, DR, DQ (clone CR3/43, Dako)

was incubated with increasing doses (from 0.5 to 8 million secreting

cells) of EVs coupled with 5 ll beads for 30 min at 4°C. The quan-

tification was determined using the Qifikit (Dako) containing cali-

bration beads and the anti-human HLA-DP, DR, DQ in combination

with a fluorescently labelled secondary antibody (anti mouse IgG1-

FITC, Dako). The absolute number of MHC II molecules per bead

was determined as a function of the mean fluorescence intensity

(MFI). Only doses in the linear range were used for calculation.

Final quantification is expressed as numbers of MHC II molecules/

million secreting cell.

Interaction of DC-derived EVs with T cells

DiO-labelled EVs were used to evaluate the interaction of vesicles

released by DCs with T cells. Briefly, the different centrifugation

pellets (2K, 10K and 100K) containing vesicles secreted by 24 × 106

DCs were stained with 1 lM fluorescent lipophilic carbocyanine dye

3,30-dioctadecyloxacarbocyanine perchlorate (DiO) (Vybrant� DiO

Cell-Labeling Solution, Molecular Probes) in 100 ll of PBS for

30 min at 37°C. To remove the excess of dye, vesicles were washed

three times with 2 ml PBS and re-centrifuged at the corresponding

speed for each pellet using a TLA110 rotor (Beckman). The final

pellet of DiO-labelled EVs was resuspended in 30 ll of PBS. Pellets

of non-conditioned EV-depleted FCS medium subjected to the dif-

ferential ultracentrifugation protocol were stained as indicated for

the DC-derived EVs pellets and used as control.

DiO-labelled EVs secreted by 4 × 106 DCs were cultured with

1.5 × 105 allogeneic total CD4+ T cells in T-cell medium (RPMI

1640 medium supplemented with 10% FCS, 10 mM Hepes, 0.1 mM

NEAA (Gibco), 1 mM sodium pyruvate (Gibco), 100 IU/ml peni-

cillin and 100 lg/ml streptomycin (Gibco)) in a 96-well plate for

18 h. For confocal microscopy analysis, T cells were adhered to

poly-L-lysine-coated cover slips and then fixed with 4%

paraformaldehyde. Finally, nuclei were stained with DAPI. Confocal

images were taken with LSM780 (Zeiss) with 40× (numerical aper-

tures) and maximal pinhole closing. Single plane images or zstack

images were acquired. For flow cytometry analysis of DiO+ T cells,

data were acquired on a MACSQuant flow cytometer and analysed

in FlowJo.

T-cell proliferation and cytokine secretion assay

Freshly isolated total CD4+ T or CD8+ T cells were stained with

CellTraceTM Violet Cell Proliferation (Thermo Fisher Scientific)

according to the manufacturer protocol. DC-derived EVs (secreted

by increasing amount of DCs or fixed to those secreted by

8 million DCs) were cultured with total CD8+ or CD4+ or naı̈ve

CD4+ T cells (1.5 × 105 cells/well) for 6 days in 100 ll of T-cell

medium per well (96-well plate). When intact DCs were used as

stimulators, varying amounts of immature DCs were added to

wells with 1.5 × 105 purified total CD4+ T cells stained with Cell-

TraceTM Violet Cell Proliferation, and cultured for 6 days. For

culture at a distance through porous membranes (0.4 and 1 lm),

2 × 105 T cells and either 2 × 105 (1:1 ratio) or 2.5 × 104 (1:8

ratio) allogeneic DCs were cultured on, respectively, the bottom

and the upper part of Transwell inserts (Corning� HTS Transwell)

for 6 days. In some experiments, where DC and CD4+ T cells from

the same donor were used (Fig 2F, autologous), isolated CD4+ T

cells were kept frozen at �80°C in 5% DMSO/95% FCS during the

6 days required for differentiation of monocytes into DCs and

isolation of their EVs, until culture with the EV pellets. At the end

of the T cell/EV or DC culture, cells were centrifuged and the

supernatants were collected and frozen at �20°C before analysis of

cytokine secretion by cytometric bead array (BD Biosciences)

following manufacturer indications. For intracellular cytokine

staining, cells were stimulated for 4 h with 1 lg/ml PMA (Sigma)

and 1 lg/ml ionomycin (Calbiochem) in the presence of 10 lg/ml

brefeldin A (Sigma). Cells were stained for the surface marker CD4

(CD4-peCy5, clone RPA-T4, BD Bioscience) and then with a live/

dead dye (Fixable viability dye efluor 780, eBioscience). Cells were

then fixed, permeabilized and labelled with intracellular staining

reagents according to the manufacturer’s instructions (BD

Bioscience). Cells were stained with anti-IL-4-APC (clone 8D4-8,

eBioscience), anti-IFN-c-PeCy7 (clone 45.B3, eBioscience), anti-IL-

17A-AF488 (clone BL168, Biolegend). Cells were analysed on

MACSQuant instrument. Data were analysed with FlowJo software.

In some experiments, EVs released by 2 or 8 × 106 DCs (as indi-

cated in each figure legend) were incubated for 30 min prior to T

cell addition with the following antibodies and their respective,

provider matched, isotype controls: anti-HLA-DR/DQ/DP (10 lg/

ml, clone CR3/43, isotype control: mouse IgG1, Dako), anti-DC-

SIGN (5 lg/ml, clone 120507, isotype control: mouse IgG2, R&D),

anti-CD80 (10 lg/ml, clone 37711, isotype control: mouse IgG1,

R&D), anti-OX40L (10 lg/ml, clone 159403, isotype control: mouse

IgG1, R&D), anti-ICOSL (CD275 (B7-H2) (10 lg/ml, clone MIH12,

isotype control: mouse IgG1, eBioscience)), anti-CXCR4 (10 lg/ml,

clone 12G5, isotype control: mouse IgG2a, eBioscience), anti-TNF-

a (10 lg/ml, clone clone 1825, isotype control: mouse IgG1, R&D),

anti-TGF-b1 (5 lg/ml, clone 1D11, isotype control: mouse IgG1,

R&D). In some experiments, T cells were pre-incubated for 30 min

with anti-CD40L (1 lg/ml, clone MAB617, R&D) or its correspond-

ing control isotype (mouse IgG2b, R&D), anti-CD11a (LFA-1a)

(1 lg/ml, clone HI111, isotype control: mouse IgG1, eBioscience)

before addition of the DC-derived EVs.
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TGF-b1 quantification assay

Quantitation by ELISA of the EV pellets content of TGF-b1 was

performed with single-plex assays (MesoScale Discovery) according

to the manufacturer indications. EVs from 10 × 106 cells were

subjected to an acid treatment for activation prior to use. All

samples were run as technical duplicates, and averages were used

for data analysis.

Electron microscopy

EV pellets resuspended in PBS were deposited on formvar–

carbon-coated copper/palladium grids for whole-mount TEM anal-

ysis as previously described (Thery et al, 2006). For MHC class II

labelling, samples on grids incubated with mouse anti-MHC II,

10 nm protein-A–gold (PAG) (PAG10), 1% glutaraldehyde (Elec-

tron Microscopy Sciences), before being contrasted and embedded

in a mixture of methylcellulose and uranyl acetate. Samples were

observed with a CM120 Twin FEI electron microscope (FEI

Company, Eindhoven, the Netherlands) at 80 kV, and digital

images were acquired with a numeric camera (Keen View, Soft

Imaging System, Germany).

Scanning electron microscopy

For scanning electron microscopy, cells or EVs were loaded on a

poly-L-lysine-coated coverslip and fixed with 2% glutaraldehyde in

phosphate buffer at room temperature for 1 h. Samples were

vacuum-dried and dehydrated by critical-point drying with CO2. The

specimens were mounted on metallic supports with carbon tape and

ion sputtered with cathodic gold. Analysis of samples was

performed using a Zeiss Ultra55 with high-resolution Schottky ther-

mal field emission gun (Schottky SEM-FEG).

Expanded View for this article is available online.
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