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ABSTRACT

Nano-sized membrane vesicles are secreted by many
cell types. These vesicles can serve as carriers of cellular
information. DC-derived vesicles can be targeted to other
immune cells and modify their function. Accurate analysis
of quantitative and qualitative changes in EV production
by DC upon different activation stimuli is needed to fur-
ther reveal the immune regulatory properties of DC-de-
rived EVs. However, methods for reliable quantification of
individual EVs and for analysis of the heterogeneity of EV
populations are limited. With our recently developed high-
resolution flow cytometry-based method, we can per-
form a high-throughput, multiparameter, and quantitative
analysis of individual EVs. With the use of this novel tech-
nique, we show that despite previous assumptions,
stimulation with bacterial LPS increases EV release
by DC. Furthermore, we demonstrate heterogeneity
in DC-derived EVs regarding their buoyant density
and MHC class Il content. Finally, we show that cog-
nate interaction between LPS-stimulated DC and
CD4" T cells affects both the quantity and quality of
LPS DC-derived EVs present in the culture superna-
tant. These data indicate that flow cytometry-based
analysis of individual EVs is a valuable, novel tool to
study the dynamics of EV secretion and composition,
offering great opportunities to unveil the function of
immune cell-derived EVs. J. Leukoc. Biol. 93:
395-402; 2013.

Introduction

Eukaryotic cells can release different vesicle subsets (50-1000
nm), which are either shed from the plasma membrane or

exocytosed by fusion of late endosomal compartments (multi-
vesicular bodies) with the plasma membrane (exosomes) [1].

Abbreviations: EV=extracellular vesicle, FL=fluorescence, FSC=forward
scatter, MHCII-hi/-int/-lo=high/intermediate/low amount of Major Histo-
compatibility Complex class Il, PSI=pounds/square inch, R1=NIH 3T3 cells
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These EVs can be detected in cell culture conditioned me-
dium and in a large range of body fluids [1]. EVs are secreted
by a wide variety of cells, including APCs, such as B cells and
DCs (reviewed in refs. [1, 2]). Evidence is accumulating that
the pool of vesicles released by cells into the extracellular mi-
lieu is heterogeneous. Cells may regulate the composition of
this vesicle pool by releasing vesicles from the endosomal com-
partment or the plasma membrane. Alternatively, cells may
produce phenotypically different EV subpopulations within
one subcellular compartment. The resulting heterogeneity in
EV populations may explain why different vesicle-associated
proteins distribute unequally within the classical range of den-
sities described for exosomes [3, 4].

The function of EVs mainly depends on the EV cargo (pro-
teins, lipids, and RNA), which is determined by the nature and
activation status of the producing cell (reviewed in refs. [1,
21). Various studies describe differences in the molecular
make-up and function of EVs secreted by differentially acti-
vated DCs. EVs derived from immature DCs have been used as
cell-free vaccines that can elicit T cell responses and inhibit
tumor growth in mice [5, 6]. However, such immature DC-
derived EVs cannot directly stimulate T cell responses but
need to be transferred to DCs [7, 8]. Upon stimulation with
bacterial LPS, DCs secrete EVs that are more potent inducers
of T cell responses than immature DC EVs [9, 10]. Based on
these findings, a second generation of activated DC-derived
EVs with enhanced immune stimulatory properties is now be-
ing developed for clinical application [11].

Besides functional analysis of APC-derived EVs, the identifi-
cation of triggers for EV secretion is crucial to understand the
physiological role of these EVs in immune regulation. Based
on total protein content analysis, Western blotting, ELISA, or
bead-capture flow cytometric analysis for quantification of EVs,
it has been postulated that microbial stimulation of DCs de-
creases EV secretion. This is different from B cells, which in-
crease EV secretion upon microbial stimulation [10, 12-15]. In
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contrast to the reported differences in EV secretion between B
cells and DCs after microbial stimulation, it has been proposed
that both APC types increase EV secretion upon cognate inter-
action with CD4™ T cells [13, 16]. However, a major obstacle
in studying the dynamics of EV release and their molecular
contents is the lack of reliable methods to quantify the num-
ber of secreted EVs and the number of molecules/vesicle.

The currently used quantification methods are based on
bulk analysis of EVs rather than on quantification of individual
EVs. Bulk analysis of EVs is, however, hampered by the lack of
invariable vesicle-associated “household” markers. Conse-
quently, bulk analysis-based quantification strategies cannot
discriminate between changes in EV numbers and changes in
the number of molecules/EV.

We recently developed a flow cytometry-based method for
multiparameter analysis of individual EVs. With this method,
quantification of vesicles, independently of their protein con-
tent, can be combined with the detection of specific proteins
on individual vesicle subpopulations [17, 18]. This technique
therefore offers unique opportunities for the identification of
different EV subpopulations.

In the present study, we used this novel method to analyze
the dynamics of secretion and composition of DC-derived EVs
upon stimulation of DCs with LPS and during interaction with
cognate CD4™" T cells.

MATERIALS AND METHODS
Cell culture

Bone marrow-derived DCs were generated from C57BL/6 mice, as described

[19], with minor modifications. In short, bone marrow cells were maintained
in IMDM, supplemented with 2 mM UltraGlutamine (BioWhittaker, Lonza,
Switzerland), 10% heatinactivated FCS (Sigma-Aldrich, St. Louis, MO, USA),
100 TU/ml penicillin and 100 mg/ml streptomycin (Gibco, Life Technologies,
Grand Island, NY, USA), 50 uM B-ME, and 30% conditioned medium from
GM-CSF producing R1. At Days 2, 6, and 8, medium was added or replaced.
On Day 9, nonadherent cells were collected by gentle pipetting and plated in
new dishes with fresh medium. When indicated, cells were activated with 10
ug/ml LPS on Day 13. Semiadherent and nonadherent cells were harvested
on Day 14 and replated for EV production in EV-depleted medium containing
overnight, ultracentrifuged (100,000 g) FCS and GM-CSF containing condi-
tioned R1 medium (to deplete bovine and R1 cell EV). The p53-specific CD4™
T cell clone, generated in a C57BL/6 p53’/ ~ mouse [20] and provided by
Prof. Cornelis. Melief (Leiden University Medical Center, Leiden, The Nether-
lands), was cultured as described previously [16]. For (non-)cognate LPS
DC/T cell coculture conditions, DCs were incubated with (cognate) or with-
out (noncognate) 2.5 uM p53 peptide (aa 77-96) in the presence of 10
ug/ml LPS on Day 13 and harvested and mixed in a 1:1 ratio with T cells on
Day 14 and cocultured for 20 h. Where indicated, T cells were labeled with 0.5
uM CFSE (Invitrogen, Carlsbad, CA, USA) for 15 min at 37°C. All cultures
were maintained at 37°C, 5% CO,. Experiments were approved by the Institu-
tional Ethical Animal Committee at Utrecht University (Utrecht, The Nether-
lands).

EV isolation and labeling

EVs were collected from the culture supernatants of 3 X 10° DC or 3 X
10° DC, cocultured with 3 X 10° T cells by differential centrifugation [21].
In short, cells were removed by two sequential centrifugations at 200 g for
10 min. Collected supernatant was subsequently centrifuged two times at
500 g for 10 min, followed by 10,000 g for 30 min. EVs were finally pelleted
by ultracentrifugation at 100,000 g for 65 min in a SW40 rotor (Beckman
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Coulter, Brea, CA, USA) and resuspended in 20 ul PBS containing 0.2%
BSA from a stock solution that had been cleared from aggregates by ultra-
centrifugation. EVs were fluorescently labeled with 7.5 uM PKH67 (Sigma-
Aldrich) in an end volume of 200 ul, following the manufacturer’s recom-
mendations. In case of antibody staining, EVs resuspended in 20 ul PBS/
0.2% BSA were incubated with 0.5 pg PE-labeled anti-mouse MHC class II
antibody (clone M5/114; eBioscience, San Diego, CA, USA) for 45 min at
room temperature, after which, PKH67 labeling was performed as de-
scribed above. EVs were then mixed with 2.5 M sucrose, overlaid with a
linear sucrose gradient (2.0-0.4 M sucrose in PBS), and floated into the
gradient by centrifugation in a SW40 tube (Beckman Coulter) for 16 h at
192,000 g. Gradient fractions of 1 ml were collected from the bottom of
the tube, diluted 20-fold with PBS, and analyzed by flow cytometric analysis.
Fraction densities were determined by refractometry.

Flow cytometric analysis of EV

The BD Influx flow cytometer (Becton Dickinson, Brussels, Belgium) was
used for flow cytometric analysis of individual EVs [17]. Light scattering
was measured in a straight line with the laser excitation beam with a collec-
tion angle of 15-25° (wide-angle FSC). Samples were run at low pressure
(5 PSI on the sheath fluid and 4.2 PSI on the sample) using a 140-wm noz-
zle. For all measurements, the system was triggered on the fluorescence
signal derived from the fluorescently labeled EVs, and thresholding was
applied on this fluorescence channel. Fluorescence thresholding was based
on measuring 0.22 wm-filtered PBS, allowing an event rate of not more
than six events/s. For calibration of the machine, we established fixed posi-
tions for fluorescent 100- and 200-nm polystyrene beads (yellow-green fluo-
rescent FluoSpheres; Invitrogen) in wide-angle FSC/side-scatter and wide-
angle FSC/FLI1 plots as a reference. For all analyses, light-scattering detec-
tion was performed in log mode. Samples were measured at event rates
lower than 10,000 events/s. Sucrose gradient fractions were diluted in PBS
and vortexed before measurement. The two bottom fractions of the gradi-
ent were left out, as unbound staining reagents in these fractions severely
hampered detection of labeled membrane vesicles. Sample measurements
were performed as described before [18]. PE-labeled antibodies were mea-
sured by excitation with the 561-nm laser and using a 585/42 band-pass
filter.

Western blot analysis

Sucrose gradient fractions were diluted with PBS and centrifuged for 65
min at 100,000 g using a SW60 rotor (Beckman Coulter). The pellets were
solubilized in nonreducing SDS-PAGE sample buffer and separated by
12.5% SDS-PAGE. Proteins were transferred to PVDF membranes (Milli-
pore, Billerica, MA, USA), which were blocked in PBS containing 5%

(w/v) nonfat dry milk (Protifar plus; Nutricia, Amsterdam, The Nether-
lands) and 0.1% (v/v) Tween-20, and MHCII was detected by immunoblot-
ting. Rabbit polyclonal antibody directed against the cytoplasmic domain of
mouse MHCII-B was kindly provided by Dr. Nicolas Barois [22] and de-
tected using HRP-conjugated secondary antibody (Pierce Biotechnology,
Thermo Fisher Scientific, Rockford, IL, USA). CD86 was detected by immu-
noblotting with biotinylated anti-CD86 (GL1; eBioscience) and HRP-conju-
gated streptavidin. Proteins were detected using SuperSignal West Pico
Chemiluminescent Substrate (Pierce Biotechnology, Thermo Fisher Scien-
tific). Protein levels were quantified by densitometry using Quantity One
Basic software (Bio-Rad, Hercules, CA, USA).

Flow cytometric analysis of cells

Cells were harvested and incubated with antibodies as indicated for 30 min
on ice in PBS containing 1% BSA (PBS-BSA). PE-conjugated anti-I-Ab
(clone M5/114), anti-TCR (CTVBI11), or anti-CD69 (H1.2F3) and the cor-
responding isotype control antibodies were from eBioscience. Cells were
analyzed using FACSCalibur and CellQuest (Becton Dickinson) and FCS
Express software (De Novo Software, Los Angeles, CA, USA).
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Figure 1. DCs increase EV secretion in response to LPS stimulation.
EVs were isolated from culture supernatants of nonstimulated DCs or
LPS- stimulated DCs (DC/LPS), fluorescently labeled with PKH67, and
floated into a sucrose gradient. Sucrose gradient fractions were ana-
lyzed by high-resolution flow cytometric analysis using a threshold on
PKH67 fluorescence. (A) Dot plots of reduced wide-angle FSC versus
PKH67 fluorescence representing fluorescent EVs released by nonacti-
vated DCs (left) or LPS-activated DCs (right) from pooled fractions
with densities of 1.11-1.18 g/ml. Indicated are the number of events mea-
sured in 30 s. (B) Time-based quantification of fluorescent EVs detected in
different gradient fractions. Numbers of detected events were normalized to
the number of EVs released by LPS-activated DCs with a buoyant density of
1.14 g/ml (set to 100%). Indicated are the relative quantities of EVs
(average*sp) measured in 30 s. Data are from four independent experi-
ments. (C) Average and sp of the number of EVs detected in supernatants of
nonstimulated versus LPSstimulated DCs of n = 6 independent experiments.
Indicated is the factor increase in number of EVs (pools of 1.11-1.18 g/ml
sucrose fractions) secreted by LPSstimulated DCs relative to nonstimulated
DGs (nonstimulated DC EVs were set to 1). *P < 0.05.
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Statistics

The numbers of EVs (pooled fractions 1.11-1.18 g/ml; n=6 independent
experiments), as well as differences in MHCII geomean intensity (per frac-
tion; n=6) and percentage of MHCII-positive vesicles (per fraction; n=6)
produced by DCs upon different activation stimuli, were compared statisti-
cally using a two-tailed, paired Student’s test. Differences in MHCII
geomean intensity between fractions within one activation condition (n=6)
were compared using a one-way ANOVA with Tukey’s post hoc tests. Differ-
ences in the number of MHCII-positive vesicles secreted by LPS-activated
DCGs, cultured alone or in the presence of CD4" T cells (total numbers or
numbers in arbitrary gates), were tested with a one-sample #test. All tests
were two-tailed, and P values <0.05 were considered statistically significant.
Asterisks indicate P values: *P < 0.05; **P < 0.01; or ***P < 0.001.

RESULTS AND DISCUSSION

We first determined how LPS stimulation of DCs affected the
number of secreted EVs. EVs secreted by murine bone mar-

row-derived DCs were isolated from a cell culture supernatant
by differential centrifugation and subsequently labeled for
high-resolution flow cytometric analysis of individual EVs [17].
As the light scattering of nano-sized membrane vesicles over-
laps with noise signals, EVs were labeled with the general lipid
dye PKH67 and floated by centrifugation into an overlaid su-
crose gradient [16, 17]. Based on PKH67 fluorescence, labeled
DC EVs could be detected above the fluorescence threshold
(Fig. 1A). Quantification by time-based flow cytometric analysis
demonstrated that the vast majority of vesicles produced by
nonstimulated and LPS-stimulated DCs equilibrated at densi-
ties of 1.11-1.18 g/ml (Fig. 1B), corresponding to the repre-
sentative density range of EVs [1]. Importantly, we found that
LPS stimulation of DCs led to a 1.9-fold increase in the num-
ber of EVs in the culture supernatant as compared with EVs
secreted by nonstimulated DCs (Fig. 1B and C). From a physi-
ological point of view, our finding that LPS stimulation of DCs
increases EV production is important, as such activated DC-
derived EVs with strong T cell-stimulatory capacity could ac-
tively contribute to amplification of immune responses. Our
results seem to contradict previous reports, suggesting a re-
duction in DC EV secretion upon LPS stimulation [10, 12,
14]. Differences in EV isolation procedures, such as the ad-
dition of filtration steps or low-temperature storage of cell
culture supernatant [10, 14], could explain the disparity in
results. More importantly, previous studies used total pro-
tein assays and Western blotting to assess the amount of
EVs. Such assays are, however, far from ideal for quantifica-
tion of EVs. First, phospholipids present in EVs and deter-
gents commonly used to disrupt vesicle membranes can
cause considerable errors in the measured protein values
[23]. Second, specific protein-based quantification of EVs by
Western blotting is difficult, as the amount of a specific pro-
tein may vary between different EV subsets. Importantly, our
flow cytometry-based data were recently corroborated by
Soo et al. [24], who demonstrated with a different EV quan-
tification technique (nanoparticle tracking analysis) and us-
ing DCs from a different source (human monocyte-derived
DGs) that the number of released vesicles increased upon
DC stimulation with LPS.
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Next, we investigated whether LPS-stimulated and nonstimu-
lated DCs release vesicles that differ in their MHCII content by
combining flow cytometric analysis of EV numbers and MHCII
protein detection by Western blotting (Fig. 2A and B). The
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observed increase in the number of EVs released by LPS-stimu-
lated DCs was accompanied by an overall increase in MHCII
signal obtained by Western blotting. However, within the pop-
ulation of EVs released by nonstimulated DCs, we noticed that
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density fractions containing similar numbers of EVs (densities
1.13 and 1.17 g/ml) displayed substantial differences in
MHCII protein levels (Fig. 2A). This could be a result of dif-
ferences in the MHCII content of EVs residing in these differ-
ent density fractions. Therefore, the MHCII content of anti-
body-stained individual EVs was determined using flow cytom-
etry-based analysis (Fig. 2C). The geometric mean MHCII
intensity of MHCII-positive EVs varied between the different
fractions, with EVs floating at the highest density (1.18 g/ml)
containing the highest amount of MHCII (Fig. 2D). Further-
more, the MHCII content of the lower density EVs from LPS-
activated DCs was higher compared with those EVs derived
from nonstimulated DCs (Fig. 2D). In addition, the percent-
age of MHCII-positive EVs released by LPS-activated DCs was
substantially higher compared with nonactivated DCs (Fig.
2F). Like MHCII, also the amount of CD86 released in the
culture supernatant increased upon DC activation, as mea-
sured by Western blotting (Supplemental Fig. 1). However,
both the absence of high-affinity flow cytometry antibodies for
costimulatory molecules and perhaps the lower abundance of
these molecules on the vesicles currently prohibit their detec-
tion on individual EVs using our flow cytometry-based assay.
The present data indicate that heterogeneity exists not only
between EVs produced by DCs undergoing different modes of
stimulation but also between EVs produced during one culture
condition. Collectively, our data indicate that different EV sub-
sets produced by one cell type can be identified based on
buoyant density combined with high-resolution flow cytometric
analysis of the specific protein content of individual EVs.

We previously showed that during cognate interactions of
DCs with CD4" T cells, EV-associated MHCII is released into
the culture supernatant [16, 25]. Besides this, part of the re-
leased MHCII is recruited to other DCs [7, 9, 16, 25, 26] and
part to interacting T cells in a LFA-1-dependent fashion [25].
By using flow cytometry-based analysis of individual EVs, we
here investigated whether cognate interactions between LPS-
activated, antigen-loaded DCs and antigen-experienced CD4 "
T cells resulted in selective recruitment of specific subsets of
DC EVs to these T cells. First, we compared the quantity and
quality of MHCII-carrying EVs recovered from the DC culture
supernatant in the absence or presence of cognately interact-
ing T cells. By antibody staining for MHCII, MHCII-positive
DC-derived EVs could be distinguished from MHCII-negative,
T cell-derived EVs [17]. With the use of this method, we found
a strong decrease in the number of MHCII-positive EVs in the
extracellular milieu when LPS-activated DCs were cultured in
the presence of cognately interacting T cells (Fig. 3A and B).
Importantly, this effect was strictly dependent on cognate anti-
gen recognition (Fig. 3B). Flow cytometric analysis of CFSE-
labeled CD4" T cells cocultured with nonlabeled, antigen-
pulsed, LPS-stimulated DCs revealed that the T cells were acti-
vated (indicated by reduced TCR expression and increased
CDG69 expression) and that substantial amounts of DC-derived
MHCII were recruited to the T cell surface (Fig. 4A). We next
investigated whether the cognate T cells selectively recruited
specific EV subpopulations released by the interacting DCs.
Hence, we investigated the phenotype of DC EVs present in
the supernatant of DCs or DC-T cell cultures. To quantify EVs
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Figure 3. Quantitative and qualitative analysis of DC EVs secreted during
cognate interactions with T cells. EVs were isolated from culture superna-
tants of LPS-stimulated DCs, cultured alone or pulsed with specific pep-
tide and cocultured with cognate antigen-experienced CD4" T cells
(T+p). EVs were fluorescently labeled with PKH67 and PE-labeled anti-
MHCII and floated to equilibrium into a sucrose gradient. Sucrose gradi-
ent fractions were analyzed by high-resolution flow cytometric analysis
using a threshold on PKH67 fluorescence. (A) Time-based quantification
of MHClII-positive (pos) events detected in different gradient fractions of
(cocultured) LPS-stimulated DCs. Indicated are the numbers of events
measured in 30 s. One representative experiment out of nine is shown.
(B) Ratios of the number of MHCII-positive EVs in culture supernatants
of cognate DC-T cell cultures (upper) or noncognate cultures (lower)
over the number of MHCII-positive EVs in supernatants of cultures of
LPS-stimulated DCs alone. Indicated are average values * sp of nine
(cognate interactions) or four (noncognate interactions) independent
experiments. *P < 0.05; **P < 0.01.

carrying different levels of MHCII, arbitrary gates were set for
EVs containing low, intermediate, or high levels of MHCII in
the different density fractions (Fig. 4B). In cocultures of LPS-
activated DCs with cognate T cells, EVs with buoyant densities
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of 1.12-1.18 g/ml, which contained the the highest amount of
MHCII (MHCII-hi), were eliminated most efficiently from the
culture supernatant (Fig. 4C and D). A smaller decrease was
observed for the number of 1.14-1.16 g/ml EVs with interme-
diate MHCII levels, whereas the numbers of MHCII-lo EVs in
the coculture supernatant remained unchanged. These data
suggest that MHCII-hi EVs had been recruited preferentially
onto the T cells. Alternatively, interactions with T cells could
have induced the DCs to produce relatively more EVs with
lower MHCII contents. This seems less likely, as the numbers
of MHCII-lo EVs recovered from supernatants of LPS-activated
DCs in the presence or absence of T cells were not affected
significantly. Based on these data, we conclude that CD4" T
cells selectively capture DC-derived EVs containing the higher
amounts of MHCII during cognate interactions with LPS-DC.
It is currently not known whether T cells received triggers
from the LPS-DC to increase the expression of receptors in-
volved in EV binding, e.g., LFA-1 [25], or whether MHCII-hi
EVs contain higher levels of cognate MHCII-peptide com-
plexes or other proteins involved in T cell binding. Generally,
DC EVs, which are not directly recruited to neighboring or
interacting DCs and T cells, are available for targeting to other
cells. We are currently investigating whether DC EVs, secreted
in the extracellular environment during cognate interactions
between LPS-stimulated DCs and CD4" T cells, have different
immune regulatory properties.

Conclusively, we show here that with a high resolution, mul-
tiparameter flow cytometry-based method to analyze individual
EVs, detailed information can be obtained regarding the num-
ber and heterogeneity of EVs secreted by DCs undergoing dif-
ferent modes of activation. In contrast to previously used tech-
niques, this method allows the uncoupling of quantitative and
qualitative measurements in studying secreted EVs. This is par-
ticularly important when the protein composition of EVs
changes as a result of environmental triggers, such as during
DC activation. With the use of this flow cytometric approach,
we showed that DCs increase EV secretion upon LPS stimula-
tion. In addition, we obtained evidence that the EV population
derived from cells in one culture condition contains subsets
that differ in buoyant density and protein content. The dis-
criminative ability of our technique further allowed us to dem-
onstrate that during cognate DC-T cell interactions, T cells
preferentially capture subpopulations of DC-derived EVs with
higher levels of MHCII. Based on these findings, we are confi-
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dent that high-resolution flow cytometry-based analysis of indi-
vidual EVs will open up new avenues to further unravel the
role of EVs in immune regulation.
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