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Extracellular vesicles (EVs) function as mediators of intercellular communication and as
such influence the recipient cell function. EVs derived from immune cells can carry out
many of the same functions as their parental cells, as they carry costimulatory molecules,
antigens, and antigen-MHC complexes. As a result, there is a strong interest in under-
standing the composition and origin of immune cell-derived EVs in order to understand
their role in the pathogenesis of diseases. This study aimed to optimize methodologies
to study immune cell-derived EVs. Peripheral blood mononuclear cell-derived small EVs
were isolated and observed using conventional transmission electron microscopy and
sized by nanoparticle tracking analysis. They were then enumerated and profiled using
imaging flow cytometry and were further characterized using a flow cytometric multi-
plex bead assay. These techniques were then applied to our current research, namely
smoking-related inflammatory disease. We present here a comprehensive approach to
analyze PBMC-derived small EVs in smoking-related inflammatory disease following the
Minimal Information for Studies of Extracellular Vesicle 2018 guidelines.

Keywords: Extracellular vesicles - Exovesicles - Imaging flow cytometry - Spectral flow cytom-
etry

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Almost all cell types are known to secrete extracellular vesicles
(EVs), membrane-enclosed lipid envelopes that function as medi-
ators of intercellular communication [1]. EVs have the capacity
to transfer biological signals and information, including proteins,
lipids, nucleic acids, and carbohydrates, between cells and as
such influence the recipient cell function [2]. A heterogeneity
of EVs has been determined [3]. Based on their biogenesis, EVs
are distinguished into two basic types, exosomes and ectosomes.
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Exosomes have an endosomal origin and are generated in mul-
tivesicular bodies in the form of intraluminal vesicles, and that
once formed, the multivesicular body can fuse with the plasma
membrane to release its contents as exosomes [3, 4]. The other
route of biogenesis is through the release of plasma membrane-
derived EVs, known as ectosomes, which include microvesicles
[3]. EVs are highly enriched in tetraspanins, particularly CD9,
CD63, and CD81, which are commonly used as markers of EVs,
although these tetraspanins are not present on every EV [5].
However, the function of tetraspanins extends beyond this, as
tetraspanins have been observed to be involved in EV biogenesis,
cargo selection, cell targeting, and cell uptake under physiological
and pathological conditions [6].
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Due to their function in cell-cell communication, EVs have
been implicated in immune responses associated with numerous
diseases [7]. EVs are released by all cells, and immune cells have
been shown to release EVs constitutively [8-10]. EVs derived
from immune cells can carry out many of the same functions
as their parental cells as they carry costimulatory molecules,
antigens, and antigen-MHC complexes [10-12]. This allows EVs
to transfer antigen presentation ability, directly activate T cells
[13, 14], induce maturation and presentation of acquired anti-
gens [15, 16], activate innate immune responses in uninfected
macrophages [17], inhibit cytotoxicity of natural killer cells [18],
promote apoptosis in T cells and dendritic cells (DCs) [19, 20],
and decrease antigen-presentation ability of DCs [7, 9, 20].

The role of EVs in chronic obstructive pulmonary disease
(COPD) has become an area of interest as EVs have key cell-to-
cell communication roles in cellular responses and are involved in
physiological roles and the pathology of various diseases, includ-
ing pulmonary diseases [21]. Studies have shown that respira-
tory cells and immune cells release EVs, which can be found in
the BALF and can also exit into the circulation [22-24]. Cigarette
smoke, a key factor of COPD, may lead to increased release of
proinflammatory EVs [22, 23, 25]. The role of EVs in COPD
has been systematically reviewed [26] with only a small number
of studies focusing on immune cell-derived EVs [27-29]. These
studies observed that neutrophils released EVs, which carry neu-
trophil elastase and contribute to emphysema [28, 29].

The aim of this study was to optimize methodologies to study
immune cell-derived EVs following the Minimal Information for
Studies of Extracellular Vesicle (MISEV) 2018 guidelines.

Results
In vitro culture platform

We used an in vitro platform that would enable generation,
enumeration, and characterization of extracellular vesicles from
freshly isolated PBMCs stimulated with anti-CD3/anti-CD28 for
48 hours in culture. To avoid exogenous vesicles, serum-free cul-
ture in AIM-V media was chosen. To validate this culture method,
cells were stained with markers of apoptosis (Annexin-V) and
membrane integrity (PI, Fig. 1A), and it was shown that 72% cells
were still viable at 48 h (Fig. 1B).

Analysis of PBMC-derived EVs by conventional
transmission electron microscopy and nanoparticle
tracking analysis

To confirm the structure and morphology of EVs released
from PBMCs, transmission electron microscopy (TEM) was per-
formed. Vesicles were isolated from anti-CD3/anti-CD28 stimu-
lated PBMCs cultured for 48 h by size exclusion chromatography.
Isolated vesicles were then examined by TEM. Calcein-stained
vesicles were homogenously spherical, cup-shaped, membrane-
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enclosed particles consistent with the morphology of EVs
(Fig. 1C). To analyze the size distribution of isolated PBMC-
derived EVs, measurements using Nanosight LM10/14 (nanopar-
ticle tracking analysis [NTA]) was performed. The size distribu-
tion obtained by NTA showed that most small EVs (sEVs) were
under 200 nm in size with a mode of 128 nm (Fig. 1D).

To identify the potential source of vesicles, proteomic analysis
of isolated samples was carried out (Supporting information S1).
The unique peptides identified in the isolated EV samples were
mapped to the relevant proteins. These data were then interro-
gated to look for protein signatures that have been associated
with different vesicle types. Proteins not present in EV samples
were listed as not detected. Of the proteins detected, 25 have com-
monly been reported as associated with EVs [42-44], two proteins
usually associated with being part of lysosomes and/or EVs [45],
and one protein associated with peroxisomes and/or EVs [46].

Direct in vitro enumeration and characterization of
EVs by imaging flow cytometry

Imaging flow cytometry offers high-speed single EV detection,
enumeration, and multiparametric characterization, and thus we
first optimized staining methods to directly sample PBMC cul-
tures with size exclusion chromatography and profile their whole
EV repertoire. To enable sizing of the EVs, reference nanobeads
were analyzed (Fig. 1Ei), a gate was then set to include all EVs
below the 220 nm nanobeads and were termed as “small EVs”
(containing exosomes and smaller microvesicles) (Fig. 1Eii). An
exemplar of this gate is shown in a calcein-stained PBMC sample
(Fig. 1Eiii). To remove debris and co-incident events, image anal-
ysis by “spot counting” was utilized (Fig. 1Fi). Coincident larger
particles were removed by gating out any frames containing any
visible brightfield spots and only frames containing a single cal-
cein “dot” were selected to remove any coincident or clumped
EVs (Fig. 1Fii). Gates were applied to the final plot created that
enabled an accurate EV/mL count to be made (Fig. 1Fiii).

Controls

In line with the MISEV 2018 guidelines and the MIFlowCyt-
EV framework for standardized reporting of EV flow cytometry
experiments, EVs were stained with calcein (Fig. 2Ai) or no cal-
cein (Fig. 2Aii), showing EVs were only present in the gate with
calcein-stained samples. A media only control (Fig. 2Aiii) also
showed no EVs, and through the addition of Tween-20 detergent
to EV samples, it was shown that EV count reduced to 0, indicat-
ing the vast majority of material was indeed vesicular in nature
(Fig. 2Aiv). This was repeated three times and showed a signifi-
cant difference in sEVs/mL between the calcein-stained samples
and the three controls (Fig. 2B) (one-way ANOVA; p = 0.0210).
Dunnett’s multiple comparison post hoc analyses showed signifi-
cant differences between calcein-stained experimental group and
no calcein (p = 0.0233), media only (p = 0230), and Tween20
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Figure 1. Cell viability by flow cytometry and EV characterization by IFC. (A) Representative density plots of (i) forward scatter versus side scatter to
select cells according to their size and granularity, and (ii) annexin V-FITC versus PI analysis of PBMCs. (B) Graph showing percentage cells viable at 0
and 48 h after u-CD3/a-CD28 activation for five biological repeats. Data are expressed as box and whiskers plot with minimum to maximum values.
(C) Exemplar transmission electron micrographs of isolated calcien-stained EVs from PBMCs (11,500-63,100x). (D) Size distribution of isolated
calcien-stained EV population by NTA for two biological and five technical repeats. (E) Setting gates for small EVs analysis with calcein intensity
versus side scatter: (i) nanobeads for reference of size with smallest beads at 220 nm; (ii) small EVs gate created below 220 nm; (iii) small EVs gate
copied over to sample collected for further gating. (F) Collecting events of small EVs: (i) spot count get set at 0 for brightfield Channel 09; (ii) spot
count for calcein channel 02 set at 1 for single small EVs events; (iii) statistics collected from gated EV population.
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Figure 2. EV characterization and controls for small EV study. (A) Representative images for controls for analysis of EVs: (i) calcein-stained sample;
(ii) unstained sample; (iii) calcein-stained AIM-V media only sample; (iv) calcein-stained sample with 10% Tween 20 added. (B) Significantly more
sEVs/mL in the calcein-stained sample compared with unstained sample and calcein-stained media only and detergent added samples (n = 3
biological repeats). Data are expressed as mean + SD. One-way ANOVA, *p < 0.05. Dunnett’s post hoc analyses indicated that significantly more
particles in calcein-stained experimental compared to no calcein (p = 0.0233), media only (p = 0.0230), and Tween20 (p = 0.0232). (C) Isolated

calcein-stained sEVs analyzed by IFC.

(p = 0.0232) groups. As a control, a size exclusion purified EV
sample was also analyzed by imaging flow cytometry (IFC), and
it was shown that the sEV population fell within the small EV gate
utilized for the total PBMC analysis (Fig. 2C).

Characterization of tetraspanin content of EVs

MISEV 2018 guidelines also recommend characterization of EVs
by testing for presence of components associated with EVs [31].
Imaging flow cytometry was used to quantify the amount of EV-
associated tetraspanins within the calcein-labeled PBMC super-
natants. sEVs were gated as before (Fig. 3A) and any out of focus
events removed (Fig. 3B) before the application of a sequential set
of gates to identify EVs expressing one, two, or three tetraspanins.

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

The gating strategy to identify tetraspanin expression on EVs is
shown (Fig. 3C-E). To set the cut-off for tetraspanin positive EVs,
a sample stained only with calcein was analyzed and used to
set the gate for CD9, CD63, CD81 positivity (Fig. 3C). Samples
stained with calcein and one anti-tetraspanin antibody showed
the sEVs to contain CD9, CD63 or CD81 (Fig. 3Di-iii). Label-
ing EVs with multiple antibodies could possibly lead to reduced
sensitivity due to steric hindrance around these small vesicles.
We therefore tried staining with two or three simultaneous anti-
tetraspanin antibodies in comparison to their single staining. Two
tetraspanins (CD81 and CD9) were then plotted against each
other to identify double positive EVs (Fig. 3E). The gates were set
using fluorescence minus one controls used in conventional flow
cytometry. The double positive population was then selected and
EVs plotted against the final tetraspanin (CD63) to show EVs that

www.eji-journal.eu
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Figure 3. Tetraspanins CD9, CD63, and CD81 in analysis of small EVs by IFC. (A) Small EV gate for small EVs analysis with Calcein intensity versus
side scatter. (B) Focused check feature was created using gradient RMS for calcein to remove any artifactual fluorescence when gating tetraspanin
data where multiple antibodies were used simultaneously. (C) Representative plot of calcein versus tetraspanins using samples stained with calcein
only to create gates for calcein + tetraspanins + sEVs. (D) Representative plots of calcein + tetraspanin + sEVs for (i) CD9; (ii) CD63; (iii) CD81. (E)
Representative plots for double tetraspanin+ gates created using samples stained with one tetraspanins only (single colors). (F) Double positive
population from E selected for plot gating for triple tetraspanins-positive events. (G) Graph showing over 90% of sEVs express 1 tetraspanin. (H)

© 2023 The Authors. European Journal of Immunology published by

Wiley-VCH GmbH

www.eji-journal.eu

‘L‘RVI ST

85U9017 SUOWIWOD 3A a1 3|qedl|dde ay) Ag peusenob aJe Safo 1 O ‘9Sn JO S3|nJ Joj AeiqiT aUlUO AB|IAA UO (SUONIPUO0D-PUR-SLUB)W0 4B IMAle.d 1 [puljuo//:Sdny) SuonIpuoD pue suie | 8y 8es *[£202/70//T] uo Ariqiauliuo 4811 ‘WeyBumoN JO A1sieAlun Aq eyT0SZZ02 1B/200T 0T/I0p/w0d A8 | Im Alelq puljuo//sdny wo.y pepeojumod ‘0



6 of 15

Nancy E. Gomez et al.

were positive for all three tetraspanins (Fig. 3F). We found that
even triple staining did not significantly reduce the sensitivity of
any of the three markers (Fig. 3G). Triple anti-tetraspanin staining
of the calcein labeled PBMC supernatants revealed >90% sEVs to
contain at least one tetraspanins on their surface (Fig. 3Hi). In
addition, we wanted to profile the percentage of sEVs expressing
one tetraspanin (CD9" or CD63% or CD81"), those expressing
two tetraspanins (i.e., CD9*CD63"CD81~ or CD9*CD63~CD81"
or CD9~CD63+vCD81"), and those EVs expressing all three
tetraspanins (CD9TCD637CD81%"). Percentage for EVs express-
ing a single tetraspanin was similar for all three tetraspanins,
whereas in the double positive population, the highest percent-
age was observed for CD9TCD637CD81— sEVs, and less than 5%
of sEVs expressed all three tetraspanins (Fig. 3Hii).

Surface protein profiling by multiplexed bead assay

In order to further profile the membrane proteins on the EVs and
gain insight into lineage-markers, isolated sEVs from unstimu-
lated PMBCs, with more than 70% viability, were phenotyped for
37 surface proteins using the MACSPlex Exosome kit (Fig. 4A).
This was done to study EVs that were produced naturally by cells
of the immune system. Initial gates were set to select for all 39
capture bead populations (37 surface markers and two isotype
controls) by their fluorescence in the FITC versus PE channels
(Fig. 4Bi). EVs were quantified on each protein specific popula-
tion via staining with APC-conjugated detection antibodies. Buffer
where differences of signal intensities of the single bead pop-
ulations can be observed between the control and the sample.
After normalizing the samples, we observed high levels of CD62B
CD41b, CD42a, human leukocyte antigen (HLA)-DRDPDQ, HLA-
ABC, CD40, CD69, CD31, and CD29 (Fig. 4C). CD9 and CD63
were observed at higher levels than CD81, in agreement with our
IFC data.

Effect of cigarette smoke on EV production by PBMCs

Having optimized and demonstrated novel methods for EV analy-
sis using PBMCs, we then applied these methods to our current
research, namely smoking-related inflammatory disease. PBMC
culture was exposed to two concentrations of cigarette smoke
(1% and 3% cigarette smoke extract [CSE]) or were unstimulated
(0% CSE) to determine the effects on PBMC derived EVs. Results
show that there were small nonsignificant changes in the number
of sEVs produced when exposed to 1% and 3% CSE (Fig. 5Ai)
and tetraspanin composition remained unchanged (Fig. 5Aii).

o
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Interestingly, CD9 was most highly expressed regardless of CSE
concentration (Fig. 5B). Furthermore, in the double tetraspanin
SEV population, CD9+CD637CD81~ and CD9"CD63~CD81" sEVs
were observed more than CD9~CD63"CD81* sEVs and less than
10% of sEVs were positive for all three tetraspanins. These results
are different to findings of Fig. 3 as previously PBMCs were stim-
ulated with anti-CD3/anti-CD28.

Isolated EVs were then profiled for the surface protein compo-
sition using the multiplex bead-based array (Fig. 5C), revealing
an altered profile in cigarette exposed derived EVs. Few cell lin-
eage markers were observed. Interestingly, CD40 was significantly
downregulated at 1% CSE compared to 3% CSE (p = 0.0371).
Immune cell markers HLA-ABC (HLA-Class I) and HLA-DRDPDQ
(HLA-Class II) were present in the EVs isolated, although their lev-
els did not change on exposure to CSE. Platelet markers, includ-
ing CD62B CD41b, and CD42a, were detected at high levels.
CD41b was significantly upregulated at 1% CSE compared to con-
trol (p = 0.0295) and 3% CSE (p = 0.0222), and CD42a was
significantly upregulated at 1% CSE compared to 3% CSE (p =
0.0035). Interestingly, levels of CD69, a marker that shows acti-
vation, significantly decreased at 1% CSE compared to 3% CSE
(p = 0.0488). Furthermore, the adhesion molecule CD31 was sig-
nificantly downregulated at 1% CSE compared to control (p <
0.0001) and 3% CSE (p = 0.0027). Control and CSE-EVs dis-
played similar levels of tetraspanins.

Discussion

This study aimed to optimize techniques to study extracellular
vesicles produced by immune cells. PBMC-derived sEVs were
first observed by TEM and NTA, showing presence of EVs using
well-established EV techniques. sEVs were then enumerated and
profiled using imaging flow cytometry and further characterized
using a multiplex bead assay and spectral flow cytometry. These
two techniques have the advantage over conventional TEM and
NTA through their ability to detect high numbers of EVs.

In this study, we show the use of calcein AM to enumerate SEVs
using flow cytometry. The use of IFC for EV analysis allows us to
overcome some of the challenges of measuring EVs in the submi-
crometer range often encountered with traditional flow cytome-
try, such as coincidence detection. The IFC has a precision syringe-
based sample acquisition that allows for accurate enumeration of
EV concentrations without using counting beads [47]. Calcein AM
also allows for discrimination between intact EVs and debris, as it
requires hydrolysis by intravesicular esterase to be converted into
a fluorescent analogue that is EV impermeant, and has been used
to successfully stain for EVs [33-35, 48]. A study by Gray et al.
[33] has shown that calcein AM was as sensitive at detecting EVs

<

Graphs showing (i) no significant differences on the ability to detect CD9, CD63, or CD81 positive sEVs with addition of multiple antibodies. Data
are expressed as mean + SD. Two-way ANOVA; Tukey’s multiple comparisons post hoc analyses indicated no significant differences observed.
(ii) Percentage of SEVs expressing individual tetraspanin only (CD9* or CD63" or CD81%), expressing two tetraspanins (i.e. CD9"CD63*CD81~
or CD9*CD63~CD81" or CD9~CD63"CD81") and expressing all three tetraspanins (CD9*CD63*CD81"). Percentage was determined from triple-

tetraspanin and calcein-stained samples (G-H = 5 biological repeats).
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Figure 4. Multiplex bead-based platform to analyze markers on surface of sEVs. (A) Workflow of methodology. PBMCs were cultured to generate
sEVs. sEVs were isolated by size exclusion chromatography and incubated overnight with 39 different bead populations coupled with capture
antibodies. sEVs bound to beads were detected with a cocktail of anti-CD9-APC, anti-CD63-APC, and anti-CD81-APC antibodies. (B) Representative
images of (i) 39 bead populations identified by their fluorescence in the FITC vs PE channel; (ii) APC versus PE signal intensities of single bead
populations in buffer control; (iii) APC versus PE signal intensities of single bead populations in stimulated assay. (C) Quantification of the median
APC fluorescence values for all bead populations after background correction and relative to CD9, CD63, and CD81 (n = 3 biological repeats).

as PKH26 and selectively labeled intact EVs. As the staining was
applied to both purified EVs and culture supernatant in this study,
it was of particular importance to selectively stain intact EVs as
culture supernatants are more likely to contain variable numbers
of disrupted EVs and EV fragments. Furthermore, techniques such
as NTA and other methods used for EV detection are unable to dif-

© 2023 The Authors. European Journal of Immunology published by
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ferentiate heterogenous EVs from other particles with overlapping
size, including lipoproteins and aggregated protein particles [5].
A previous study showed that calcein AM had low sensitivity in EV
samples, however, EVs were isolated prior to being stained with
calcein AM [48]. In this study, samples were stained in culture and
analyzed by IFC, with a gating strategy that allowed selection of
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Figure 5. Characterization of small EVs derived from CSE-stimulated PBMCs (A-C = 3 biological repeats). (A) IFC data collected for control and
CSE-stimulated samples: (i) sEVs/mL data of control and CSE samples. Data are expressed as mean + SD; One-way ANOVA; Tukey’s multiple
comparisons post hoc analyses indicated no significant differences observed. (ii) Percentage of sEVs positive for each tetraspanins (CD9, CD63,
CD81) for control and CSE-stimulated samples. (B) Percentage of sEVs expressing individual tetraspanin only (CD9" or CD63" or CD81"), expressing
two tetraspanins (i.e. CD9*CD63*CD81~ or CD9*CD63~CD81* or CD9~CD63+CD81") and expressing all three tetraspanins (CD9*CD637CD81") for
control and CSE-stimulated samples. Data are expressed as mean =+ SD; two-way ANOVA; Tukey’s multiple comparisons post hoc analyses indicated
no significant differences observed. (C) Surface marker profiles of control and CSE-sEVs. Expression of CD41b was significantly upregulated for 1%
CSE-EVs compared to control (p = 0.0295) and 3% CSE-EVs (p = 0.0222). Expression level of CD42a was significantly increased between 1%CSE-EVs
and 3% CSE-EVs (p = 0.0035). Expression levels of CD40 (p = 0.0371) and CD69 (p = 0.0488) were significantly lower between 1% CSE and 3% CSE EVs.
Expression levels of CD31 was significantly lower at 1% CSE compared to control (p < 0.0001) and 3% CSE (p = 0.0027). Data are expressed as mean
+ SD; two-way ANOVA; Tukey’s multiple comparisons post hoc analyses.

small EVs (i.e., under 200 nm). Isolated EVs were also analyzed = demonstrate that the EV population could still be identified with
by TEM and NTA to confirm observed sEV population. Size dis-  the gating strategy developed for sEVs.

tribution of isolated EVs observed by NTA showed most EVs were To further profile sEVs, this study observed the presence
under 200 nm in size with a mode of 128.4 nm, in agreement with  of tetraspanins (namely, CD9, CD63, and CD81), which have
the data generated by TEM. Isolated EVs were analyzed by IFC to  broad tissue expression and as plasma membrane and endosome
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membrane proteins can be used as specific EV markers. The use
of tetraspanins is an additional tool to overcome limitations of
EV detection [5]. Additionally, tetraspanins characterization of
EVs could indicate the subcellular origin of EVs, allowing for
determination of the exosomal or ectosomal nature of EVs [49].
Previous studies have analyzed co-expression of two tetraspanins
using flow cytometry [50, 51]; however, co-expression of all
three tetraspanins has not been assessed using IFC. CD9-
CD63-CD81-triple-positive EVs have been previously observed
to comprise a substantial portion of EVs using total internal-
reflection microscopy [52]. In this study, we detect three different
tetraspanins per sample with the use of IFC to analyze subsets
of EVs. Here, we show that presence of all three tetraspanins
can be simultaneously detected along with calcein without
compromising the sensitivity of staining. We also demonstrate
higher numbers of sEVs expressing both CD9 and CD63 than
sEVs bearing CD63 and CD81 or CD9 and CD81. These data
are in keeping with those previously reported for EVs isolated
from blood samples, where CD81" EVs form the smallest EV
subpopulation [53]. Furthermore, results show over 90% of sEVs
expressed one tetraspanin on their membrane. Less than 10% of
sEVs did not have any of the three tetraspanins, demonstrating
selective labeling with CD9, CD63, and CD81 leaves some SEVs
uncharacterized. Tetraspanins found in EVs have been shown
to function in EV biogenesis, cargo selection, cell targeting, and
cell uptake under physiological and pathological conditions [54].
CD9 and CD81, along with integrin a,f3, have been suggested to
be involved in the targeting and uptake of EVs by DCs [6].

To further profile the membrane of sEVs for lineage-specific
proteins, isolated sEVs from PMBCs were phenotyped for 37 sur-
face markers using the MACSPlex Exosome kit. Here, we show
the presence of nine surface proteins (CD62B CD41b, CD42a,
HLA-DRDPDQ, HLA-ABC, CD40, CD69, CD31, and CD29) at high
levels. These EVs carried molecules that are involved in immune
regulation (HLA-DRDPDQ, HLA-ABC, and CD40) and cell adhe-
sion (CD31 and CD29). Furthermore, CD62B CD41b, and CD42a
are markers expressed on platelets and megakaryocytes [55], sug-
gesting EVs derived from these sources. This reflects the fact that
platelet- and megakaryocyte-derived EVs are the most abundant
EVs in human blood, accounting for more than half of all EVs in
the peripheral blood [56, 57].

In this study, we then examined the effects of CSE on sEVs
released from PBMCs, observing the concentration and membrane
profile of sEVs. The concentrations of CSE (1% and 3%) used in
this study were based on those used in previous studies observ-
ing the effect of CSE on cells in vitro [37-39] and based on a
previous study of a “physiological” in vitro model to analyze cel-
lular and histological effects of cigarette smoke in culture [58].
We did not observe any significant differences in the number of
sEVs from control or CSE-exposed PBMCs. A previous study has
reported significantly more EVs released from CSE-exposed pri-
mary human DCs (iDCs) [59], although CSE concentration for
that study was markedly higher at 50%, which is beyond physio-
logical range. In this study, we used CSE concentrations of 1% and
3%, consistent with previous studies of the effects of CSE on cells
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in vitro [37-41]. Furthermore, observation of tetraspanin expres-
sion in this study showed that tetraspanin composition remained
unchanged after exposure to CSE. CD9 was the highest expressed
tetraspanins, followed by CD81, with CD63 being the tetraspanin
least expressed. Additionally, SEVs expressing both CD9 and CD63
or CD9 and CD81 were most highly detected, whereas sEVs bear-
ing CD63 and CD81 were minimally detected. About 5% of sEVs
were shown to bear all three tetraspanins. Differences in the
expression of tetraspanins can be due to differences in the acti-
vation state of the cells producing EVs, as upon stimulation cells
undergo phenotypic changes depending on the particular stim-
ulus given to the cells [60]. Studies have shown that immune-
cell derived EVs are functionally active as they harbor a range
of immune cell-derived surface receptors and effector molecules
from parental cells [8, 61]. As a result, immune cell-derived EVs
can modulate specific mechanisms of the innate and adaptive
immune response. Therefore, we examined the expression of 37
exosomal surface markers in sEVs isolated from PBMCs exposed
to CSE at different percentages, reflecting membrane proteins of
the original cells. Data from the MACSplex assay show signifi-
cant differences in expression of CD40, CD41b, CD42a, CD69,
and CD31 between control and CSE or between CSE concen-
trations. CD40 is a costimulatory molecule expressed by B cells,
professional APCs (including macrophages/monocytes, and DCs),
sometimes T cells, as well as nonimmune cells and tumors [62—
64]. CD40-CD40L coupling is important in various aspects of the
immune response, including activation of kinases, expression of
genes related to cellular stress, regulation of apoptosis, expres-
sion of surface molecules, as well as activation and differentiation
of immune cells and autoimmunity [63, 65, 66]. Cigarette smoke
has been shown to increase CD40 expression on lung mononu-
clear cells of mice exposed to cigarette smoke for 4 weeks and
on BM-derived DCs from healthy mice cultured in vitro with CSE
for 24 h [67]. Another study demonstrated an initial increase in
CDA40 expression in primary murine DCs cultured in vitro with
CSE for 24 h; however, this expression was significantly down-
regulated after continuous CSE exposure [68]. Here, exposing
human PBMCs to CSE in vitro for up to 48 h, we show signif-
icantly decreased levels of CD40 detected at 1% CSE, suggest-
ing that timing of exposure may also affect expression of CD40
observed. Additionally, in this study, we show significant increased
expression of CD41b and CD42a at 1% CSE. CD41b and CD42a
are markers of platelets, suggesting these are platelet-derived
EVs [57, 69]; however, currently there is no research in platelet-
derived EVs and smoking. CD69 is detected on the surface of
activated lymphocytes as an early lymphocyte activation marker
[55]. CSE has previously been shown to significantly inhibit the
expression of CD69 by natural killer cells [70, 71]. However, cell
surface expression of CD69 on cytotoxic T cells was enhanced
in COPD and smokers with normal lung function compared to
never-smokers [72]. In this study, we showed decrease of CD69
expression on sEVs at 1% CSE, suggesting reduced activation of
cells producing EVs after exposure to 1% CSE. Furthermore, CD31
is an endothelial cell adhesion molecule expressed by vascular
endothelial cells platelets and leukocytes [73, 74] and is thought

www.eji-journal.eu

l[‘RVI ST

90of1

p

85U 1T SUOWILLIOD) BAIR1D 3|l |dde ay) Aq pausenob e sajoNe YO ‘ash Jo Sa|nJ oy Arld i auluQ A3]1IM UO (SUOIIPUOD-PUB-SWLB}/W0D" A3 | IM" Afe.d 1)U Uo//SdNy) SUORIPUOD pue SWiB | Y} 39S *[£202/70/2T] uo AfiqiauljuQ A|ia ‘weybumon JO Aisealun Aq £4T0S2202 18/200T 0T/I0p/Wod Ao 1m Akeiqipuljuo//sdny wouy papeoumoq ‘0



™ 10 of 15 Nancy E. Gomez et al.

to have a function in downregulating T-cell activation [74, 75].
In this study, EV expression of CD31 decreased at 1% CSE con-
centration compared to control and 3% CSE concentration. Con-
tradicting studies have shown increased CD31 expression in EVs
derived from primary human DCs exposed to 50% CSE [59] and
increased CD31" EMPs in circulation in rats after exposure to
cigarette smoke [26, 76]. Here, we also observed expression of
HLA-ABC (MHC-I) and HLA-DRDPDQ (MHC-II), although there
were no significant differences in level of expression between con-
centrations of CSE and control for both markers. Previous study
has shown increased expression of HLA-ABC in EVs derived from
primary human DCs exposed to 50% CSE [59]. Another study
observed significantly lower expression of HLA-ABC and HLA-
DRDPDQ in bronchoalveolar lavage-derived macrophages from
smokers; however, the study also exposed alveolar macrophages
from healthy volunteers to 10% CSE in vitro and observed no sig-
nificant differences in expression of HLA-ABC or HLA-DRDPDQ
[77]. HLA-ABC is fundamental for the activation of cytotoxic
CD8™ T lymphocytes and can be found on the surface of almost all
nucleated cells [78, 79]. HLA-DRDPDQ molecules are classically
found only on B cells and APCs, such as DCs and macrophages,
thus having the ability to activate CD4" T cells [78]. Further-
more, there were no significant differences in the expression of
tetraspanins CD9, CD63 and CD81 between control and CSE-
stimulated EVs. Overall, studies have shown that cigarette smok-
ing alters the membrane profile of EVs in humans and this could
be due to CSE exposure altering signaling pathways that affect
EV formation and/or release [59, 80, 81], in agreement with the
study presented here.

In conclusion, we have outlined a protocol to analyze immune
cell-derived EVs. This protocol focuses on high-throughput flow-
based methods, including IFC that incorporates a novel gating
strategy (using the spot count feature) and a rapid staining
protocol that allows for quantification of EVs in culture and
following isolation. Additionally, we have demonstrated the
ability to observe three tetraspanins on calcein-labeled sEVs by
IFC. Furthermore, we have used spectral flow cytometry to profile
the membrane protein composition of sEVs for lineage-specific
proteins.

Materials and methods

processing of blood samples and PBMC isolation

Ethical approval was obtained from the University of Notting-
ham Medical School Ethics committee (FMHS REC ref121-1706)
and individuals consented to the study prior to blood dona-
tion. In total, five healthy volunteers (three females, two males)
between the ages of 20-25 were recruited to this study. Blood
was drawn by venepuncture and collected into heparin tubes
for PBMC isolation. Isolation of PBMCs from fresh whole blood
was done by histopaque density gradient centrifugation in serum-
free AIM-V medium (ThermoFisher). Specifically, 20 mL of blood

© 2023 The Authors. European Journal of Immunology published by
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Table 1. Assay controls to enable accurate extracellular vesicles
analysis and reporting.

Assay controls Details

Procedural controls AnnexinV/PI staining of PBMCs
producing EVs

AIM-V medium only with no
stimulators; calcein AM added

AIM-V medium only with
stimulators; calcein AM added

No calcein AM, no
fluorophore-associated
monoclonal antibodies

Isotypes for anti-tetraspanins
monoclonal antibodies; calcein
AM added

Calcein AM only; Calcein AM with

Buffer only
Buffer with reagents

Unstained controls

Isotype controls

Single-stained

controls single tetraspanin
Detergent treated 10% Tween20 added; calcein AM
EV samples added

was diluted 2:1 in AIM-V medium. The diluted blood was lay-
ered over histopaque (Sigma, Poole, UK) and centrifuged at 800
g for 22 min, with an increase speed of 1 and a decrease of 0.
The resultant mononuclear layer was removed from the surface
of the histopaque and washed twice with AIM-V medium, then
re-suspended in a known volume. A cell count was performed
using a haemocytometer, and PBMCs were resuspended at 2 x
10° cells/mL in AIM-V medium.

T-cell activation

Human PBMCs were stimulated with immobilized anti-human
CD3 and soluble anti-human CD28 antibody (at a final concen-
tration of 2 jwg/mL). Briefly, 2 wg/mL anti-CD3 (diluted in sterile
PBS) [30] was added to wells in a 96-well cell culture plate (Corn-
ing, Flintshire, UK; Ref. 3799) and incubated (37°C, 5% CO,) for
90 min. The plate was then washed twice with cold sterile PBS.
PBMCs were added at a final concentration of 2 x 10° cells/mL,
and 2 pg/mL anti-CD28 was added. Stimulated PBMCs were cul-
tured for up to 48 h.

Assay controls for EV analysis

Following MISEV guidelines and the MIFlowCyt-EV framework for
standardized reporting of EV flow cytometry experiments, Table 1
shows the controls used to enable accurate analysis of EVs [31,
32].

Cell viability (annexin V and PI staining)

Cell viability and apoptosis of PBMCs was tested during time of
EV collection using annexin V/PI staining. Note that 10° cells
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were stained with annexin/PI using the Annexin V-FITC kit (Mil-
tenyi Biotec, Woking, UK), according to manufacturer’s instruc-
tions. Flow cytometric analysis of cells labeled was performed
using BD FACS Canto A (BD Biosciences). A minimum of 20,000
events were acquired. Data were analyzed with the use of Kaluza
Software (Beckman Coulter V2.0).

EV staining using calcein AM and anti-tetraspanin
monoclonal antibodies

Calcein AM staining for EVs was carried out for EV analysis
using IFC. Previous studies have reported successful labeling of
EVs using calcein AM [33-35], and this method has been used
to distinguish between intact EVs and debris. A 1 mM stock
solution of calcein AM (Biolegend) was prepared by reconsti-
tuting in anhydrous DMSO and added to cell suspensions with
a final concentration of 0.1 pM and incubated for 1 h (37°C,
5% CO3).

For staining, 1 pL of anti-tetraspanin monoclonal anti-
body (CD9-VioBlue (130-118-809), CD63-PE (130-118-077), and
CD81-APC (130-119-787) (Miltenyi Biotec)) was added per test
conducted. Samples were incubated at 37°C for 30 min. Equiva-
lent concentrations of the respective isotype controls were added
to samples to determine the degree of nonspecific binding. In
addition, validation of vesicle detection was determined by label-
ing of samples that had been treated with 10% Tween20 (10 pL)
at room temperature for 15 min.

EV isolation by size exclusion chromatography

Note that 4 million cells (2 million cells/mL) were cultured for
48 h. Supernatants were removed from wells and concentrated to
approximately 400-500 pL using a Vivaspin 20, 10 kDa ultrafil-
tration unit (Sartorius) by centrifuge at 3000 x g for 10 min to
pre-clear cell culture supernatant. EVs were then isolated by size
exclusion chromatography using qEV original 35 columns with an
automatic fraction collector (Izon Science) that collects EVs rang-
ing from 35 to 350 nm. Fractions 1-5 of 1.0 mL were collected and
concentrated using Vivaspin 20 column at 3000 x g for 10 min.
EV fractions (~500 pL) were transferred into 1.5-mL microcen-
trifuge tubes covered with film to prevent drying and then stored
at —80°C.

As with other EV isolation protocols, the complete elimination
of potential cell contamination cannot be confirmed. Proteomic
analysis of isolated samples was thus carried out to examine vesi-
cle types present in the samples as identified by protein markers
(Supporting information S1).

Transmission electron microscopy

Isolated EVs were fixed in 3% glutaraldehyde solution in cacody-
late buffer for 30 min. Note that 10 pL of sample was added
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to poly-L-lysine treated carbon film slot grids (EM resolutions)
and left to settle for 15 min. Samples were then washed twice
with ddH20 and stained with 1% uranyl acetate for 5 min,
and the excess amount was removed using blotting paper. TEM
was carried out using a Tecnai Biotwin-12 with an accelerating
voltage of 100 kV.

Nanoparticle tracking analysis

EVs for NTA analysis were isolated by size exclusion chromatogra-
phy as stated above. An LM10/14 Nanosight (Nanosight, Malvern
Panalytical) instrument was used to analyze isolated EVs. Prior
to analysis, a 1:10 dilution of 100 nm carboxylated polysterene
(CPC100; IZON) and a 1:1000 dilution of 200 nm polystyrene
(Malvern Panalytical) nanoparticles were used to test the sensi-
tivity of the instrument [36]. EV samples were diluted such that
less than 200 particles were tracked per image. Automatic set-
tings were applied for the minimum expected particle size, mini-
mum track length, and blur settings. For capture settings, screen
gain was set at 1, and camera level was set at 13 (shutter 1390;
gain 372). For analysis settings, screen gain was set at 13, and the
detection threshold was set at 3. Five 60 s movies were captured
at 30 frames per second for each sample. Data processing and
analysis of particle size distribution were performed using NTA
Software 3.3 Dev build 3.3.301 (Malvern Panalytical).

Imaging flow cytometry

IFC was performed using ImageStreamX MKII (Luminex) with the
following laser powers: 405nm (120 mW), 488nm (200 mW),
561 nm (200mW), 642nm (150 mW) and side scatter (SSC).
Channels 01 and 09 were set to brightfield (BF) and channel
12 was set to side scatter (SSC). Samples were acquired, for a
time span of 10 min unless the acquisition was complete, using
the software INSPIRE. Reference nanobeads (NFPPS-52-4K)
(Spherotech) were analyzed to display a reference standard. Data
analysis was performed using IDEAS software. IDEAS feature
“objects/mL” was utilized to determine the concentration of
gated small EVs. A spot count feature was first created (Spot
Count_Spot (M09, Ch09, Bright, 1, 1, 1)_4) to exclude any events
with a brightfield image. A second spot count feature (M02, Cal-
cein, Bright, 1, 5, 1) 4 was created to include only events with
a single calcein “dot” and to exclude any coincident or clumped
EVs.

Protein measurements
Protein concentrations in isolated EV fractions were measured
using a BCA protein assay kit (ThermoFisher) according to man-

ufacturer’s instructions.
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MACSplex surface protein profiling using spectral flow
cytomtery

The MACSPlex Exosome Kit (Miltenyi Biotec) allows for detec-
tion of 37 surface markers present on EVs plus two isotypes.
These include CD3, CD4, CD19, CD8, HLA-DRDPDQ, CD56,
CD105, CD2, CD1c, CD25, CD49¢, ROR1, CD209, CD9, SSEA4,
HLA-ABC, CD63, CD40, CD62B CD11c, CD81, MCSP1, CD146,
CD41b, CD42a, CD24, CD86, CD44, CD326, CD133/1, CD29,
CD69, CD142, CD45, CD31, CD20, CD14, REA, and IgGl. The
MACSPIex kit was used according to the manufacturer’s instruc-
tions for the assay using 1.5-mL tubes. Samples were ana-
lyzed using an ID7000 flow cytometer (Sony Biotechnology) and
data analyzed using Kaluza (Beckman Coulter V2.0). For anal-
ysis, the median fluorescence intensity (MFI) for all 39 capture
bead subsets were background corrected by subtracting respec-
tive MFI values from matched non-EV buffer or media controls
treated like EV-containing samples (buffer/medium + capture
beads + antibodies). Data normalization was directed toward
CD9/CD63/CD81 APC signal by using the mean of the median
signal intensity of the MACSPlex Exosome Capture Beads CD9,
CD63, and CD81 as the normalization factor for each sample. The
signal intensity of all beads was divided by the normalization fac-
tor of the respective sample.

Cigarette smoke extraction

To generate a model system to assess the methodologies devel-
oped, CSE was used. CSE is an aqueous solution containing
many of the chemicals associated with the exposure to cigarette
smoke. The solution was made fresh on the day of the exper-
iment. The smoke generated from combustion of a Marlboro
Red cigarette was bubbled slowly through phenol red-free RPMI
medium (Sigma) in a 25-mL Universal tube to obtain the CSE.
The CSE was then filtered using a 0.45 pm filter. A dilution series
of CSE was prepared and the absorbance was measured using
Nanodrop ND-1000 spectrophotometer at 320 nm. The dilution
required to get an absorbance of 0.15 (100% CSE) was then cal-
culated. A concentration range of 1-3% CSE was used to treat
PBMCs, consistent with previous studies of the effects of CSE on
cells in vitro [37-41].

Data and statistical analysis

Data analysis was performed using Prism software, version 8.2.1c
(GraphPad). Statistically significant differences of sEV concentra-
tion for sample versus controls were analyzed by ordinary one-
way ANOVA, followed by Dunnett’s multiple comparisons test.
Statistically significant differences of percentage focused single-
versus double- versus triple-stained sEVs for each tetraspanins
(CDY, CD63, CD81) were analyzed by two-way ANOVA, followed
by Tukey’s multiple comparisons test. Statistically significant dif-
ferences of sEV concentration for control versus CSE-exposed
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PBMCs and 1% versus 3% CSE-exposed PBMCs were assessed
with ordinary one-way ANOVA, followed by Tukey’s multiple com-
parisons test. Statistical significance of differences in percentage
focused sEVs was assessed with two-way ANOVA, followed by
Tukey’s multiple comparisons test for each tetraspanin at each
CSE concentration. Statistically significant differences in protein
expression on control versus CSE PBMC-derived sEVs detected by
the MACSPlex exosome kit were analyzed with two-way ANOVA,
followed by Tukey’s multiple comparisons test. Significance for
tests was defined as p < 0.05.
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