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Abstract

Background: Microvesicles are vesicles shed by plasma membranes following
cell activation and apoptosis. The role of lymphocyte-derived microvesicles in en-
dothelial function remains poorly understood.

Methods: CD4" T cells isolated from peripheral blood of healthy human donors
were stimulated using anti-CD3/anti-CD28-coated beads. Proteomic profiling of mi-
crovesicles was performed using linear discriminant analysis (LDA) from activated
T cells (MV.Act) and nonactivated T cells (MV.NAct). In addition, data processing
analysis was performed using MaxQUANT workflow. Differentially expressed pro-
teins found in MV.Act or MV.NAct samples with identification frequency = 100%,
which were selected by both LDA (p < .01) and MaxQUANT (p < .01) workflows,
were defined as “high-confidence” differentially expressed proteins. Functional ef-
fects of MV.Act on human primary microvascular endothelial cells were analysed.
Results: T cells released large amounts of microvesicles upon stimulation.
Proteomic profiling of microvesicles using LDA identified 2279 proteins (n = 2110
and n = 851 proteins in MV.Act and MV.NAct, respectively). Protein-protein
interaction network models reconstructed from both differentially expressed
proteins (n = 594; LDA p < .01) and “high-confidence” differentially expressed
proteins (n = 98; p < .01) revealed that MV.Act were enriched with proteins re-
lated to immune responses, protein translation, cytoskeleton organisation and
TNFa-induced apoptosis. For instance, MV.Act were highly enriched with IFN-v,
a key proinflammatory pathway related to effector CD4" T cells. Endothelial cell
incubation with MV.Act induced superoxide generation, apoptosis, endothelial
wound healing impairment and endothelial monolayer barrier disruption.
Conclusions: T cell receptor-mediated activation of CD4™ T cells stimulates the
release of microvesicles enriched with proteins involved in immune responses,
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inflammation.
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1 | INTRODUCTION

Cell-cell communication is key to maintaining the ho-
moeostasis of living organisms. Secreted extracellular
vesicles are a class of intercellular communicators that
can activate surface receptors and deliver their cargoes—
which are comprised of proteins, nucleic acids and
lipids—into recipient cells. Extracellular vesicles have
been traditionally categorised into three subclasses: Small
vesicles including exosomes (30-120 nm in diameter); mi-
crovesicles (MVs; previously referred to as microparticles
or ectosomes; 100-1300 nm in diameter) and apoptotic
bodies (>1000 nm in diameter). As apparent, vesicle sub-
classes overlap in size; however, they differ in their bio-
genesis: Exosomes are released by an endosomal pathway
via the formation of multivesicular bodies, whereas MVs
are directly shed from blebbing plasma membranes of
various cell types including immune cells in response to
stress stimuli (e.g. shear stress, oxidative stress and phar-
macological agents)." By contrast, apoptotic bodies arise
from dying cells.

Circulating vesicles are mainly derived from blood
and vascular cells. Increased concentrations of circulat-
ing vesicles have been reported in patients with various
conditions (e.g. atherosclerosis, sepsis, and immune dis-
eases®). Activated immune cells release MVs that reg-
ulate inflammation and vascular permeability.* In this
regard, lymphocyte-derived MVs have been less studied
than neutrophil- and monocyte-derived MVs. An early
study® showed that the human lymphoid CEM T cell line
stimulated with phytohaemagglutinin (PHA) released mi-
croparticles that altered protein expression and function
in endothelial cells. Another study® described the secre-
tion of immunoregulatory MVs from a mixed nontumoral
T cell population stimulated with PHA. A subsequent
study’ showed that human T cells purified from periph-
eral blood and activated with immobilised anti-CD3 mAb
through the T cell receptor (TCR) released MVs. By con-
trast, another mitogenic signal, such as PMA and ionomy-
cin, did not induce any release. More recently, proteomics
of exosomes produced by normal human T cell blasts
was compared to those produced by tumoral Jurkat cells
with the objective of identifying proteins associated with
tumoral exosomes that could have a role in malignancy,

inflammation and apoptosis. T cell-derived microvesicles alter microvascu-

lar endothelial function and barrier permeability, potentially promoting tissue

endothelial cell, extracellular vesicle, microvesicle, proteomics, T cells

showing that only around 40% of proteins was shared by
the two groups.®

Here, we aimed to investigate the release of MVs from
human CD4" T cells purified from peripheral blood and
activated with anti-CD3/anti-CD28-coated beads. This
model closely mimics physiological TCR-mediated T cell
activation by antigen-presenting cells.” Our proteomic
analysis revealed that MVs released from activated T cells
(MV.Act) were enriched with proteins related to various
biological processes such as immune responses and apop-
tosis. Given the regulatory role of microvascular endo-
thelium in inflammation and vessel barrier function, we
investigated the functional effects of MV.Act on human
primary cardiac-derived microvascular endothelial cells
(HMVECs). Our results indicate that MV.Act regulate
functional activities in HMVECs.

2 | MATERIAL AND METHODS
Reporting of the study conforms to broad EQUATOR
guidelines.'”

2.1 | T cellisolation and stimulation

Buffy coats were obtained from healthy donors who gave
informed consent. Peripheral blood mononuclear cells
(PBMCs) were isolated using Lympholyte (Cederlane,
CL5020) density gradient separation. CD4* T cells were
MACsorted from PBMCs using human anti-CD4 mag-
netic beads (Miltenyi Biotech, 130-045-101), stained
with carboxyfluorescein succinimidyl ester (CFSE; Life
Technologies, C34554). and plated in RPMI Medium
1640 (Gibco, A10491-01) supplemented with 10% FBS, 1%
penicillin/streptomycin, 1% Minimum Essential Medium
Nonessential Amino Acid (MEM-NAA; Gibco, 11140-035)
and 0.1% 2-mercaptoethanol. For stimulation, T cells were
incubated with anti-CD3/anti-CD28 beads (Dynabeads
Human T-Activator, Gibco, 11131D) for 5 days. T cell pro-
liferation was measured by flow cytometric CFSE dilution
assay using LSRII Fortessa analyzer. T cell phenotype was
assessed using anti-CD45RA, anti-CD45RO0O, anti-CCR7,
and anti-CD27 antibodies (all from eBioscience).
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2.2 | MVisolation and characterisation
Microvesicles were purified from T cell-conditioned
media using a published MV isolation protocol."
Briefly, cells and debris were removed by centrifugation
at 450 x g for 7 min, followed by 2000 X g for 20 min,
supernatant filtration with 1-um filters (Acrodisc) and
centrifugation at 16,000 X g at 4 °C for 30 min. Pellets
were re-suspended in PBS. MV concentrations were
measured by flow cytometry and shown as CFSE™ par-
ticles/ml. Nanoparticle tracking analysis was performed
using Nanosight NS300 (Malvern Instruments). Mean
particle size was determined from 3 sequential record-
ings using NTA 3.2 software.

2.3 | Transmission electron microscopy
Samples were fixed with 2.5% glutaraldehyde in caco-
dylate buffer (0.1 M, pH 7.35) in cellulose capillary tubes
washed in cacodylate buffer and contrasted with 1% os-
mium tetroxide for 30 min in 0.1 M cacodylate buffer, and
in 1% aqueous uranyl acetate for 1 h. Samples were de-
hydrated in an ethanol series, followed by 1 hr in propyl-
ene oxide, prior to embedding in Epon/Araldite (Sigma).
Ultrathin (70 nm) sections were poststained with lead
citrate and analysed using a transmission electron micro-
scope (Tecnai G2 Spirit, Thermo Fisher Scientific) at an
acceleration voltage of 120 KV using a Gatan Orius digital
camera.

2.4 | Western blotting

Total proteins were extracted by RIPA buffer supple-
mented with SIGMAFAST™ Protease Inhibitors and
Phosphatase Inhibitor Cocktails 3 and 2 (Sigma), boiled
with Laemmli SDS sample buffer (VWR Int.) for 5 min,
separated on 4-20% Mini-PROTEAN TGX™ Precast Gel
and transferred onto a PVDF membrane using a semi-
dry transfer system (Bio-Rad). Membranes were blocked
with LI-COR Blocking Buffer (LI-COR Biosciences) and
incubated with the following primary antibodies at the
indicated dilutions: Anti-VE-cadherin (CellSignaling,
2500; 1:1000), anti-mitofilin (Invitrogen, AB-2547893;
1:500), anti-vinculin (ThermoFisher, VLNO1; 1:1000),
anti-tumour susceptibility gene-101 (TSG101; Abcam,
ab125011; 1:1000), anti-synthenin-I (Abcam, ab133257;
1:1000), anti-GRP94 (Abcam, ab238126; 1:1000), anti-
claudin-5 (Abcam, ab15106; 1:500), anti-GAPDH (Abcam,
ab181602; 1:1000). Actin polymerization was assessed
using Biochem Kit (Cytoskeleton).
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2.5 | ImageStream” imaging
flow cytometry

Cell or MV suspensions labelled with fluorescent
dyes or antibodies were analysed using Amnis  Mark
II ImageStream™ imaging flow cytometer (Merck
Millipore).'? Cells were FACsorted using an Aria III sys-
tem (BD Bioscience). Phosphatidylserine staining was
performed using Annexin V detection kit (BioLegend).

2.6 | Liquid chromatography-tandem
mass spectrometry (LC-MS/MS)
analysis and proteomic data processing

A total of 8 samples (n = 4 for MV.Act and n = 4 for MV
from nonactivated T cells; MV.NAct) were analysed using
Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer
at Functional Genomics Centre, University of Zurich.
Raw files were processed by the Sequest HT algorithm
contained in the Proteome Discoverer 2.5 software
(ThermoFisher). Experimental MS/MS spectra were com-
pared with the theoretical mass spectra obtained by in
silico digestion of a Homo sapiens protein database con-
taining 75,776 sequences (UNIPROT, November 2021;
www.uniprot.org). Searching criteria were as follows:
Trypsin enzyme, three missed cleavages per peptide, mass
tolerances of +50 ppm for precursor ions and + 0.8 Da
for fragment ions. Percolator node was used with a target-
decoy strategy to give a final false discovery rate of <0.01
(strict) based on g-values, considering maximum delta-
CN = 0.05. Only peptides with a minimum peptide length
of six amino acids, "high-level” confidence and rank 1
were considered. Spearman'’s rank correlation coefficient
was used for assessing correlations among replicate analy-
ses. The spectral count (SpC) values of the identified pro-
teins were normalised using a total signal normalisation
method and compared using a label-free quantitation ap-
proach.”® The data matrix dimensionality (n = 4/condi-
tion) was reduced by linear discriminant analysis (LDA).
A pairwise comparison (MV.Act vs. MV.NAct) was per-
formed. Only proteins with an F ratio >5 and p-value <.01
were retained. Fold changes were estimated using the nat-
ural logarithm of the average Peptide Spectrum Matches
spectral count (avPSM) ratio (avPSM. Act/avPSM.NAct).
The fold-change value of a protein identified in only one
condition was conventionally set to +10. Most abundant
proteins in samples were estimated by normalising the
PSM of each protein for the respective molecular weight.'*
Proteins selected by LDA were processed by Hierarchical
Clustering applying the Ward's method and the Euclidean
distance metric. Data processing was performed using
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JMP 15.1 SAS software. To increase the significance of
protein identification and quantification, raw data was
additionally processed by MaxQuant (version 1.6.2.3)."
Scaffold (Proteome Software) was used for visualisation
of protein and peptide identification results. Data were
searched against the human database (fgcz_9606_re-
viewed_cnl_20190709). Fold-change log2 (FC log2) was
computed as the difference between the means in the two
groups (with MV.NAct as the reference group). The regu-
lated proteins were reported using predefined filtering set-
tings (adjusted p-value <.05, I[FC log2| >1). Pseudo.log2FC
and pseudo.adj.P. Val. were estimated for the proteins pre-
sent in a single condition using the mean expression level
of the bottom 10% proteins as a substitute for enrichment
analysis.

2.7 | Functional and network
proteomic analysis

Functional Annotation Tool of DAVID database’® was
used to characterise the most highly enriched biologi-
cal processes. Specifically, background = Homo Sapiens,
count >5 and EASE p < .001 were set. Enrichment profiles
were compared by LDA (p < .01). A Homo sapiens MV
protein-protein interaction (PPI) network model was re-
constructed starting from differentially expressed proteins
(DEPs; p <.01; n = 594 for MV.Act vs. MV.NAct). The net-
work was reconstructed using PescaApp'’ of Cytoscape.'®
In addition to stringApp, proteins were grouped in func-
tional modules using BINGO 2.44."° Homo sapiens or-
ganism, hypergeometric test, Benjamini-Hochberg FDR
correction and a significance level <0.01 were set. The
reconstructed network was visualised and handled by
Cytoscape. Node colour code indicated upregulated (red)
and down-regulated (blue) proteins based on average
Spectral count (avSpC) normalisation. “High-confidence”
DEPs were defined as those selectively found in either
MV.Act or MV.NAct samples with an identification fre-
quency = 100% and selected by data processing analy-
ses using both Discoverer 2.5 and MaxQUANT v1.6.2.3.
Starting from “high-confidence” DEPs, a PPI network
model was reconstructed considering their first neigh-
bours as putative protein targets, using PescaApp.'” The
reconstructed network was processed at the topological
level by Cytoscape's plugin Centiscape 2.2,% as reported.”
Specifically, Betweenness and Degree were calculated to
define protein hubs.? Statistical significance of topologi-
cal results was tested by considering randomised network
models. They were reconstructed and analysed by an in-
house R script based on VertexSort (to build random mod-
els), igraph (to compute centralities) and ggplot2 (to plot
results) libraries.

2.8 | Endothelial cells

Cardiac HMVECs (Lonza; CC-7030) were cultured in
EC Growth Medium-2 (EGM-2, supplemented EBM-2;
SingleQuots, Lonza, CC-4176), 10% FBS and 1% penicil-
lin/streptomycin in a 5% CO, air-humidified atmosphere
at 37°C. HMVECs were stained with CellTrace Violet
(LifeTechnologies, C34557).

2.9 | Immunofluorescence microscopy
Human primary cardiac-derived microvascular endothe-
lial cells were incubated with MV.Act (40,000 CFSE*
particles/ml) for 24 h. Phalloidin staining was performed
using cytoskeleton Rhodamine Phalloidin (14 microM in
methanol; PHDR1). Vinculin immunostaining was per-
formed using a specific antibody (ThermoFisher, VLNO1;
1:1000). Fluorescence microscopy was performed using
an Olympus DP50 microscope. Fluorescent cellular areas
and mean fluorescence intensity (MFI) were measured
using Fuji software.

210 | Superoxide
generation and apoptosis

Human primary cardiac-derived microvascular endothe-
lial cells were incubated with varying MV.Act concentra-
tions for different time periods, processed with MitoSOX™
Red Mitochondrial Superoxide Indicator (Thermofisher,
M36008) and analysed by flow cytometry. Apoptosis was
assessed using Annexin V detection kit (BioLegend).

2.11 | Endothelial scratch assay

Confluent HMVEC monolayers were preincubated with
MV.Act, activated T cells, nonactivated T cells (20,000
cells/well each) or rhTNF-a (10 ng/ml) for 24 h. Scratch
was induced mechanically. Gap closure fractions were
measured microscopically.

212 | Electric cell-substrate impedance
sensing (ECIS)

Human primary cardiac-derived microvascular endothe-
lial cells (150,000 cells/well) were plated in ECIS culture
ware type 8W10E PET (Ibidi, 72010) stabilised according
to manufacturer's instructions (BioPhysics, ECIS Z0) and
cultured in EGM-2 medium for 24 h in an incubator con-
nected to the ECIS system. Cell confluence was confirmed
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by a plateau in trans-endothelial electrical resistance re-
cordings. MV.Act, activated or nonactivated T cells or
rhTNFoa were added to the wells. Measurements were ob-
tained in multiple frequencies over 24 h.*

213 | PBMC adhesion assay

Confluent HMVEC monolayers on BioFlux plates were
preincubated with MV.Act, activated or nonactivated T
cells or rhTNFa. Freshly isolated PBMCs were labelled
with CFSE. PBMC adhesion to HCMVECs was measured
in a BioFlux™ 200 system (IL-biosystems) under a con-
stant flow (1 dyn).

2.14 | Statistical analysis

Data were analysed by the unpaired, two-tailed Student's
t-test, two-tailed one-way ANOVA (for normally distrib-
uted data), Mann-Whitney test (for nonparametric data)
or two-way ANOVA for multiple comparison analyses.
All analyses were performed with GraphPad Prism 8 soft-
ware. Values are shown as mean +SEM. Differences were
considered statistically significant for p < .05.

3 | RESULTS
3.1 | T cell stimulation triggers MV
secretion

CD4" T cells exposed to anti-CD3/anti-CD28 beads ex-
hibited >90% division rates (Figure 1A) and a CD45RA!
°CD45RO*CCR7*CD27* main phenotype (Figure 1B,C).
This immunophenotype has been traditionally associ-
ated with central memory T cells.** The concentration of
MV.Act preparations ranged from 14*10° to 17¥10® CESE™*
particles/ml. The concentration of MV.NAct preparations
was lower by 2-3 orders of magnitude compared to that
of MV.Act preparations. Flow cytometry, nanoparticle
tracking analysis, and TEM indicated MV.Act particle di-
ameters in the ranges of 0.3-1.5 um, 0.1-0.8 um and 0.1-
1.0 um, respectively (Figure 1D-F). Methodological factors
may account for differences in particle size measured
using different techniques. Western analysis of MV.Act
demonstrated expression of TSG101, synthenin-I and
mitofilin. Low levels of GRP94, used as a marker for cy-
tosolic content and cell debris, were detected (Figure 1G).
CD3/CD4 expression and Annexin V-positive staining on
MV.Act was demonstrated by ImageStrearnX flow cytom-
etry (Figure 1H). These results indicated that the isolated
preparations were largely comprised of MVs.

WILEY- 2%

3.2 | T cell stimulation regulates MV
protein composition

A total of 2279 proteins were identified in MV.Act or
MV.NAct by LC-MS/MS analysis (Figure 2 and Table S1).
Ofthese,2110and 851 were foundin MV.Actand MV.NAct,
respectively. Reproducibility of the data was demonstrated
by replicate analyses (Figure 2A). Approximately 40% of
the identified proteins were characterised by an average
PSMs >1 (Figure 2B and Table S2). MV.Act were enriched
with proteins related to the immune system, signal trans-
duction, protein and vesicle transport, RNA processing/
splicing and TNF/apoptosis. Regarding the TNF/apopto-
sis family/function, TNF was identified in MV.Act, but
not in MV.NAct, whereas Fas (CD95) ligand (FasL) and
APO2 ligand (APO2L)/TNF-related apoptosis-inducing
ligand (TRAIL) were not identified in either MV type.
Most DEPs were upregulated in MV.Act vs. MV.NAct
(Figure 3A). MV.NAct were enriched with proteins re-
lated to intermediate filaments/extracellular matrix,
peptidase inhibitors and blood coagulation (Figure S1).
DEPs identified with high confidence (see Methods) in-
cluded 98 proteins (Table S3). By function/family analy-
sis, such “high-confidence” DEPs were grouped into the
following function/families: immune system, protein
translation, cytoskeleton organisation/microtubule-based
motility, TNF/apoptosis, solute carrier family and phos-
phatidylinositol signalling (Figure 3B). Based on the as-
sumption that DEPs upregulated in MV.Act participate
in signal transduction pathways, their potential protein
targets were identified by processing at a topological level
a PPI network model reconstructed by selecting their first
neighbours using centrality parameters.”® Based on cen-
trality and betweenness compared to random networks,
37 proteins (not found in MV.Act) were identified as best
targets for DEPs upregulated in MV.Act. These proteins
included ubiquitin-related, transcription/translation, re-
ceptor/signalling and cell cycle/microtubule-related pro-
teins (Figure S2 and Table S4).

3.3 | MV.Act establish physical contacts
to HMVECs

We first asked whether activated or nonactivated T cells
physically interacted with cultured HMVECs. Incubation
of VioletTrace-labelled HMVECs with CFSE-labelled,
activated T cells was associated with the appearance
of a CFSE*VioletTrace* subpopulation on flow cytom-
etry plots (Figure 4A). Co-localisation of CFSE™ T cell
content and VioletTracet HMVECs was demonstrated
by ImageStream™ (Figure 4B). These findings were not
observed using nonstimulated T cells. We then asked
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FIGURE 2 Proteomic analysis of MVs secreted by activated T cells (MV.Act) and by nonactivated T cells (MV.NAct). (A) Spearman's
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whether MV.Act could reproduce these effects of their
parent cells. After HMVEC incubation with MV.Act, and
subsequent extensive washout of unbound MV.Act, a
CFSE*VioletTrace™ subpopulation appeared on flow cy-
tometry plots (Figure 4C). ImageStream™ demonstrated
co-localisation of MV.Act and HMVECs (Figure 4D).
These results indicated that MV.Act established physical
contacts with HMVECs.

3.4 | MV.Actinduce cytoskeleton
rearrangement in HMVECs

After 24 h-incubation with MV.Act, HMVECs ac-
quired a spindle-shaped morphology. These changes
were quantitated as FSC/SSC ratios by flow cytometry

(Figure 5A). MV.Act regulated F-actin expression
in HMVECs, as assessed using phalloidin staining
(Figure 5B), resulting in increased F-actin/G-actin ra-
tios (Figure 5C), consistent with actin polymerisation.
Vinculin expression was unaffected (Figure 5B). These
findings were consistent with MV.Act-mediated cy-
toskeleton rearrangement.

3.5 | MV.Actinduce superoxide
generation and apoptosis in HMVECs

MV.Act induced time- and concentration-dependent in-
creases in superoxide levels in HMVECs (Figure 5D),
along with increased numbers of Annexin VPI* cells (i.e.
late apoptotic and dead cells; Figure 5E). These results
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MV.Act and selected by both Discoverer 2.5 and MaxQUANT. Proteins were grouped in functional modules. The corresponding PSMs/MW
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indicated that MV.Act promoted oxidative stress and ap- endothelial gap closure activity than untreated cells.
optosis in HMVECs. Similar effects were observed using activated T cells, but
not using nonactivated T cells or rhTNF-a (Figure 6A,B).

3.6 | MV.Act inhibit endothelial

wound healing 3.7 | MV.Act break down endothelial
barrier function

The ability of an endothelial monolayer to restore its

physical integrity after mechanical injury reflects an im-  Microvesicles can affect endothelial barrier integrity, a

portant functional activity of these cells. Using a scratch key regulator of tissue inflammation.® We investigated the

assay, HMVECs incubated with MV.Act exhibited a lower role of MV.Act in endothelial barrier disruption. HMVECs

FIGURE 4 Physical contacts of both T cells and MV.Act with HMVECs. (A) FACS representative plots showing VioletTracer-labelled
HCMVECSs incubated with CFSE-labelled activated or nonactivated T cells. Nontreated HCMVECs are shown as a control. Analyses were
performed on day 3. Quantitative analysis of CESE"VioletTracer™ population in co-cultures. (B) ImageStream® imaging flow cytometry

of HCMVECs incubated with either activated or nonactivated T cells. Co-localisation of CFSE* T cell content (green) and VioletTracer™
HCMVECS was selectively observed using activated T cells. (C) Flow cytometry plots showing VioletTracer-labelled HCMVECs incubated
with CFSE-labelled MV.Act. Quantitative analysis of CFSE levels in HCMVECs incubated with MV.Act and control HCMVECs (MFI,
mean fluorescence intensity). (D) ImageStream® imaging flow cytometry of VioletTracer-labelled HCMVECs incubated with CFSE-labelled
MV.Act. Co-localisation of CFSE™ T cell content (green) and VioletTracer” HCMVECs can be seen (A, C graphs were analysed with the
Student's t-test for two independent groups, *p < .05)
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FIGURE 5 MV.Act-mediated morphological and functional changes in HMVECs. (A) Bright-field microphotographs of HCMVECs
cultured at 90% confluence, incubated with either MV.Act or no MVs (control) for 24h. HMVECS incubated with MV.Act exhibit a spindle-
shaped morphology. Quantitative analysis of flow cytometric FSC/SCC plots is shown. (B) Vinculin immunostaining and F-actin staining
using phalloidin in HCMVECs incubated with either MV.Act or no MVs (control). Quantitative analyses of F-actin-positive area/cell and
F-actin mean fluorescence intensity (MFI). (C) Western blot analysis of G-actin and F-actin expression in HCMVECSs incubated with either
MV.Act or no MVs (control). Quantitative analysis of F/G-actin ratio. (D) HMVEC life staining with MitoSox (red); nuclear staining with
DAPI (blue). Quantitative analysis of MitoSox fluorescence intensity using varying MV concentrations and incubation times (data are fold
increases over control, n = 8). (E) Representative FACS plots of HMVECs incubated with MV.Act and stained with Annexin V and PI.
Quantitative analysis of early apoptotic cells (Annexin V*PI™) and late apoptotic/dead cells (Annexin V*PI*) at the indicated time points
(data from n >4 experiments are shown). Right panel: Percentages of viable HMVECs (Annexin V™ PI") at different time points (data in A,
B, E graphs were analysed with the Student's ¢-test, data in C graph were analysed using the Mann-Whitney test, and data in D graph were

analysed using one-way ANOVA, *p < .05)

incubated with either MV.Act or activated T cells ex-
hibited a reduced trans-endothelial electrical resistance
(TEER), measured by ECIS.*® TEER was unaffected by By
contrast, HMVEC incubation with nonactivated T cells
(Figure 6C,D). Western analysis of VE-cadherin, claudin-
5 and vinculin suggested that MV.Act did not regulate
the expression of these intercellular junction proteins in
HMVECs (Figure 6E). These results indicated that MV.Act
disrupted HMVEC barrier function. Further studies aim-
ing at elucidating the underlying molecular mechanisms
are warranted.

3.8 | MV.Act do not regulate PBMC
adhesion to HMVECs

Adhesion of circulating leukocytes to the endothelium in-
itiates tissue inflammation. HMVEC preincubation with
activated T cells or rhTNF-q, but not with MV.Act, up-
regulated ICAM-1, VCAM-1 and E-selectin (Figure 7A,B).
These effects were paralleled by changes in PBMC adhe-
sion to HMVECSs under flow conditions (Figure 7C). These
findings suggested that activated T cells might facilitate
PBMC adhesion to HMVECs through MV-independent
mechanisms.

4 | DISCUSSION
Activated immune cells secrete MVs that regulate inflam-
mation and endothelial function. Here, we character-
ised MVs released by primary human CD4" T cells upon
TCR activation using anti-CD3/anti-CD28-coated beads.
Proteomic analysis showed that these MVs (i.e. MV.Act)
were enriched with proteins participating in immune and
inflammatory processes. Moreover, these MVs appeared
to regulate various aspects of microvascular endothelial
function.

Among extracellular vesicle subclasses, we specifi-
cally investigated M Vs, as this vesicle subclass is typically

released in response to cell activation by extracellular
stimuli.”* Using a published MV isolation protocol,' the
isolated vesicle preparation was predominantly, though
not exclusively, comprised of MVs. Several pieces of data
supported this assumption: i) Particle size was largely
in the range that has been traditionally associated with
MvVsh?% i) Particles stained positive for Annexin V; iii)
Particles expressed mitofilin, which has been specifically
associated with large vesicles."" Our results are in line
with previous data showing that human T cells purified
from peripheral blood release MVs upon TCR activation.’
As microvascular endothelium regulates tissue inflam-
mation, we addressed the functional effects of MV.Act on
HMVECs. ImageStream” analysis revealed that MV.Act
added to cultured HMVECs established physical con-
tacts with the cells. Similar findings were obtained upon
incubation of HMVECs with activated T cells, but not
with nonactivated T cells. Physical interactions between
MV.Act and HMVECs were not characterised more pre-
cisely. In this regard, recent data suggested that mesen-
chymal stromal cell-derived membrane particles might
be internalised by endothelial cells through receptor-
mediated endocytosis and phagocytosis.”® Accordingly,
membrane particle uptake by endothelial cells involved
the actin cytoskeleton and phosphoinositide 3-kinase,
which are implicated in macropinocytosis and phagocy-
tosis. In the present study, MV.Act induced an increase in
the F/G-actin ratio in HMVECsSs consistent with actin po-
lymerisation and cytoskeleton rearrangement.
Furthermore, MV.Act stimulated superoxide genera-
tion in a dose-dependent manner while also inducing
apoptosis in HMVECs. In addition, MV.Act affected the
ability of endothelial monolayers to heal mechanical
wounds, as determined using a scratch assay. More im-
portant, MV.Act disrupted endothelial barrier integrity,
as measured by ECIS biosensor technology. This effect
has not been reported previously. Increased paracellu-
lar permeability of the endothelial barrier can facilitate
the migration of leukocytes across the endothelium.
Changes observed in the paracellular space using ECIS
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FIGURE 6 Effects of T cells and MV.Act on endothelial wound healing and endothelial barrier function. (A) Representative
photomicrographs of HMVECs incubated with either MV.Act or no MVs (control) using a scratch assay. Quantitative analysis of endothelial
monolayer gap closure at the indicated time points after scratch injury, normalised to 0 timepoint (data from n >4 experiments are shown).
(B) Quantitative analysis of endothelial monolayer gap closure after cell incubation with either activated or nonactivated T cells, or after
pretreatment with hTNFa (data from n >4 experiments). (C) Trans-endothelial electrical resistance (TEER) measured by ECIS technology
in HMVECSs incubated with either activated or nonactivated T cells, MV.Act, or in the absence of treatment (control). Relative resistance
changes normalised for baseline conditions are shown. Representative individual real-time TEER measurements in the different group are
shown. (D) Quantitative analysis of TEER data (n = 8/group). (E) Western blot analysis and quantification of VE-cadherin, claudin-5 and
vinculin in MV.Act-treated conditions vs. control (data shown in A, B graphs were analysed using two-way ANOVA, data shown in C graph
were analysed using one-way ANOVA, and data shown in E graph were analysed with the Student's t-test, *p < .05)

technology have been associated with changes in junc-
tional proteins regulating the overall strength of the
junctional communication between neighbouring en-
dothelial cells.”> Here, MV.Act did not significantly
regulate expression levels of selected junctional pro-
teins (VE-cadherin, claudin-5, vinculin) in HMVECs;
however, other proteins have also been associated with

the regulation of endothelial barrier function.*® Finally,
stimulated T cells, but not MV.Act, regulated adhesion
molecule expression in HMVECs and PBMC adhesion
to them, as assessed using a BioFlux system. These find-
ings suggest that activated T cells may induce PBMC
adhesion to HMVECs through MV-independent mech-
anisms (e.g. proinflammatory cytokines).
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Quantitative flow cytometric analysis of adhesion molecule expression on HMVECs incubated with MV.Act for varying time periods. Data
on HMVECs incubated with activated T cells are shown as a positive control. (C) Left panel: Representative microphotographs of PBMC
adhesion to HMVECs preincubated with either activated T cells or MV.Act, or pretreated with rhTNF-a using a BioFlux system. Right panel:
Quantitative analysis of PBMC adhesion (graphs were analysed with one-way ANOVA, *p < .05)

To improve the specificity of the proteomic analysis, DEPs could be grouped into families related to the immune
two different data processing systems —Discoverer 2.5 system, protein translation and cytoskeleton organisation,
and MaxQUANT — were used. This approach allowed for proteolysis, TNF/apoptosis, solute carrier family and phos-
the identification of 98 DEPs in MV.Act vs. MV.NAct with phatidylinositol signalling. Best targets of DEPs enriched
high confidence. By functions/families analysis, these = in MV.Act (and never detected in MV.NAct) included 37
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proteins related to receptor/signalling, ubiquitination,
transcription/translation and cell cycle/microtubule-
related processes. Overall, differences in protein compo-
sition between MV.Act and MV.NAct nicely matched the
functional effects of MV.Act on HMVECs. For instance,
MV.Act were highly enriched with IFN-y, a key proinflam-
matory cytokine released from effector CD4* T cells, which
inhibits endothelial cell proliferation, triggers endothelial
cell apoptosis and induces VE-cadherin-directed vascular
barrier disruption in inflammatory bowel disease.”” Our
protein target analysis identified TNF-a, JAK1 and STAT3
among the best protein targets of IFN-y (Figure S3). TNF-a
and related family members promote endothelial cell
apoptosis via NF-xB and JAK1/STAT3 activation. An ear-
lier study® showed that MVs released from normal human
T cell blasts upon PHA stimulation contained bioactive
death ligands such as FasL and TRAIL. These molecules
are involved in activation-induced cell death, a process
whereby once a cellular immune response has taken place,
most activated T cells are eliminated to prevent potential
autoimmune damage. We identified TNF-a, but not FasL
and TRAIL (two members of the TNF superfamily), in
MV.Act. These findings may reflect methodological dif-
ferences including the use of TCR-activated CD4" T cells
in our study versus PHA-stimulated T cell blasts in the
previous study.® Major differences in the release of T cell-
derived MVs upon TCR activation versus treatment with
mitogenic agents have been described.’

We also found MV.Act to be enriched with additional
TNF/apoptosis-related proteins including TNF-receptor
superfamily-18 (TNFRSF18/glucocorticoid-induced TNF-
receptor family-related protein [GITR]) and TNF-receptor
superfamily-1B  (TNFRSF1B/TNF-receptor-2 [TNFR2]).
TNFRSF18 is expressed on regulatory T cells (Treg) and ef-
fector T cells and is activated by its ligand, GITRL, which is
expressed on antigen-presenting cells and endothelial cells.
The TNFRSF18/GITRL system exerts proinflammatory
roles by regulating the extravasation process and by acti-
vating innate immunity cells and effector T cells.”® Another
MV.Act-enriched protein was a C-type natriuretic peptide,
which was recently associated with increased blood-brain
barrier permeability.” These examples indicate that, apart
from IFN-y, MV.Act are enriched with multiple proteins
that can mediate endothelial barrier disruption.

The present study did not include an analysis of MVs
released from CD8" T cells. Differential characteristics of
MVs from CD4" T cells and CD8" T cells are poorly known.
A previous study®® showed that T cell-derived microparti-
cles were increased in the blood from patients with active
hepatitis C, whereby microparticles from activated and
apoptotic CD8" T cells showed a higher ex vivo fibrolytic
activity in hepatic stellate cells, as compared to those from
activated CD4" T cells. CD147/Emmprin was identified as

a candidate transmembrane molecule in the fibrolytic ac-
tivity of CD8" T cell-derived microparticles. Comparative
studies of MVs from CD4* and CD8" T cells are warranted.

In conclusion, our results demonstrate that MVs re-
leased from stimulated T cells selectively affect microvas-
cular endothelial functions. It should be noted that while
in vivo T cell activation primarily takes place in lymph
nodes and tissues, MVs secreted by activated T cells, re-
gardless of their antigen specificity and their site of activa-
tion, are released into the circulation and can break down
the endothelial barrier in distant organs (Figure S4).
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