Journal of Extracellular Biology Q.) lSEv

| RESEARCH ARTICLE CETTED

Unravelling Plasma Extracellular Vesicle Diversity With
Optimised Spectral Flow Cytometry

Daniela Boselli'! | Francesca Clemente! | Simona Di Terlizzi' | Christina Pagiatakis®>® | Laura Papa® |
Genny Del Zotto* | Chiara Villa"®> | Giuseppe Alvise Ramirez®’ | Norma Maugeri>’ | Angelo A. Manfredi>5’
Achille Anselmo'

IExperimental Imaging Center, FRACTAL, Flow cytometry Resource, Advanced Cytometry Technical Applications Laboratory, IRCCS Ospedale San Raffaele,
Milan, Italy | 2Department of Cardiovascular Medicine, IRCCS Humanitas Research Hospital, Rozzano, Milan, Italy | *Department of Biotechnology and Life
Sciences, University of Insubria, Varese, Italy | *Department of Research and Diagnostics, IRCCS Istituto Giannina Gaslini, Genoa, Italy | Universita
Vita-Salute San Raffaele, Milan, Italy | ®Unit of Immunology, Rheumatology, Allergy and Rare Diseases, IRCCS Ospedale San Raffaele, Milan, Italy | "Division
of Immunology, Transplantation and Infectious Diseases, IRCCS Ospedale San Raffaele, Milan, Italy

Correspondence: Achille Anselmo (anselmo.achille@hsr.it)
Received: 27 September 2024 | Revised: 27 February 2025 | Accepted: 13 March 2025

Funding: This work was supported by the European Union - Next Generation EU - NRRP M6C2 - Investment 2.1 Enhancement and strengthening of biomedical
research in the NHS. Project N° PNRR-MR1-2022-12376638, PI Prof. Angelo Manfredi.

Keywords: antibody | extracellular vesicle | fluorochrome | immunophenotyping | plasma | SLE | spectral flow cytometry | unsupervised analysis

ABSTRACT

Extracellular vesicles (EVs) are crucial for intercellular communication and are found in various biological fluids. The
identification and immunophenotyping of such small particles continue to pose significant challenges. Here, we have developed
a workflow for the optimisation of a next-generation panel for in-depth immunophenotyping of circulating plasma EVs using
spectral flow cytometry. Our data collection followed a multistep optimisation phase for both instrument setup and 21-colour panel
design, thus maximising fluorescent signal recovery. This spectral approach enabled the identification of novel EV subpopulations.
Indeed, besides common EVs released by erythrocytes, platelets, leukocytes and endothelial cells, we observed rare and poorly
known EV subsets carrying antigens related to cell activation or exhaustion. Notably, the unsupervised data analysis of major EV
subsets revealed subpopulations expressing up to five surface antigens simultaneously. However, the majority of EVs expressed
only a single surface antigen, suggesting they may not fully represent the phenotype of their parent cells. This is likely due to the
small surface area or the biogenesis of EVs rather than antibody steric hindrance. Finally, we tested our workflow by analysing the
plasma EV landscape in a cohort of systemic lupus erythematosus (SLE) patients. Interestingly, we observed a significant increase
in CD54* EVs, supporting the notion of elevated circulating ICAM under SLE conditions. To our knowledge, these are the first
data highlighting the importance of a spectral flow cytometry approach in deciphering the heterogeneity of plasma EVs paving
the way for the routine use of a high-dimensional immunophenotyping in EV research.
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1 | Introduction

EVs are naturally occurring nanocarriers released by virtually
all cell types. They are crucial for intercellular communication
and play non-redundant roles in the homeostasis of multi-
cellular organisms. According to the recommendation of the
International Society for Extracellular Vesicles (ISEV), EVs can
be classified based on their physical features, such as density,
size or origin (platelet EVs) (Théry et al. 2018, Welsh et al.
2023, Welsh et al. 2024). Upon fusion with the plasma mem-
brane, EVs expose antigens originating from their parental cells,
together with negatively charged phospholipids and membrane-
associated glycoproteins (Théry et al. 2018, Welsh et al. 2023,
Yafiez-Mé et al. 2015, Dasgupta et al. 2009). Once released,
EVs interact with the surrounding environment and represent
a source of biomolecules, including lipids, metabolites, nucleic
acids (ncRNAs) along with cytokines, chemokines and growth
factors (Yafiez-M9 et al. 2015, Anselmo et al. 2021, Hunter et al.
2008, Diehl et al. 2012, Verderio et al. 2018, Haraszti et al. 2016).
Moreover, increasing evidence suggests the presence of a protein
corona around the EV surface upon exposure to body fluids (Téth
et al. 2021, Heidarzadeh et al. 2023). Although several proteins,
including Annexins, Lampl or tetraspanins have been proposed
as potential markers of EVs, their universality remains unclear
and is not yet widely accepted (Théry et al. 2018, Welsh et al. 2024).

EV shedding increases inflammation, hypoxia and mechanical
stress (Anselmo et al. 2021, Vion et al. 2013). Moreover, EVs
accumulate in various body fluids including blood and urines
where they serve as indicators of the immediate metabolic state
and biological traits of the cells from which they originate (Théry
et al. 2018, Welsh et al. 2023, Welsh et al. 2024, Yanez-Mo et al.
2015, Xu et al. 2016).

As a result, EVs have emerged as valuable biomarkers in complex
human diseases, including metabolic syndromes, cancer, cardio-
vascular disorders and autoimmune conditions (Loyer et al. 2014,
Withrow et al. 2016, Robbins et al. 2016, Zhao et al. 2020, Kok
and Yu 2020). However, accurately identifying, characterising and
quantifying these small particles still remains a challenge for
researchers in this field.

Flow cytometry is one of the most widespread techniques used
for EV analysis (Cossarizza et al. 2019, Arraud et al. 2016, Welsh
et al. 2021). However, the small size of EVs and the low abundance
of certain surface antigens present challenges for conventional
flow cytometry approaches. This has made necessary tailored
instrument set-up (Cook et al. 2023) as well as the development
of specialised instrumentation for EV analysis, vesicle-specific
technologies and experimental design (Gul et al. 2022).

The newborn spectral flow cytometry addresses some of the
drawbacks of conventional flow cytometry by measuring the com-
plete emission spectrum and subsequently deconvoluting it to
identify individual fluorochrome signals (Robinson 2019, Nolan
2022, Novo 2022). The application of spectral flow cytometry
for multicolour EV analysis reduces spreading error and min-
imises spectral overlap among fluorochromes, thus improving
the detection of weak fluorescent signals (Panagopoulou et al.
2020). Moreover, spectral analysers equipped with high quantum
efficiency and low electronic noise detectors, such as avalanche

photodiodes, along with Violet Side SCatter (VSSC), enhance
sensitivity for detecting small particles (Gul et al. 2022, McVey
et al. 2018, Brittain et al. 2019).

Systemic lupus erythematosus (SLE) is a prototypic systemic
autoimmune disease, characterised by clinical heterogeneity and
widespread multi-organ involvement (Tsokos 2011, Rahman and
Isenberg 2008). Recent evidence proposes EVs as active players
in the pathogenesis and clinical complications of SLE (Nielsen
et al. 2016), as well as potential biomarkers for disease activity
(Mobarrez et al. 2019, Perez-Hernandez and Cortes 2015, Vifiuela-
Berni et al. 2015, Lépez et al. 2017, Burbano et al. 2019, Crawford
et al. 2023, Karlsson et al. 2023, Anees et al. 2024). Moreover, EVs
serve as a reservoir of extracellular DNA, which is the primary
autoantigen in SLE. This DNA can originate from apoptotic
bodies derived from dying cells or be actively released as EVs
by activated cells, in which mitochondria might represent the
main constituents. These EV-associated components circulate
systemically via biological fluids, contributing to the specific
organ features observed in SLE patients (Pisetsky 2024).

In this manuscript, we performed a comprehensive immunophe-
notyping panel to identify plasma EVs through multicolour
spectral flow cytometry. This followed an instrument optimisa-
tion phase and fluorochrome performance tracking tailored for
EV analysis, both aimed at enhancing EV detection. The unsu-
pervised analysis, focusing on the most abundant EV subsets,
revealed a high degree of circulating EV heterogeneity, including
rare and previously poorly characterised subpopulations.

Moreover, the immunophenotype of the EVs indicates that they
do not entirely reflect the characteristics of their parent cells.
This difference seems to arise from factors like the limited surface
area of EVs or their distinct biogenesis, rather than being due to
antibody steric hindrance. Finally, we validated this approach by
studying plasma EVsin a pilot cohort of SLE patients as compared
to healthy donors (HDs), establishing a reliable and useful tool for
identifying new circulating biomarkers associated with systemic
autoimmunity.

2 | Materials and Methods

2.1 | Study Population: SLE Patients and HDs

Upon written informed consent, eight patients with SLE accord-
ing to the 2012 SLE International Collaborating Clinics (SLICC)
criteria (Petri et al. 2012) and eight sex- and age-matched HDs
were enrolled in the Autoimmuno-mol protocol. The protocol
conforms to the Declaration of Helsinki and has been approved
by the San Raffaele Hospital Institutional Review Board with ref-
erence number 02/2013/INT. Collected clinical data from patients
with SLE encompassed disease duration and SLE clinical mani-
festations over the entire disease course. The serological profile
of patients with SLE was also characterised by determining the
frequency of anti-DNA, anti-cardiolipin, anti-beta-2-glycoprotein
I, anti-extractable nuclear antigens antibodies along with the
presence of lupus anticoagulant and of low complement levels
in patient history. Data regarding positive anti-DNA antibod-
ies and complement levels were also collected at the time of
enrolment. Disease activity and accrued damage were estimated
through the SLE disease activity index 2000 (SLEDAI-2K) and the

20f14

Journal of Extracellular Biology, 2025



SLICC/American College of Rheumatology damage index (SDI)
(Stoll et al. 1996, Gladman et al. 2002), respectively. Patients were
classified as being or not in remission according to the DORIS
definitions (van Vollenhoven et al. 2021).

2.2 | Primary Cell Isolation

Venous blood was collected, after informed consent was obtained,
from healthy volunteers, who denied having received any med-
ication for at least 2 weeks. Venous blood was obtained using
a 19-gauge butterfly needle and collected in EDTA-containing
Vacutainers. Samples were immediately processed as previously
described to purify neutrophils and PBMCs (Manfredi et al. 2022,
Maugeri et al. 2014, Maugeri et al. 2006). Briefly, samples were
centrifuged at 180 X g for 15 min at 18°C and platelet-rich plasma
was removed. Neutrophils and PBMCs were isolated from the
remaining blood by Dextran sedimentation followed by Ficoll-
Hypaque gradient. PBMCs were retrieved from the interphase
of Ficoll-Hypaque whilst neutrophils were retrieved from the
bottom layer. Contaminating erythrocytes were removed by hypo-
tonic lysis. Cells were washed and resuspended in HEPES-Tyrode
buffer (pH 7.4), containing 1 mM CaCl, and the concentration was
adjusted at 5000 cells/uL. All procedures for leukocyte isolation
were performed at 4°C.

2.3 | Isolation of EVs From In Vitro Stimulated
Neutrophils and PBMCs

PBMCs were stimulated using 1 ug/mL PHA for 72 h at 37°C.
Neutrophils were stimulated with IL-8 (100 ng/mL) or with fMLP
(1 uM) or vehicle (Hepes Tyrode) for 1 h at 37°C.

After stimulation, samples were centrifuged at 13,000 x g for
15 min at 4°C and the supernatant was frozen at —80°C until
analysis.

EV isolation from both supernatants was performed by centrifug-
ing them at 15,000 g for 45 min at 4°C. Then, the pellets enriched
in EVs were re-suspended using 0.22 ym pre-filtered PBS without
calcium and magnesium (PBS™-).

2.4 | Platelet-Free Plasma Preparation and Storage
Venous blood was obtained using a 19-gauge butterfly needle
and collected into an EDTA-containing Vacutainer. Samples were
immediately centrifuged for 15 min, 800 X g at room temperature
(RT). Plasma was removed and centrifuged again for 5 min at
13,000 X g and the supernatant was collected and frozen at —80°C
in single-use aliquots with suitable volumes for the planned
downstream analyses to avoid multiple freeze-thaw cycles. If
necessary, plasma sample transfer was performed using dry ice.

2.5 | Sample Staining and Acquisition Through
Spectral Flow Cytometry

Sample staining was performed using saturating concentration
of pre-titrated monoclonal antibodies (mAbs). mAbs were cen-

trifuged at 15,000 X g for 30 min at 4°C and 0.22 pm filtered. Single
staining reference controls were prepared using FSP CompBeads
(Cytek) following manufacturer instructions. Cell membrane
fragments were excluded from the analysis by using Phalloidin
Alexa 647 (Invitrogen). Three kinds of samples were analysed:
plasma EVs, PBMC-derived EVs and neutrophil-derived EVs.

For Plasma EVs: 25 uL of the sample was first diluted 1:4 by adding
0.22 um pre-filtered PBS™~. Then the diluted plasma was stained
using the list of mAbs reported in Table S1.

For PBMC-derived and neutrophil-derived EVs: 50 uL of sample
was first diluted 1:2 by adding 0.22 pm pre-filtered PBS™~. Then
the diluted sample was stained using the list of mAbs reported in
Tables S1-S3 or S4.

All EV samples were stained for 1 h at RT in the dark. To
minimise swarm effect all samples were further diluted using
0.22 um filtered PBS™/~. All gated regions were restrictively
drown referring to fluorescence minus one (FMO) control or the
appropriate isotype controls.

Data acquisition was performed using Aurora Cytek equipped
with 5 lasers (355, 405, 488, 561 and 640 nm). Before any acqui-
sition, an instrument quality check was done using SpectroFlo
QC Beads (Cytek). Fluidic stability was checked daily to minimise
fluctuations in the fluorescent signal recovery. Light scatter
parameters were set up using hollow organo-silica Verity Shells
beads (374 and 189 nm) (Exometry). To relate scatter signals to
diameter of particles, Rosetta Calibration (version v1.23, Exom-
etry) was used following manufacturer instructions. Unmixing
was done using the SpectroFlo software. A conventional 2D
manual gating strategy was performed using FloJo software
(version 10.8.1).

2.6 | Unsupervised Data Analysis

Flow cytometry data were imported into FlowJo software (version
10.8.1) to adjust spectral overlap; Phalloidin positive events were
excluded from the analysis. Random down-sampling of 700,
600 and 700 events was performed for CD144* EVs, CD61*
EVs and CDI15% EVs respectively. The data were exported as
Flow cytometry standard (FCS) files for further analysis using
R software (version 4.3.1). Sample batches were read using
read.flowSet from the R package flowCore (2.14.1). We applied the
logicle transformation, which allows the use of multiple samples
to estimate transformation parameters. To reduce batch effects
due to technical rather than biological variation, we normalised
the signal of each marker using the gaussNorm function of
the flowStat package (4.14.1). After batch-specific pre-processing,
samples were concatenated into a SingleCellExperiment object
in R using the prepData function of the CATALYST R package.
Dimensionality reduction by uniform manifold approximation
and projection (UMAP) was subsequently applied to enable
the visualisation of the relative proximities of EVs within
reduced dimensions. We performed high-resolution, unsuper-
vised clustering and meta-clustering using FlowSOM (2.10.0) and
ConsensusClusterPlus (1.66.0) packages, following the workflow
described by Nowicka et al. (2017). The CD144*, CD61*" and CD15%
EVs were clustered based on the expression of the following
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activation/exhaustion markers: CD62P, CD25, CD95, PD-1, CD54,
CD163, CD206, HLA-DR, PD-Lland IgM.

2.7 | Statistical Analysis
Comparisons among SLE patients and healthy controls were
evaluated by the Unpaired T test.

Statistical analyses were performed using GraphPad PRISM

3 | Results

3.1 | Optimisation of Settings for Enhanced EV
Detection

Once a flow cytometry analyser is installed, the default values for
fluorescence and scatter detection are optimised for cell detection,
primarily leukocytes, during both the instrument qualification
(IQ) and operational qualification (OQ) phases. Therefore, an
additional optimisation phase is required for the detection of
small particles. To this end, we first performed a 405 nm light
scatter calibration using Verity Shell beads, organo-silica beads
that have a refractive index distribution and light scattering
properties more similar to EVs than traditional polystyrene
beads. This calibration allowed us to optimise the light scatter
parameters, thereby improving our ability to discriminate EV-like
events from the electronic noise. More in detail, we observed a
change in the absolute count of the 374 nm beads across light
scatter settings. Notably, the optimal sensitivity for 405 nm light
scatter was achieved with a gain set between 1500 and 2500
(Figure 1A), enabling the discrimination of 189 nm beads from
electronic noise (Figure S1A). As expected, this setup also allowed
for the detection of plastic beads smaller than 189 nm (Figure
S1B).

As a second step, we optimised the fluorescence settings to max-
imise detection sensitivity under our experimental conditions.
Specifically, we quantified the amount of CD4" derived EVs
obtained from in vitro stimulated peripheral blood mononuclear
cells (PBMCs). We confirmed the vesicular origin of the EVs
released by stimulated PBMCs by performing western blot anal-
ysis for luminal and surface vesicular antigens (namely, CD9,
CDa8l, flotillin, ALIX and TSG101) (Figure S2A). The overall
size of these EV-like particles was defined through Nanoparticle
Tracking Analysis (NTA), which revealed peaks at 164, 307 and
446, suggestive of a heterogeneous EV population (Figure S2B).
These EVs were further stained using the same anti-human CD4
mADb conjugated with the fluorochromes listed in Table S1, across
various fluorescent detector settings. (Figures 1B and S3).

Notably, the most sensitive setting did not correspond to the
highest detector gain. Indeed, as showed in Figures 1B and S3,
we selected an overall gain increase of 50% from the Instrument
assay settings, defined by instrument QC, moreover, we applied
the same gain increase across all the detectors to maintain the
quality of the spectral unmixing and avoid misleading signal
resolution. Additionally, to further phenotype CD4-derived EVs
we investigated their CD63, CD9 and CD81 surface expression
through spectral flow cytometry (Figure S4A). As expected, not
all CD4-derived EVs displayed these tetraspanins on their surface,

supporting the notion of a lack of universal markers for EVs
(Welsh et al. 2024). We used Rosetta Calibration technology to
relate scatter signals of these EV subsets to their diameter (van
der Pol et al. 2021). The data in Figure S4B are consistent with
observations made using NTA, thereby revealing a heterogeneous
size distribution of CD4-derived EVs with the majority ranging
between 140 and 500 nm.

Finally, we optimised electronic acquisition settings such as area
scaling factor (ASF) and window extension (WE) settings for EV
analysis. For the identification of the best ASF setting (Figure 1C),
which slightly differed from the default values, we used EVs
obtained from in vitro stimulated neutrophils. These EVs were
stained using the same anti-human CD15 mAb conjugated with
the fluorochromes listed in Table S3. The CD15" EVs showed the
same size distribution as CD4* EVs (not shown). For the WE
optimisation, we quantified neutrophil-derived EVs stained using
anti-human CD15-APC at different WE values. Interestingly, by
decreasing the WE from 6 ps to 1-2us, sensitivity increased
as evidenced by the higher number of detected CD15% EVs
(Figure 1D).

Notably best sample dilution conditions were defined to avoid
swarm effect within our experimental conditions (Figure S5).

Overall, whilst we cannot formally exclude the possibility that
small EVs (< 140 nm) were overlooked —leading to a focus mainly
on large EVs—the use of EVs instead of beads for fluorescence
and scatter calibration offers a viable alternative. This approach
minimises the detrimental effects caused by refractive index
differences among beads and EVs, thereby optimising instrument
performance.

3.2 | Deep Immunophenotyping of Plasma EV
Human plasma contains a wide repertoire of circulating tissue-
derived EVs. To capture this diversity, we developed a method for
the detection of plasma-EVs released by various cell types using
spectral flow cytometry. To this end, we used pre-diluted plasma
to minimise sample manipulation thus preserving EV integrity
and quantity. Of note, we analysed the plasma EV phenotype and
size thereby confirming the expression of luminal and surface
vesicular antigens as well as revealing peaks at 136, 207 and
437 (Figure S6A,B). To perform a landscape analysis of plasma-
derived EVs, we designed a 21-colour panel including antibodies
recognising both lineage and markers related to cell activa-
tion/exhaustion, conjugated with fluorochromes characterised
by high uniqueness, resulting in low complexity of the spectral
unmixing matrix (Table S1 and Figure S7A). Furthermore, we
conducted an unmixing spreading error analysis of our colour
palette to verify its low impact on the overall signal resolution
(Figure S7B).

To ensure the fluorochromes listed in Table S1 had sufficient
brightness for phenotyping EV-related surface antigens, we
compared the amount of CD4" derived EVs obtained from
the supernatant of in vitro stimulated PBMCs. This was done
using the same anti-human CD4 mAb conjugated with all the
fluorochromes potentially included in the panel. As shown in
Figure 2A, all fluorochromes demonstrated sufficient brightness

40f 14

Journal of Extracellular Biology, 2025



8000 BUV661 1500+ BV510
6000 1200
900
4000-
600
<4 2000- 5004
£ 15000+
g 0- 04
o 12000+ = Qc 10 20 30 40 50 60 Qc 10 20 30 40 50 60
5 2 21000, 21000
© 9000 3 FITC PE
@ o
< : 14000+
» 6000 5 40001 /—._./‘\.
? 3
o @
-2 3000- g 7000 7000-
< S
< 0- w 0
> + 0-
® e L e a Qc 10 20 30 40 50 60
& S S S S = p— Qc 10 20 30 40 50 60
O 7¢O OO OO O =
RN AR
VSSC gains 8001
400
0-
Qc 10 20 30 40 50 60
Percentage of gainincrease ——»
(o] D
2
. £ 50000+
ASF default ASF optimized 3
values values : 40000-
5
FSC 1.15 1.00 S 30000-
Yellow green 1.20 1.12 ®
£ 20000+
Violet 1.24 1.10 -
© 10000
Blue 1.16 1.16 Q
© 0
Red 1.16 1.16
rr.r.r.1—
uv 124 1.22 123456
WE values

FIGURE 1 | Optimisation of spectral flow cytometry settings for extracellular vesicle analysis. For 405 nm light scatter calibration setting: Hollow
organo-silica Verity Shells beads were used for the set-up of the Aurora Cytek 405 nm light scatter (VSSC). 5 x 10° of 374 nm beads were diluted in
500 uL of PBS without calcium and magnesium (PBS™~) and acquired at increasing 405 nm-light scatter detector setting (from 500 to 4000 gains).
An absolute count of 374 nm beads at each 405 nm light scatter gain was reported (A). For fluorescence detector setting: EVs from in vitro stimulated
PBMCs were stained using the same anti-human CD4 mAb conjugated with BUV661, BV510, FITC, PE and APC-Cy7 respectively. Samples were acquired
using Cytek assay settings, defined by instrument QC and upon the following gain increase: 10%, 20%, 30%, 40%, 50% and 60%. The same gain increase
was applied for all the detectors. Total number of CD4 positive events/uL were reported (B). For Area scaling factor optimisation: EVs from in vitro
stimulated neutrophils were stained using the same anti-human CD15 antibody conjugated with BUV661, BV510, FITC, PE and APC respectively and
analysed by varying instrument area scaling factor. Default and optimised ASF values were reported (C). For Window extension optimisation: EVs from
in vitro stimulated neutrophils were stained using anti-human CD15 antibody conjugated with APC and analysed by varying instrument WE settings.
EV absolute count at different WE values was reported (D). All data were representative of two independent observations.
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Correlation between EV absolute count and fluorochrome brightness. EVs from in vitro stimulated PBMCs were stained using the

same anti-CD4 antibody conjugated with all the fluorochromes included in the panel. The total number of CD4* derived EVs and their correlation with

fluorochrome brightness was reported in panels A and B, respectively.

to detect CD4* T cell-derived EVs, although some performed
better than others. We then compared the EV count with the
fluorochrome stain index, a parameter used to measure dye
brightness, and observed a good direct correlation (Figure 2B).
Based on this finding, we concluded that certain fluorochromes
are more suitable for EV analysis than others. Thus, to maximise
signal resolution, we assigned the dimmer fluorochromes to
lineage markers and the brightest ones to activation/exhaustion
markers.

With the feasibility of our panel design verified for plasma-EV
analysis, we focused on the EV gating strategy. The identification
of the main EV subsets was initially defined through a manual
back-gating approach. We first excluded cell fragments (R2) from
the analysis by using Phalloidin then we identified EVs expressing
lineage markers such as platelet-derived EVs (CD61* events, R3),
endothelium-derived EVs (CD144" events, R4), erythroid-derived
EVs (CD235a* events; R6) and several subsets of leukocyte-

derived EVs (CD15%, CD56%, CD3*, CD14*, CD4*, CD20*, CD8"
events; R7, R9, R10, R12, R13, R15, R16 respectively) (Figure 3).
Of note, the antibodies recognising lineage antigens were highly
specific, with an overall cross-reaction of < 10% (Table S4).

We further characterised EVs based on the surface expression of
the following activation/exhaustion markers: PD-1 (R18), CD25
(R19), CD54 (R20), CD62P (R21), CD95 (R22), CD163 (R23), CD206
(R24), IgM (R25) PD-L1 (R26) and HLA-DR (R27) (Figure 3). As
suggested by MIFlowCyt-EV framework guidelines (Welsh et al.
2021), we observed a reduction in the amount of well-expressed
EV subsets upon either the sample serial dilution (Figure S8A)
or Triton-X sample treatment (Figure S8B) thus supporting their
vesicular origin.

The conventional 2D manual gating strategy described above
could overlook and inadequately represent the entirety of the
data. To address this topic, we adopted an unbiased approach
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FIGURE 3 | 2D manual gating strategy used to identify the main EV subsets from human plasma. EVs were gated based on FSC/405 nm VSSC
proprieties (R1). Upon exclusion of cell fragments by using Phalloidin (R2), platelets and endothelial-derived EVs were identified as CD61* (R3) and
CD144% EVs (R4). CD61~/CD144~ /Phalloidin™ events (R5), were analysed for the expression of CD235a and CD15 and erythrocyte-derived (R6) and
neutrophils like (R7) EVs were identified. CD2357/CD15~ (R8) events were assessed for CD56 and CD3 expression and NK-like (R9) and T cell-like
(R10) derived EVs were recognised. On CD56~/CD3™~ gated events (R11), CD14 and CD4 were used to identify monocyte (R12) and CD4" (R13) derived
EVs. On CD147/CD4~ gated events (R14), CD20 and CD8 were used to identify B cell-like (R15) and CD8* (R16) derived EVs. Finally, R17 gated events
(CD20~/CD8") were analysed for the expression of PD-1 (R18), CD25 (R19), CD54 (R20), CD62P (R21), CD95 (R22), CD163 (R23), CD206 (R24), IgM

(R25), PD-L1 (R26) and HLA-DR (R27).

by using dimensionality reduction and FlowSOM clustering to
explore the data comprehensively, focusing on the three primary
EV subsets (CD144* EVs, CD61"EVs and CD15" EVs).

More interestingly, as shown in Figure 4, among the investigated
EV subsets, we identified a predominant cluster expressing only
the antigen selected for the unsupervised analysis, alongside
several other clusters that exhibit the expression of more than

one antigen (33.6+7.6% among total CD144* EVs; 6.7+2.7% among
total CD61" EVs; 7.9+2.4% among total CD15* EVs). Importantly,
all identified clusters were validated through a manual gating
strategy (Figure S9A-C). CD144", CD61* and CD15* EVs showed
no relevant differences either in size range, as defined using
the Rosetta calibration kit (CD144" EVs: 140-400 nm; CD61"
EVs: 140-450 nm; CD15* EVs: 140-400 nm), or in the surface
expression of CD9, CD63 and CD8l, except for the % of CD9
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FIGURE 4 | Unsupervised analysis of CD144%, CD61" and CD15" plasma EVs. The UMAP plot shows EV clusters of 16 merged samples; EVs were
coloured according to the identified clusters. Heatmaps of Median Fluorescence Intensity (MFI) of the markers were used to identify clusters. The

percentage of the major cluster and the other clusters among CD144", CD61" and CD15" plasma EVs respectively were reported.

on CD61* EVs (Figure S10). However, whilst we cannot exclude
the possibility that their composition differs—since tetraspanins
are not ubiquitous markers of EVs—our findings suggest no
substantial differences among the three EV subsets investigated.
Overall, these data demonstrate the feasibility of performing deep
multiparametric spectral flow cytometry analysis of EVs using flu-
orochromes with diverse chemical properties. Furthermore, the
unsupervised analysis suggests an active release of heterogeneous
EVs carrying up to five antigens, although the majority of EVs
display only a single antigen on their surface, likely due to limited
surface area or steric hindrance of the antibodies.

3.3 | Effect of Antibody Steric Hindrance on EV
Immunophenotyping

The finding that a few EVs carried multiple antigens prompted
us to investigate whether plasma-EV immunophenotyping could
be affected by antibody steric hindrance. To address this topic,
we first conducted experiments using EVs obtained from in vitro
stimulated neutrophils.

More in detail, we stained neutrophil-derived EVs using antibod-
ies that recognise four antigens expressed at a high density by
neutrophils: CD15, CD16, CD45 and CD66b either individually

or mixed (Figure 5A). We observed minimal differences in the
abundance of the four EV subsets when EVs were stained with
antibodies individually versus in combination suggesting that
steric hindrance plays a marginal role. Moreover, we assessed
antigen co-expression on individual EVs by analysing the surface
expression of CD45, CD66b, CD15 and CD16 on Neutrophil-
derived EVs using imaging integrated flow cytometry (Figure S11).
Our analysis revealed a high degree of heterogeneity, with EVs
displaying one, two, three or all four markers. These findings
suggest that EVs do not entirely reflect the phenotype of the cell
from which they originate and support the notion of a low impact
of antibody steric hindrance on EV phenotype.

To further substantiate this finding, we stained PBMC-derived
EVs using antibodies recognising three antigens expressed at high
density by T cells: CD3, CD4 and CDS either individually or
mixed. As shown before, we did not observe relevant fluctuations
when comparing the abundance of CD3-derived, CD4-derived
and CD8-derived EVs between the two staining conditions
(Figure S12). Next, we proceeded to ex vivo experiments where we
analysed plasma-CD144" EVs stained with anti-CD54, anti-PD-
L1, CD206 or anti-CD62P individually paired with anti-CD144,
or mixed altogether. We selected anti-CD54, anti-PD-L1, anti-
CD206 and anti-CD62P from our antibody panel since they
target antigens potentially expressed by endothelial cells under
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FIGURE 5 | Effect of antibody steric hindrance on both in vitro and ex vivo EV immunophenotyping. EVs from in vitro stimulated neutrophils

were stained using Phalloidin Alexa 647 plus the following antibodies: CD15 BV510, CD16 BV480, CD45 PE and CD66b FITC, either individually
or in combination. Among the Phalloidin- events, the absolute counts of CD15", CD16", CD45" and CD66b* EVs/uL were reported (A). Data were
representative of two independent observations. Plasma EVs were stained using Phalloidin Alexa 647 and the following antibodies: CD54 BUV737,
CD206 APC-Cy7, PD-L1 PE-CF594 and CD62P PE, either paired with CD144 PE-Cy7 or in combination with CD144 PE-Cy7. Among the Phalloidin-
negative events, the absolute counts of CD144"/CD54%, CD144"/CD206%, CD144% /PD-L1* and CD144"/CD62P* EVs/uL were reported (B). Data were

representative of two independent observations.

pathophysiologic conditions. Additionally, in Figure 4 we had
already identified subsets of CD144* EVs expressing most of these
antigens.

As shown in Figure 5B, we did not observe any relevant fluc-
tuation in the amount of PD-L-17/CD144* EVs, CD541/CD144*
EVs, CD206%7/CD144" and CD62P*/CD144" EVs between the
two staining conditions, confirming the results obtained from
the in vitro experiments. Noteworthy, for these experiments we
used fluorochromes with considerable heterogenicity in both
molecular weight and chemical structure suggesting minimal
fluorochrome-mediated side effects (Table S5). Altogether, these

data suggest that the phenotypic identification of the EV anti-
genic pattern is marginally influenced by the steric hindrance
from either antibodies or fluorochromes. Noteworthy, both in
vitro and ex vivo experiments support the idea that EVs carry a
specific antigen repertoire upon release, as they do not precisely
mirror the phenotype of their parent cells.

3.4 | Panel Testing on a Pilot Cohort of SLE
Patients

After confirming the feasibility of a 2I-colour panel for the
analysis of plasma-derived EVs, we investigated the EV repertoire
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in the plasma of a pilot cohort of SLE patients compared to HDs
(Table S6).

To investigate EV phenotypes, we used a combination of manual
gating and unsupervised analysis as described above. The data
revealed the well-characterised EVs carrying lineage antigens,
as well as EVs expressing molecules related to cell activation or
exhaustion (Figure 6).

More specifically, we predominantly observed CD144+, CD61*
and CD15* EVs among the lineage antigens, although their
levels did not differ between patients and healthy subjects
(Figure 6). Among the activation/exhaustion antigens, there was
a significant increase of CD54* derived EVs in SLE patients as
compared to HDs (Figure 6). CD54* EVs partially co-expressed
only HLA-DR (SLE: 9.6 + 5.3%; HD: 15.1 + 8.2%; p = 0.16) on their
surface, further indicating a limited antigen repertoire carried by
EVs. Moreover, the unsupervised analysis of CD144*, CD61* and
CD15* EVs even showing new and poorly known EV subsets, did
not reveal any significant difference between SLE and healthy
subjects (Figure S13). Altogether these preliminary data support
the notion of a heterogeneous active release of EVs in SLE.

4 | Discussion

Here, we significantly advance the field of EV analysis by
describing the design, optimisation and initial application of a
comprehensive high-parameter spectral flow cytometry protocol
for the evaluation of circulating plasma EVs.

Spectral flow cytometry offers advantages such as an increased
number of parameters and improved detection sensitivity as
compared to conventional flow cytometry (Robinson 2019, Nolan
2022, Novo 2022). However, the EV flow cytometry analysis, even
using a spectral approach, remain a challenge basically due to the
EV small size and low refractive index. Indeed, EVs have signal
intensities just below and above most of the instrument detection
limit thus overlapping with buffer contaminants and unstained
reagents (Welsh et al. 2021, Cook et al. 2023). Thus, we performed
an instrument set up phase in which we optimised light scatter,
fluorescence detector setting, ASF and WE using organo-silica
beads or pre-stained EVs instead of polystyrene beads or cells
thus maximising signal resolution. Our isolation approach might
enrich samples with mainly large EVs. Therefore, despite this
being, to our knowledge, the first manuscript aiming to perform
instrument setup predominantly using EVs from stimulated
primary cells, we cannot exclude the need for adjustments when
integrated devices or new instruments capable of detecting parti-
cles smaller than 140-150 nm are used. In these cases, it would
be necessary to adapt our flexible workflow to isolate smaller
EV subpopulations, using methods such as ultracentrifugation
or size-exclusion chromatography. Once we defined the best
instrument set-up for EV flow cytometry analysis, we focused
our efforts on panel design. Hitherto, EV immunophenotyping
has been mainly performed using a short list of directly conju-
gated antibodies that recognise lineage markers (Anselmo et al.
2021, Anselmo et al. 2016, Suades et al. 2023, Falasca et al.
2021). Among fluorochrome options, researchers have often used
either small organic dyes (i.e., FITC or Alexa dyes) or large
protein-based molecules (PE or APC) because of their sufficient

brightness to ensure phenotyping of low number of surface
proteins as well as good EV labelling efficiency and minimal
fluorescence signal in solution (Welsh et al. 2023). However,
during the last decade, the implementation of both conventional
and spectral instruments equipped with an increasing number
of laser sources, has contributed to the development of new
class of fluorophores such as organic polymers (Chattopadhyay
et al. 2012, Telford et al. 2019) potentially suitable for EV
immunophenotyping. Hence, in the effort to build a 21-colour
panel for an EV landscape analysis, we tested these new dyes
following a specific fluorochrome performance metric. More in
detail, we first investigated their brightness and in turn, their
capability to detect EV-like events in the supernatant of in vitro
stimulated PBMCs. Then, we assigned dim fluorochromes to
lineage markers and the brightest ones to activation/exhaustion
markers.

In terms of biology, the overreaching goal of this panel was to
analyse deeply the plasma-derived EV repertoire in an effort
to identify novel circulating biomarkers with a diagnostic or
prognostic value. To this end, we set up a combination of
the conventional 2D manual gating strategy and an unbiased
approach thus potentially identifying EVs that co-expressed more
than two antigens on their surface, as well as new, poorly
described EV subsets. Unfortunately, we were not able to run a
full unbiased analysis since the EV light scatter features did not
allow a well discrimination of EVs from buffer contaminants, and
the electronic noise. Thus, the general pipeline including sample
cleaning, down sample, clustering and dimensionality (Moschetti
et al. 2022, De Monte et al. 2023) reduction allowed only the
detection of the most abundant EVs.

The unsupervised analysis performed on the main EV subsets
(CD144*; CD61* and CDI15* EVs) showed the expression of
EVs carrying only lineage markers together with those also
expressing activation/exhaustion markers. Interestingly, among
endothelial-, platelet- and neutrophil-derived EVs, we observed
clusters expressing the immunoglobulin IgM, the mannose recep-
tor (CD206), P-selectin (CD62P) and/or the programmed cell
death ligand-1 (PD-L1). However, since the soluble form of these
molecules has been already described in body fluids (Justel
et al. 2013, Bailly et al. 2021, Clemente et al. 2022, Blann 2014,
Antonopoulos et al. 2014), they might be corona proteins formed
spontaneously around the EV surface instead of originating
from the parent cell (T6th et al. 2021, Heidarzadeh et al. 2023).
Moreover, we cannot formally exclude contamination of protein
aggregates even though we avoided plasma centrifugation thus
minimising the formation of biological artefacts (T6th et al. 2021).

Furthermore, the low frequency of clusters showing more than
one antigen on the EV surface prompted us to investigate the role
of the antibody steric hindrance on the EV phenotype. Nowadays
this topic is still under debate among those working on either EVs
or cells (Welsh et al. 2023, De Vita et al. 2015). However, our data
suggested a minimal effect of antibody steric hindrance on the EV
phenotype, supporting the biological relevance of the observed
antigen patterns, at least in our experimental conditions. Even
though these results align with previous findings demonstrating
the feasibility of a simultaneous expression of multiple antigens
on the surface of plasma EVs (Karimi et al. 2022), the use
of spatial-resolution techniques such as fluorescence resonance
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FIGURE 6 | Quantification of circulating plasma EVs from Systemic Lupus Erythematosus patients and healthy donors. Platelets (CD61%),
Endothelial (CD144"), Erythrocytes (CD235%), Neutrophils (CD15%), NK (CD56™), Lymphocytes (CD3"), Monocytes (CD14"), T-helper (CD4%), B cells
(CD20%), Cytotoxic T cells (CD8*) derived-EVs and EVs expressing PD-1, CD25, CD54, CD62P, CD95, CD163, CD206, IgM, PD-L1 and HLA-DR were
quantified using Cytek Aurora. EVs/uL were reported in the gated regions. Unpaired T Test (**p < 0.01). Error bars represent the SD.

energy transfer (FRET) or super-resolution microscopy could
further address the molecular co-localisation on distinct EVs

within the same sample.

Recent evidence indicates EVs as active players in the patho-

genesis and clinical complications of SLE (Nielsen et al. 2016).

Moreover, the immunophenotyping and quantification of EVs
through flow cytometry have been of increasing interest to
explore new circulating biomarkers useful for SLE disease diag-
nosis and prognosis (Mobarrez et al. 2019, Perez-Hernandez and
Cortes 2015, Vifiuela-Berni et al. 2015, Lopez et al. 2017, Burbano
et al. 2019, Lu et al. 2019).
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As a preliminary result, we applied the 21-colour panel on
plasma samples collected from a pilot cohort of SLE patients
showing a significant increase of CD54* EVs as compared to
HDs. Interestingly, these data are in line with recent evidence
suggesting the role of soluble ICAM as an SLE biomarker (Yu et al.
2021, Egerer et al. 2000).

Notably, our spectral flow cytometry workflow, whilst validated in
the context of SLE, has potential applications beyond this disease.
The ability to perform high-dimensional immunophenotyping of
EVs could provide valuable insights into various conditions where
EVs serve as critical biomarkers such as cancer, cardiovascular
diseases, neurological disorders and other autoimmune diseases
(Anselmo et al. 2021, Withrow et al. 2016, Minciacchi et al. 2015,
Shah et al. 2018)

As a limit of this pilot study, we cannot formally exclude that
the low abundance of some EV subsets such as CD20* EVs
or CD14* EVs was a consequence of the low plasma volume
used for the staining or, more probably, simply related to the
few numbers of samples analysed. The use of a panel with
multiple antibody clones and 21 distinct fluorochromes makes it
challenging to report the data in standardised units, preventing us
from determining whether this setup would be optimal on other
instruments. However, the tools employed for this setup can be
applied by other laboratories using spectral analysers.

Altogether, these data highlight the value of a flow cytometry
deep characterisation of circulating plasma EVs as a non-invasive
“liquid biopsy” to potentially improve the knowledge of SLE
pathophysiology as well as to perform a better assessment of
patient risk stratification that could also develop into highly
effective platforms for personalised medicine.
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