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Abstract
Extracellular vesicles (EVs) are crucial mediators of cell-to-cell communication in
physiological and pathological conditions. Specifically, EVs released from the vascu-
lature into bloodwere found to be quantitatively and qualitatively different in diseases
compared to healthy states. However, our understanding of EVs derived from the
lymphatic system is still scarce. In this study, we compared themRNA andmicroRNA
(miRNA) expression in blood vascular (BEC) and lymphatic (LEC) endothelial cells.
After characterization of the EVs by fluorescence-triggered flow cytometry, nanopar-
ticle tracking analysis and cryo-transmission electron microscopy (cryo-TEM) we
utilized small RNA-sequencing to characterize miRNA signatures in the EVs and
identify cell-type specific miRNAs in BEC and LEC. We found miRNAs specifically
enriched in BEC and LEC on the cellular as well as the extracellular vesicle level. Our
data provide a solid basis for further functional in vitro and in vivo studies addressing
the role of EVs in the blood and lymphatic vasculature.
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 INTRODUCTION

Extracellular vesicles (EVs) are bilipid membrane enclosed nanoparticles and consist of three main subtypes differentiated by
their biogenesis. Apoptotic bodies, microvesicles and exosomes are secreted by virtually all cell types and contain cell source
specific cargo, such as proteins, lipids, metabolites and nucleic acids. Specific differences in their physical properties, including
size, membrane composition and density allow for the enrichment of more refined subtypes of EVs (Théry et al., 2018). The
cargo of vesicles was found to play a role in cell-to-cell communication in a paracrine manner (Milasan et al., 2016). Vesicles are
transported mainly via the circulatory system and the respective body fluids such as blood and lymph fluid (Chen et al., 2012).
In contrast to our knowledge on blood vascular-derived EVs, little is known about EVs derived from lymphatic endothelial cells
(LEC) (Trisko et al., 2022).
During development the human vasculature forms two different vascular beds resulting in the blood and the lymphatic vessel

system. The specific function of these two types of vasculature are reflected in their distinct anatomical structures, supported by
endothelial cells (ECs) with differing phenotypic andmolecular traits (Nelson et al., 2007).Whereas the blood vasculature’s main
role is the active distribution of blood and its components, the lymphatic system is responsible for the continuous removal of
accumulating interstitial fluid (Oliver et al., 2020; Pugsley &Tabrizchi, 2000). Additionally, it fulfills a crucial role in the transport
and interaction with immune cells (Randolph et al., 2017). Despite being clearly separated, both vessel types are embedded in
close proximity to each other in different tissues, culminating in highly intertwined regions termed microvasculature. Especially
in these regions the fluid and in consequence themolecular content exchange is a highly active process (Guven et al., 2020).With
both the supply of blood and the removal of interstitial fluid being key for the development, and sustainment of higher organisms,
and the imperative tissue homeostasis, diseases or damage of these systems result in tremendously detrimental effects (Cueni &
Detmar, 2008; Flavahan, 2017). Since the first reported separation of blood and lymphatic ECs (BEC and LEC, respectively), our
knowledge regarding their distinct roles and gene expression has been steadily extended (Kriehuber et al., 2001). Especially in
the context of EC heterogeneity, studies have provided crucial evidence to decipher molecular processes driving disease pro-
gression (Greenspan & Weinstein, 2021; Gurevich et al., 2021; Lee et al., 2010). The analysis of endothelial cell mRNA profiles
has led to important findings regarding endothelial identity in different tissues in homeostasis and pathological processes such
as inflammation and cancer (Feng et al., 2019; Jambusaria et al., 2020; Pan et al., 2021). As an important part of the non-coding
transcriptome, microRNAs (miRNAs), have been studied extensively in the field of vascular biology. Indeed, miRNAs stabilize
the phenotype of LEC and BEC and are involved in the onset of the differentiation process (Dunworth et al., 2014; Jung et al., 2019;
Pedrioli et al., 2010). Generally, these small non-coding RNA species, which typically consist of 20–30 nucleotides, can influence
gene regulatory processes by differentmechanisms such as targeting the 3′ untranslated region (UTR) ofmRNAs, leading to their
degradation (Hammond et al., 2000; Treiber et al., 2019). Due to this regulatory effect, dysregulation of miRNA levels can lead
to cellular dysfunction which allows for their potential use as diseases biomarker as well as therapeutic targets. The secretion of
miRNAs is currently understood to follow three different mechanisms, passive leakage, active secretion as cargo in EVs, or by
the formation and release of a miRNA-protein complex (Shah & Calin, 2013; Turchinovich et al., 2012).
In this study, the intracellular levels of miRNAs in blood and lymphatic ECs as well as the abundance of miRNAs in EV-

enriched conditioned medium were investigated. We aimed to gain information on miRNA signatures specific for LECs and
BECs as well as to identify miRNAs which are selectively secreted via EVs. Furthermore, we used mRNA sequencing to ensure
lineage specificity of the used cell populations to prevent wrong classification and assignments of respective miRNAs. This study
incorporates data that were generated and analysed in the course of amaster’s thesis (Pultar, 2022). Our results give first insights of
the endothelial-specificmiRNA patterns in EVs secreted by LEC and BEC. The correlation into the intracellular and extravesicu-
lar miRNA sequencing data on an absolute scale resulted in the identification of a subset of highly abundant miRNAs in EC-EVs.
In conclusion, the here presented data holds great promise for future applications of EC-EV-derived miRNAs as biomarkers of
various pathological processes as well as their role in determining EC heterogeneity.

 MATERIALS ANDMETHODS

. Cell culture

Human dermal microvascular endothelial cells (HDMEC) were isolated from the human foreskin, according to a protocol
described previously (Schimek et al., 2013). Juvenile prepuce was obtained in compliance with the relevant laws, with informed
consent and ethics approval (Ethic Committee Charité University Medicine, Berlin, Germany), from a paediatric surgery after
routine circumcisions or were purchased from Promocell (Heidelberg, Germany). Human umbilical vein endothelial cells
(HUVEC) were isolated from umbilical cords (Ethics Committee approval by the State of Upper Austria (#200)) according to
standard procedures. Telomerase-immortalized lymphatic endothelial cells (LEC-Tert) were a kind gift from Dr. Marion Gröger
(Medical University of Vienna, Austria). All cells were cultured in endothelial growth medium-2 (EGM-2, Lonza, Walkersville,
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MD, USA) supplemented with 5% fetal calf serum (FCS, Sigma-Aldrich Co. LLC., St. Luis, MO, USA). The serum-supplemented
growth medium is titled as full EGM-2 in further references.
Adipose stromal cells (ASC) were isolated from liposuction material as previously described (Priglinger et al., 2017; Wolbank

et al., 2007) and cultured in full EGM-2 and used from single donors at passage 6 for EV-conditioning. Human dermal fibroblasts
(HFF) purchased from Biomedica (Biomedica GmbH Vienna, AUT) HFF were cultivated in full EGM-2 and used at passages 3
and 7 for EV-conditioning.

. Fluorescent activated cell sorting (FACS)

3*105 HDMEC/cm2 (passage 3) were seeded onto a T75 flask and cultured overnight. The next day the cells were detached using
Accutase (Sigma) and transferred into a 15 mL falcon tube using FACS buffer (1 × phosphate-buffered saline (PBS) (w/o Ca++
Mg++) with 1% bovine serum albumin (BSA, Sigma-Aldrich Co. LLC., St. Luis, USA)). Cells were pelleted and washed with PBS
at 500 × g for 5 min. Afterwards they were stained for 30 min on ice in the dark with anti-Podoplanin antibody (Monoclonal
IgG1 Mouse Anti-Human D2-40 MCA2543, Bio-Rad Laboratories) 1:200 diluted in FACS buffer. Prior to the second staining
with 1:500 diluted Alexa-Fluo-488 anti-mouse 2nd step antibody (Polyclonal IgG Goat Anti-Mouse Alexa Fluor™ 488, Thermo
Fisher Scientific Inc) in FACS buffer, cells were washed with PBS (w/o Ca++ Mg++). Staining was performed for 30 min on
ice in the dark. 2 μL CD31-PE (Mouse Anti-Human PE, MBC 78.2, BD Biosciences) in FACS buffer were added to the cell
pellet and incubated for another 30 min on ice. Double-stained cells were washed with PBS and re-suspended in 300 μL FACS-
Buffer. The resuspended cells were stored on ice and applied on a cell strainer prior to the sorting on a BC MoFlow Astrios EQ
(Beckman Coulter, Brea, California, USA). The gates were set to sort PE-positive events only to make sure to not co-sort CD31-
negative fibroblasts or other non-endothelial cells. The PE-positive events were further sub-gated into Alexa-Fluo-488 positive
cells, expressing Podoplanin. Cells were directly sorted in 5 mL full EGM-2 and seeded onto a T25 flask.

. EV-conditioning of cells

3*105 cells/cm2 of EC (passage 7) were seeded onto 2 × T75 and 3 × T25 flasks using full EGM-2. The medium was changed
every 2–3 days until cells reached confluency. Cells were kept confluent 48 h before they were washed trice with PBS (w/o Ca++
Mg++) and 12 or 4mL endothelial basalmedium (EBM-2, Lonza,Walkersville,MD,USA)were added for conditioning of T75 or
T25 flasks, respectively. One T25 flask was used to count and characterise cells prior to the conditioning. After 24 h conditioned
medium from 2 × T75 and 2 × T25 was collected and pooled. Conditioned cells were detached using Accutase and PBS (w/o
Ca++ Mg++), pooled and split up into aliquots for the preparation of whole cell lysates, isolation of RNA, estimation of cell
number and surface marker profile of the cells. For the isolation of RNA, cell numbers equivalent to 75 cm2 of cell layer were
used. For the inclusion of non-endothelial control groupsHFF andASCwere cultured in T75 flasks using EGM-2 until 70%–80%
confluence. Washing and conditioning were performed as described for the endothelial cells.

. Characterization of cells

Different endothelial cell types were characterized by standard flow cytometry and immunoaffinity staining using a Cytoflex
flow cytometer (Beckman Coulter GmbH, Brea, CA, USA). After conditioning cells were detached from cell culture flasks by
washing two times with 1 × PBS (w/o Ca++ Mg++) and incubation for 5 min at 37◦C and 5% CO2 with added 1 × Accutase
(Sigma-Aldrich Co. LLC., St. Luis, USA). Cells were collected with full EGM-2 (EGM-2, Lonza,Walkersville,MD,USA). Samples
were centrifuged at 300 × g for 5 min and washed with 1 × PBS (w/o Ca++ Mg++). Cells were resuspended in FACS buffer
and splitted into separate aliquots for individual stainings. Immunoaffinity staining with antibodies was done for Podoplanin
(Monoclonal IgG1 Mouse Anti-Human D2-40 MCA2543, Bio-Rad Laboratories, Hercules, CA, USA) in combination with a
second step antibody (Polyclonal IgG Goat Anti-Mouse Alexa Fluor™ 488, Thermo Fisher Scientific Inc., Waltham, MA, USA),
CD31/PECAM (Mouse Anti-Human PE, MBC 78.2, BD Biosciences, Franklin Lakes, NJ, USA), VE-Cadherin (VECAD) (Anti-
Human FITC, BD Biosciences, Franklin Lakes, NJ, USA) and vascular endothelial growth factor receptor 2 (VEGFR2) (Anti-
Human PE, BD Bioscience, Franklin Lakes, NJ, USA). Antibodies were diluted in FACS buffer before addition to the cells and
incubation in the dark for 30 min at 4◦C. After incubation with respective antibodies, samples were washed by addition of 1 mL 1
× PBS (w/o Ca++Mg++) and centrifugation at 300 × g for 5 min before resuspension in FACS buffer. Appropriate controls for
performed measurements included unstained, single stained, second step only as well a PE isotype control (IgG Mouse Isotype
Control PE, BD Biosciences, Franklin Lakes, NJ, USA and IgG Mouse Isotype Control FITC, BD Biosciences, Franklin Lakes,
NJ, USA). Before sample analysis, the flow cytometer was performance-checked by the quality control protocol stated by the
manufacturer.
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. Enrichment for EVs

Around 32 mL of pooled conditioned medium were centrifuged at 500 × g for 5 min at RT, followed by a centrifugation step at
2000 × g for 5 min at RT. The supernatant (S2) was transferred in fresh tubes and further centrifuged at 10,000 × g for 30 min
at 4◦C in a Heraeus Megafuge 16R (Thermo Fisher Scientific, Waltham, MA, USA). The resulting supernatant (S10) was used
to concentrate small EVs by a centrifugation step at 100,000 × g for 65 min at 4◦C using a Optima™ C-100 XP ultracentrifuge
(Beckman Coulter GmbH, Brea, CA, USA). The EV pellet after the 10,000 × g centrifugation step (P10) was resuspended in
240 μL 0.22 μm-filtered PBS (w/o Ca++ Mg++) whereas the EV pellet containing the small EVs (P100) was resuspended in
400 μL PBS (w/o Ca++Mg++). The supernatant from the final 100,000 × g centrifugation (S100) was used as a control of the
enrichment process. The P100 fractionwas split into aliquots for RNA isolation (volume corresponds to 90 cm2 of confluentmono
cell layer), characterisation (volume corresponds to 45 cm2 of confluent mono cell layer) and cryogenic electron microscopy
(volume corresponds to 65 cm2 of confluent mono cell layer).

. Handling and storage of EVs

All experimental steps and storage of EV samples were performed using DNA-LoBind microtubes (Eppendorf, Hamburg, Ger-
many). To avoid bias due to the handling of EV samples, enrichment procedure, storage time and freeze thaw cycles were done
in the same manor for all samples. Characterisation via nanoparticle tracking analysis (NTA) and fluorescence-triggered flow
cytometry (FT-FC) was performed on fresh samples (no freeze thaw cycle). NTA was done 24–26 h, FT-FC was done 48–50 h
after ultracentrifugation (UC) enrichment and storage at 4◦C. RNA isolation as well as cryo-TEM were conducted after one
freeze thaw cycle (storage −80◦C in low binding tubes).

. Nanoparticle tracking analysis (NTA)

Size distribution and concentration of particles were assessed by NTA using a ZetaView PMX110 device from Particle Metrix
(Zeta VIEW S/N 239, software ZetaView 8.04.02, camera 0.703 μm/px, Cell S/N: CA0058-0109, Particle Metrix, Meerbusch,
Germany) by differential ultracentrifugation EV-enriched cell culture supernatant samples as described before (Oesterreicher
et al., 2020). In brief, samples were diluted into a total volume of 1500 μL pre-filtered (0.22 μmPVDF syringe filter) 1 × PBS (w/o
Ca++Mg++) to obtain detection rates recommended by the manufacturer when applicable. Camera and acquisition settings
were chosen as following, shutter 50, sensitivity 80, minimal brightness 20, minimal area 10 and maximal area 1000 with 11
positions.

. Fluorescence-triggered flow cytometry (FT-FC) for EV characterisation

EV-enriched samples were analysed for their lipid membrane and antigen representation by FT-FC as described previously
(Oesterreicher et al., 2020). In brief, 10 μL of via differential ultracentrifugation obtained samples were added to 70 μL filtered
(0.22 μm PVDF syringe filter) 1 × PBS (w/o Ca++Mg++) and stained for presence of a lipid membrane by addition of 20 μL
Cell Mask Green (CMG) (Thermo Fisher Scientific, Waltham, MA, USA) which was pre-diluted 1:2000 in filtered (0.22 μm
PVDF syringe filter) 1 × PBS (w/o Ca++ Mg++). Samples were then incubated for 30 min at 37◦C in the dark. Staining of
respective antigens was performed by addition 1 μL directly PE-conjugated antibodies for CD63, CD81 (Clones REA1055 and
REA513, Miltenyi Biotec, Bergisch Gladbach, Germany) and CD31 (Clone WM59, BD Pharmingen). Incubation was done for
30 min at room temperature in the dark. Samples were measured using a calibrated Cytoflex flow cytometer (Beckman Coulter
GmbH, Brea, CA, USA) with the event trigger set to 3000 for the FITC channel and a flow rate of 10 μL/min. Controls performed
included unstained, single stained and IgG PE isotype controls as well as lysed samples.

. Cryo-electron microscopy

Quantifoil (Quantifoil Micro Tools GmbH, Großlöbichau, Germany) holey carbon copper grids (Cu 200 mesh, R 1.2/1.3; hole
diameter: 1.2 μm, hole spacing: 1.3 μm)were glow discharged for 240 s, mounted on forceps, and loaded into the climate chamber
of a Leica EM GP grid plunger (Leica Microsystems, Wetzlar, Germany) set to 4◦C and 85% humidity. After application of 4 μL
of EV fraction (400 μg/mL final concentration) grids were blotted with filter paper (Whatman filter paper #1, Little Chalfont,
Great Britain) 1 to 4 s from the front side and rapidly frozen in ethane at approximately−180◦C for instant vitrification. Samples
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were kept at liquid nitrogen until examined with a 200 kV Glacios cryo-transmission electron microscope (Thermo Scientific,
Waltham, MA, USA) equipped with an extra bright field emission gun and a Falcon3 direct electron detector operated in linear
mode. Digital images were recorded at a magnification of 150,000-fold with a pixel size of 0.99 Å, a defocus of -2 μm and a total
electron dose of 60 e/Å2) (Dittrich et al., 2022).

. Isolation of cellular and vesicular RNA

Total RNA from cells and EVs was isolated using the miRNeasy Kit from Qiagen (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. To isolate RNA, cells equivalent to 37.5 cm2 were lysed in Qiazol and automatically isolated via a
Qiacube (Qiagen, Hilden, Germany) based protocol. 90 μL of the pooled P100 fraction of enriched EVs, which is equivalent
to the EVs derived from 90 cm2 of cells, were filled up to 200 μL using 0.22 μm filtered PBS and stored at −80◦C until RNA
isolation. Prior to the automatic RNA isolation using the Qiacube, EVs were lysed with Qiazol containing synthetic RNA spike
ins and glycogen was added to the aqueous phase at a final concentration of 50 μg/mL. Concentration and quality of the eluted
RNA were investigated using the Nanodrop (Thermo Scientific, Waltham, MA, USA) and Bioanalyzer Agilent RNA 6000 Nano
Kit (Agilent, Santa Clara, CA, USA) for the cellular RNA. Due to the low RNA content in EV samples, the RNA concentration
and profiles were estimated using the Bioanalyzer Agilent RNA 6000 Pico Kit (Agilent, Santa Clara, CA, USA).

. Quantitative PCR (qPCR) validation

Reverse transcription (RT) was performed using the miRCURY RT kit (Qiagen, Venlo, Netherlands). For cDNA synthesis 2 μL
total RNA from EVs or 100 ng total RNA from cells with additional 1 μL cDNA spike in (cel-miR-39-3p) per reaction were used.
qPCR was performed using the miRCURY SYBR® Green Master Mix with commercial LNA-enhanced miRNA assays (Qiagen)
and a final cDNA dilution of 1:100 for cell samples and 1:20 for EV samples. qPCRs were performed on a LightCylcer480 II
(Roche) with the following settings: 95◦C for 2 min, 45 cycles of 95◦C for 10 s and 56◦C for 60 s. Melting curve analysis was
performed using continuous acquisition between 55◦C and 99◦C. Cycle threshold (Cq) values were calculated with the 2nd
derivative maximum method (LC480, Roche v1.5.1.62). cDNA (cel-miR-39-3p) and PCR (UniSp3) spike-ins were measured in
all samples (Figure S4b). For EV samples RNA (UniSp4) wasmeasured in addition. Cq values were normalized withmiR-140-3p,
as it was found to be highly correlated on EV and cell levels within matching samples (Figure 5c,d).

. In situ hybridization of miRNAs

Written informed patient consent was obtained before tissue collection in accordance with the Declaration of Helsinki, and
with approval from the Institutional Review Board of the Medical University of Vienna under the ethical permits EK#1695/2021
and EK#1783/2020 granted to our collaborator BML. For localization of the different miRNA within human skin, we did four
consecutive tissue sections in 4 μm thickness. The sections were stained for either CD31 (1:2000, Abcam, ab182981, Cambridge,
UK) or Podoplanin (1:40, BioRad,MCA 2543, Hercules, USA) for immunofluorescent histochemistry. FormiRNA detection, the
sections were processed following the protocol for miRNAscope™ Assay red (ACD Bio, 324500, Newark, USA). The sections
were fixed and pretreated to perform target retrieval in several steps. For incubation with the two different probes for miR-150-
5p-S1 (ACD Bio, 108755-S1, Newark, USA) or miR-378a-3p-S1 (ACD Bio, 729191-S1, Newark, USA) the sections were placed in
the hybridization oven for 2 h at 40◦C. Afterwards, several amplification steps were performed. The nuclei staining of the tissue
was performed with DAPI.

. Small RNA sequencing

RealSeq®-Biofluids library preparation kit (RealSeq Biosciences, Santa Cruz, CA, USA) was used to prepare a small RNA library
of cellular and vesicular RNA. A Fixed amount of 200 ng total RNA from cells and a fixed volume of 8.5 μL total RNA from EVs
was used as input. To later allow for absolute normalization of small RNA sequencing data 1 μL of miND® spike-in (TAmiRNA,
Vienna, Austria) (Khamina et al., 2022) was added to the purified RNA. EV libraries were prepared using a 1:3 adapter dilution
and 21 cycles in the PCR. For the cell libraries, the adapter was used undiluted, and 19 PCR cycles were performed. DNA libraries
containing a barcode sequence were quantified using the Bioanalyzer Agilent DNA 1000 Kit (Agilent, Santa Clara, CA, USA),
to prepare equimolar pools of EV and Cell samples (2 × 12 plex pool). Pools were purified using a microfluidic 3% agarose gel
cassette (Sage Biosciences, Beverly, MA, USA), selecting for a size range between 130 and 160 bp to deplete adapter dimers and
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enrich for ‘microRNA-sized’ inserts. Two lanes of an Illumina HiSeqV4 SR50 (Illumina, San Diego, CA, USA) were used for
sequencing.

. mRNA sequencing

QuantSeq 3′ mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen GmbH, Vienna, Austria), was used to prepare mRNA
libraries from 250 ng cellular RNA. DNA libraries were amplified by a 17 cycle PCR and their concentration was measured using
the Bioanalyzer Agilent High Sensitivity DNA Kit (Agilent, Santa Clara, CA, USA). An equimolar 12-plex pool was prepared.
Libraries were sequenced on an Illumina HiSeqV4 SR50 (Illumina, San Diego, CA, USA).

. Analysis of NGS data

Small RNA sequencing was analysed using the miND Pipeline (Diendorfer et al., 2022). FastQC v0.11.9 (Simon, 2010) and mul-
tiQC v1.10 (Ewels et al., 2016) were used to check the quality of the raw as well as the pre-processed data. Cutadapt v3.3 was used
to trim the RealSeq adapter sequence for smallRNA sequencing derived reads and further filter reads with a quality score below
30 and shorter than 17 nt. For mRNA sequencing data the trimming and filtering was conducted using bbmap and the func-
tion bbduk v38.90 (Bushnell, 2014), whereas the same cut-offs as for sRNA pre-processing were set. Small RNA sequencing data
was mapped against the human genomic reference GRCh38.p12 provided by Ensembl (Zerbino et al., 2018) using bowtie v1.3.0
(Bushnell, 2014). All mapping reads were further processed by miRDeep2 v2.0.1.2 (Friedländer et al., 2008) by being mapped
against miRBase v22.1 (Griffiths-Jones et al., 2008) allowing for one mismatch and filtering for human-specific miRNAs (hsa).
All genomic non-miRNA-related reads were investigated for the general RNA composition using bowtie v1.3.0 (Bushnell, 2014)
and RNAcentral (The RNAcentral Consortium, 2019).
mRNA sequencing data was first mapped against the human genomic reference GRCh38.p12 provided by Ensembl (Zerbino

et al., 2018) using STAR v2.7.7a (Dobin et al., 2013). Feature counts were generated using HTSeqCount v0.12.4 (Putri et al., 2022).
For statistical analysis, as well as data visualization R v4.0 and Bioconductor packages were used. Differential expression was
performed using edegR v3.32 (Robinson et al., 2010) and the independent filtering method of DESeq2 (Love et al., 2014) was
adapted in order to remove low abundant miRNAs/mRNAs and work with edgeR.

. Gene set enrichment analysis

Gene ontology (GO) term enrichment analysis was performed using the R package topGO v2.50.0 (Adrian Alexa, 2017). GO
Annotation for biological processes was derived for human from org.Hs.eg.db v3.16.0 (Carlson, 2017). Kolmogorov Smirnov
(KS) test statistic was used for data derived from the mRNA sequencing experiment. Gene subsets were created for upregulated
mRNAs in either BEC or LEC. The unadjusted p-value from the edgeR differential expression analysis was used as a weight in
the KS statistic.
A similar statistical approach was used for the intracellular miRNA sequencing experiment, expect that gene subsets were

derived differently. To get possible interacted target mRNAs, the overlap of downregulated mRNAs with the targets of upregu-
lated miRNAs within one cell type was used. The respective p-values for those genes were derived from the mRNA differential
expression analysis.
GO enrichment analysis for differentially expressed extravesicular miRNAs as well as the top EV-enriched miRNA subset is

based on predicted target genes only. To test for enrichment, all annotated genes were used as a reference whereas only predicted
targets were marked as detected for the Fisher hypergeometric test.
Based on the unadjusted p-value derived from the GO enrichment, the top significantly identified biological processes are

visualized with ggplot2 v3.4.2 as a dot plot.

. Target prediction

Target predictionwas performed using the R packagemiRNAtap v1.32.0 (Maciej Pajak, 2017). Predicted targets were derived from
five different sources (DIANA (Maragkakis et al., 2009), Targetscan (Agarwal et al., 2015), PicTar (Lall et al., 2006), Miranda
(Griffiths-Jones et al., 2008) and miRDB (Wong & Wang, 2015)). The aggregated rank product was calculated based on the
geometric mean for all targets which were found in at least two individual databases.
Interactions between mRNAs and miRNAs are visualized in a circos plot using the R package circlize v0.4.15 (Gu et al., 2014).
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 RESULTS

. Phenotype and genotype of blood vascular and lymphatic endothelial cells

To acquire primary lymphatic and blood endothelial cells to study the intra- and extracellular transcriptome, HDMECwere used
to obtain monocultures of LEC and BEC. Fluorescence activated cell sorting (FACS) resulted in a CD31+/Podoplanin- (PDPN)
(BEC) and CD31+/ PDPN + (LEC) cell population. In total five pure LEC and two pure BEC as well as two different mixtures
of BEC and LEC were used for this study. HUVEC and telomerase-immortalized LEC were used as additional controls. All
donors/cells are marked in different colours and labelled ‘A’—‘K’. To avoid media component-derived EV contamination, plain
endothelial basal medium (EBM-2) was used to harvest EVs. Therefore, cells were characterized before and after conditioning to
monitor biases due to potential changes of their phenotype. Despite the potential stress of starvation and supplement restriction
during the conditioning process, the surface marker profile of the cells remained lineage specific. No changes in the expression of
endothelial markers CD31 and VE-Cadherin (VECAD) were detected and podoplanin was observed exclusively on LEC (Figure
S1). Except for telomerase- immortalized LEC, vascular endothelial growth factor receptor 2 (VEGFR2) was present on the cell
surface of all other cell types, irrespective of the medium switch.
To characterize the transcriptome of the different EC types, that were used to derive EC specific EVs, the levels of intracellular

mRNAs were investigated by 3′mRNA sequencing. Unsupervised hierarchical clustering over prefiltered mapped mRNAs indi-
cates lineage specific expression patterns for LEC and BEC. The expression of mRNAs of the primary cell types (LEC, BEC and
HDMEC) differs from the one of HUVEC and LEC-tert (Figure 1a). Differential gene expression analysis (false discovery rate
(FDR) < 0.05) revealed 551 genes to be enriched in pure LEC (n = 5) and 394 enriched genes in pure BEC (n = 2, Figure 1b).
Previously reported lymph-specific genes such as podoplanin (PDPN) and Prospero homeobox protein 1 (PROX1) were found
to be higher expressed in LEC with a log fold change (logFC) of 6.2 and 4.7, respectively (Figure 1b). The expression levels of
PDPN and PROX1 are low in BEC samples, with less than 0.1 and 13 RPM (Figure 1c). Vascular endothelial growth factor C
(VEGFC), which is known to be highly expressed by endothelial cells of the blood vasculature, was lower expressed in LECs
compared to BECs (logFC < −2.9) (Figure 1b). A GO-Term enrichment analysis based on upregulated genes in BEC revealed
biological processes tightly associated with the vascular system (colour-highlighted, among others), under the top 30 GO-terms
that were found to be significantly enriched (Figure 1d). The top 30 significantly enriched biological processes derived from a
GO-term enrichment analysis based on upregulated mRNAs in LEC showed several coagulation and wound healing associated
terms (Figure 1e).

. Intracellular miRNA expression discriminates LEC from BEC

To investigate the differences in miRNA transcription between LECs and BECs, small RNA sequencing was performed. Between
9.5 and 27 million (Mio) reads were obtained by small RNA sequencing of intracellular RNA. At least 92% mapped against the
human genome and between 29% and 69%were identified to bemiRNAs bymapping against themiRBase reference. Between 913
and 1282 different miRNAs were detected in each sample (Figure S3a,b). At a minimum, 460 different miRNAs with a read count
above 10 were identified in every sample. Unsupervised hierarchical clustering of prefiltered miRNAs showed a close relation
of three LEC donors. The second cluster was formed by two sub-clusters one containing the remaining two LEC donors and
one consisting of the BEC donors (Figure 2a). Differential expression of identified miRNAs between LEC and BEC revealed 17
intracellular miRNAs to be upregulated and 13 to be downregulated in LEC with an FDR < 0.05 (Figure 2b). Among others,
miRNAs 483–5p, 483-3p, 135-5p and 155-5p were enriched in BEC, whereas miRNAs 99a-5p, 511–5p, 146a-5p, 551a and 378a-3p
were enriched in LEC (Figure 2b,c). Target prediction of the differentially expressedmiRNAs showed several interactions between
upregulated miRNAs in one EC type and their associated downregulated mRNAs. For both cell types, genes targeted by three
differentmiRNAswere found. For BEC,mir-92b-3pwas observed to interact with the largest number of downregulatedmiRNAs,
whereas 26 out of 45 target genes were found to be uniquely targeted by this miRNA. In LEC, mir-148a-3p was identified as the
miRNA with the most interactions. From 15 down regulated target mRNAs of these LEC enriched miRNA, 8 were found to be
uniquely targeted by mir-148a-3p (Figure 2d). Based on the overlap of identified target mRNAs for the individual miRNAs and
downregulated mRNAs, GO term enrichment analysis was performed for LEC and BEC. Under the top significantly enriched
biological processes (BPs) for LEC specific downregulated interacted mRNAs, we found several vascular biology related terms
(highlighted in orange, Figure 2e). For the BEC related analysis we did not find any vascular biology related BPs (Figure 2f).

. Characterization of BEC and LEC enriched EVs

Under physiological conditions ECs in vitro are growing in a confluent monolayer forming a cobblestone like pattern. Con-
fluent cells were used to collect conditioned medium that is further used for differential ultracentrifugation to enrich for EVs.
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F IGURE  Intracellular mRNA expression. (a) Unsupervised hierarchical clustering of mRNA expression for LEC (n = 5), BEC (n = 2), HDMEC (n = 2),
HUVEC (n = 1) and LEC-tert donor (n = 1). Clustering is based on filtered RPM values. Colour indicates the cell type. (b) Volcano plot of differential
expression of mRNAs between LEC (n = 5) and BEC (n = 2) donors. Log2 fold change (logFC) and log10 false discovery rate (logFDR) are plotted for 11,925
mRNAs. Coloured mRNAs were found with a logFC < −1 or >1 between BEC and LEC (red and blue, respectively). Dashed lines are indicating a FDR > 0.05
and a logFC < −1 or >1. Selected target mRNAs are labelled. (c) Box plots of the expression of selected targets. Counts per million are visualized on a log scale
for LEC and BEC (blue and red, respectively). Statistics are derived from edgeR (ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). GO-Term
enrichment analysis of biological processes based on upregulated genes in (d) BEC and (e) LEC. Top 30 GO-terms found to be enriched for the differentially
expressed mRNAs and their enrichment score (log p-value based on Kolmogorov Smirnov) and the number of annotated genes per GO-Term are plotted.
Biological processes related to vascular biology are highlighted in orange.
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F IGURE  Intracellular miRNA expression. (a) Unsupervised hierarchical clustering of miRNA expression for LEC (n = 5) and BEC (n = 2) donors.
Clustering is based on unit variance scaled RPM values. Cell type is colour coded on the horizontal clusters. (b) Volcano plot of differential expression of
miRNAs between five LEC and two BEC donors. Log2 fold change (logFC) and log10 false discovery rate (logFDR) are plotted for 611 miRNAs. Coloured
miRNAs were found with a logFC < 1 or >1 between BEC and LEC (red and blue, respectively) and a FDR < 0.05. Dashed lines indicate an FDR of 0.05 and a
logFC of −1 or 1. (c) Box plots of the expression of miRNA with an absolute logFC greater than 2. Counts per million are visualized on a log scale for LEC and
BEC (blue and red, respectively). Statistics are derived from edgeR (ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). (d) Circos plot visualizing
the interaction between upregulated miRNAs in BEC (red) and the corresponding downregulated target mRNAs in BEC (grey with red border). The same is
shown for upregulated LEC miRNAs (blue) and downregulated target mRNAs in LEC (grey with blue border). Target mRNAs are summarized by the number

(Continues)
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F IGURE  (Continued)
of interacting miRNAs (e.g., 3-multiTarget contains genes that are targeted by three different miRNAs) and the number of genes per group is provided next to
the track. GO-term enrichment analysis of biological processes based on the downregulated interacted mRNAs in (e) LEC and (f) BEC. Top 30 GO-terms found
to be enriched for the differential expressed miRNAs and their regulated predicted targets their enrichment score (log p-value based on Kolmogorov Smirnov)
is shown. Size of the circle indicated the number of annotated genes per GO-Term. Biological processes related to vascular biology are highlighted in orange.

Three sample types were collected: (i) the supernatant of the ultracentrifugation (S100), (ii) the pellet containing larger EVs (P10)
and (iii) the pellet containing small EVs (P100). All samples were then characterized by determining their size, concentration
and marker profile using nanoparticle tracking (NTA) and FITC-triggered flow cytometry (FT-FC). NTA showed successful
enrichment of small extracellular particles (EPs) for all cell types, as the concentration of nanoparticles per mL was higher in
the P100 fraction compared to S100 and P10 (Figure S2a). NTA identified significantly fewer EPs in P10 and P100 from LEC
samples compared to BEC (Figure 3a). The mean size of the small EV fraction (P100) showed a narrower size range of parti-
cles with a peak at around 100 nm compared to the more heterogenous population of EPs in the P10 fraction. The mean size of
P100 was significantly smaller compared to the one of P10 for all cell types (Figure 3b,c). No significant difference was observed
in the average particle size between LECs and BECs. FT-FC analysis confirmed the higher abundance of lipid-enclosed par-
ticles in P100 compared to P10 (Figure 3d). The mean of CMG positive EVs in the S100 supernatant, over all CMG-stained
measured samples, was 70- and 80-fold lower compared to the concentration detected in P100 and P10, respectively. A signif-
icantly 3- (P10) or 2-fold (P100) higher concentration of EV/mL in BEC samples was detected compared to LEC (Figure 3d).
Surface marker presence on EVs was checked using a double staining approach of CMG and fluorescence-labelled antibod-
ies. The geometric mean fluorescent intensity was investigated and revealed that CD63 and CD81 are present on both EVs
enriched in P10 and P100 fractions for both cell types. CD31 was only detected in low amounts on large BEC-enriched EVs (P10)
(Figure 3e).

The EV size was estimated in accordance with three different size range gates, ranging from small EVs (smaller than 200 nm),
intermediate EVs (200–500 nm) to large EVs (bigger than 500 nm). The approximation of the size of EVs reveals that the highest
percentage from all detected events in the EV total gate was in the small EV gate for all different fractions. The percentage of
EVs smaller than 200 nm was significantly higher in P100 and P10 fraction of LEC compared to BEC with approximately 80% of
all EVs being small ones (Figure 3f). Density scatterplots of measured stained EVs and their fluorescent intensity in the FITC-
channel versus the signal detected in the SSC-channel visualized an EV population with the highest event count in the small
EV gate (light grey) (Figure 3g). Most of the detected events were in the EV total gate (black) except for some CMG-positive
events which showed a different scattering property. As a result, the gating was applied under the assumption that the fluorescent
intensity is increasing with respect to the size of spherical EVs leading to the exclusion of those events for determining the size
or concentration of the samples (Figure 3g). Using cryo-TEM we show the lipid-bilayer structure of the P10 and P100 fractions,
in BEC and LEC-derived EVs (Figure 3h).

. MiRNA detection in extracellular vesicles

The characterised small EVs (P100) enriched from the same volume of conditioned medium for all donors were used to extract
total RNA and subsequently perform small RNA sequencing. Sequencing depth ranged between 8.6 Mio and 31 Mio reads per
sample (Figure S3a). At least 80% of total reads mapped to the human genome (Figure S3b). For HUVEC and LEC-tert 0.5 Mio
and 1.2Mio reads mapped to miRNAs, respectively while for LEC, BEC andHDMEC only between 27,000 to 200,000 reads were
found to map against the miRBase reference (Figure S3b). The number of identified distinct mature miRNAs ranged from 357 to
727. One hundred twenty-threemiRNAs showed a read count above 10 in all EV samples (Figure S3c). Unsupervised hierarchical
clustering of vesicular miRNA expression using pre-filtered vesicular miRNAs resembled the results obtained from intracellular
miRNA expression, indicating a high correlation of intra- and extracellular miRNA profiles (Figure 4a). Five miRNAs were sig-
nificantly differentially expressed in EVs derived from LEC versus BEC with an FDR< 0.05 (Figure 4b). Three of these miRNAs
(miR-99a-5p, miR-378-3p and miR-874-3p) showed an, on average, 2-fold higher read count in LEC-derived EVs compared to
BEC (Figure 4b,c). With a logCPM expression of around 3 and 3.5 miR-150-5p and miR-216a-3p were found to be secreted in
higher levels in BEC. In vivo localization of one LEC and one BEC EV-associated miRNA (miR-378-3p and miR-150-5p, respec-
tively) were successfully detected in blood and lymphatic vasculature in human dermal skin using in situ hybridization (Figure
S5). Target prediction was performed to identify potential target genes of the vesicular miRNA cargo. Forty-four mRNAs were
found to be targeted non-specifically by miRNAs upregulated in both EC types, indicating a potential subset of non-lineage spe-
cific ECmiRNA interactions. The prediction analysis resulted in 5 and 28 double-interacted genes for BEC and LEC, respectively
(Figure 4d). All potential target genes were used in a GO enrichment analysis to retrieve processes that are impacted by the EC
lineage-specific EVmiRNA cargo. Highest enrichment scores for BEC related targets were observed to be related to the activation
of enzymes and biological processes mainly connected to inflammatory response (Figure 4e). The top significantly enriched BPs
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F IGURE  Characterization of enriched extracellular vesicles. (a) Concentration and (b) size of the P10 (microvesicle fraction), P100 (small EV fraction)
and S100 (supernatant) fraction after the differential ultracentrifugation enrichment protocol. Particles per mL or nm derived from NTA measurements (11
positions, three technical replicates) are plotted for LEC (blue, n = 5) and BEC (red, n = 2). (c) Representative size distribution histograms for the P10 and P100
fraction from one LEC and BEC donor. (d) Concentration of lipid membrane dye (CMG) stained EVs determined by FITC-triggered flowcytometry. EVs/mL
are plotted for 14 technical replicates for LEC (blue, n = 5) and BEC (red, n = 2). (e) Box plots of the mean fluorescence intensity (MFI) of EV markers
(tetraspanins CD81, CD63), endothelial cell surface marker (CD31) and the isotype control detected for CMG-positive events for the P10 and P100 fraction.
Dashed lines are the average MFI of the isotype controls for LEC (n = 5) and BEC (n = 2). (f) Percentage of events detected in the respective size range gate of
small EVs (grey, <200 nm), intermediate EVs (middle grey, 200–500 nm) and large EVs (dark grey, >500 nm). Data is derived from 14 technical replicates of
CMG-stained P10 and P100 fraction derived from LEC (n = 5) and BEC (n = 2). (g) Representative scatter plots for P10 and P100 fraction derived from one
LEC and BEC donor. (h) Representative cryo-TEM images of EV enriched fractions P10 and P100 from LEC and BEC (Scale Bar = 100 nm).
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F IGURE  Micro RNA associated with extracellular vesicles. (a) Unsupervised hierarchical clustering of miRNA expression for LEC (n = 5) and BEC
(n = 2) donors. Clustering is based on unit variance scaled RPM values. Cell type is colour coded on the horizontal clusters. (b) Volcano plot of differential
expression of miRNAs between EVs derived from LEC (n = 5) and BEC (n = 2) donors. Log2 fold change (logFC) and log10 false discovery rate (logFDR) are
plotted for 186 miRNAs. Coloured miRNAs were found with a logFC < −1 or >1 between BEC and LEC (red and blue, respectively). Dashed lines are
indicating a FDR > 0.05 and a logFC < −1 or >1. (c) Box plots of the expression of miRNA found to be differentially expressed. Counts per million are
visualized on a log scale for LEC and BEC (blue and red, respectively). Statistics are derived from edgeR (ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, ****
p < 0.0001). (d) Circos plot visualizing the interaction between upregulated miRNAs in BEC (red) or LEC (blue) and the predicted target mRNAs (grey). Target
mRNAs are summarized by the number of interacting miRNAs (e.g., 3-multiTarget contains genes that are targeted by three different miRNAs) and the number
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F IGURE  (Continued)
of genes per group is provided next to the track. GO-Term enrichment analysis of biological processes for predicted targets of enriched miRNA in (e) BEC and
(f) LEC. Top 30 GO-terms found to be enriched for the differential expressed miRNAs and their predicted targets and their enrichment score (log p-value
based on Fisher hypergeometric test) is shown. The size of the circle indicated the number of annotated genes per GO-Term. Biological processes related to
vascular biology are highlighted in orange.

for LEC secreted miRNA targets are connected to the regulation of MHC-Class II. Further other immune response associated
GO-terms were found under the top significantly enriched biological processes (Figure 4f).

. Correlation of intracellular and vesicular miRNA levels to identify secretion of distinct
miRNAs

In order to compare the results of the small RNA sequencing not only on a relative or RPM based level, the spike-in normalized
absolute concentrations is used. The comparison and correlation of miRNA expression levels of cells and their corresponding
released EVs was used to identify highly abundant and possible specifically loading of distinct miRNAs. The analysis revealed
differences in the miRNAs which are present either intracellularly or extracellularly in association with the EV enriched samples
(Figure 5a,b). A subset of highly abundant miRNAs in EVs was identified with an absolute logFC greater than 2. The correlation
of miRNAs found in both LEC and BEC EVs showed cell type specific loading patterns of the beforementioned vesicular miRNA
species (Figure 5c,d). A selection of three miRNAs which may specifically be loaded into EVs (miR-4488, miR-3960 and miR-
4516) was validated via qPCR. RNA, cDNA and qPCR spike-ins confirmed consistent sample processing (Figure S4b). Relative to
miR-140-3p normalized Cq values between EVs and cells showed significantly higher expression of the selected miRNAs in EVs
for EC samples. Additionally, two out of the three miRNAs (miR-4516 and miR-3960) were detected to be significantly higher
abundant in EVs of other cell types (ASC, HFF). Whereas miR-4488 showed a tendency to be associated to EVs but was not
significant (Figure S4a). Detailed sequencing mapping statistics for cellular and vesicular samples are shown in Figure S3. In
total, 2646 predicted target genes were identified for the potential actively loaded miRNA cargo (Figure 5e). Those target genes
were used in a GO enrichment analysis to gain information on their potential impact on BPs. Under the top 30 significantly
enriched GO-terms we found several processes associated with the cellular defense response as well as the immune system and
senescence (Figure 5f).

 DISCUSSION

Our data provide evidence for the secretory behaviour of two different in vitro cultured endothelial cell types. To obtain results
which reflect human biology as close as possible, primary human dermal microvascular blood and lymphatic endothelial cells
(HDMEC) were chosen. To get a comprehensive picture of the intracellular molecular landscape we measured and analysed
cell specific mRNA and miRNA expression profiles. Further insight into potentially long-distance signalling was obtained by
characterizing the miRNA cargo derived from cell specific EVs. To provide reliable verdicts which are lymphatic endothelial
cell (LEC) and blood endothelial cell (BEC) specific, cells were characterized for endothelial cell type specific surface marker
proteins. PECAM-1 (CD31) was to this end chosen as an endothelial cell specific marker, while the presence of Podoplanin
(PDPN) was used to identify the lymph-specific phenotype. Cell phenotype was investigated before and after the conditioning
process. The latter assessment verified that the EC phenotype was preserved, despite the stress which is inevitably induced by cell
conditioning. After enrichment of EVs by ultracentrifugation we applied nanoparticle tracking analysis (NTA) and fluorescence-
triggered flowcytometry (FT-FC) (Oesterreicher et al., 2020) for verification in accordance to theMISEV guidelines (Théry et al.,
2018). The success of this approach could be verified by finding that more than 90% of the enriched EVs are in the size range
below 200 nm. The presence of intact EVs was confirmed by FT-FC which showed successful incorporation of a fluorescent dye
(CMG) into the lipid membrane and identified EV and EC specific surface marker proteins. A first characterization revealed that
the EVs which were derived from LEC and BEC differ in size and concentration. These distinct differences may hint towards a
specialized regulation of EV release behaviour based on the differences in their physiological role and the resulting difference in
their gene expression patterns. With the change of EV loading and release endothelial cells could actively alter and change the
rate and effectiveness of their paracrine communication.
LEC and BEC specific mRNA profiles were obtained by mRNA sequencing and confirm previous results by Keuschnigg et al.

(Keuschnigg et al., 2013) and Tacconi et al. (Tacconi et al., 2021). Confirmation of cell identity was deemed successful as certain
genes, such as PROX-1 and PDPN, which are known to be lymph specific (Hirakawa et al., 2003; Nelson et al., 2007) were found
to be upregulated in LEC. As expected, we found VEGFC, which is an essential signal from BEC to LEC to stimulate tip cell
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F IGURE  Micro RNA correlation of intracellular and extravesicular expression. (a) Volcano plot of differential expression of extravesicular and
intracellular miRNAs from seven cell and seven EV samples. Log2 fold change (logFC) and log10 false discovery rate (logFDR) are plotted for 132 miRNAs.
Coloured miRNAs were found with a logFC < −1 or >1 between EVs and cells (purple and yellow, respectively). Additionally, miRNAs with a logFC < −2 are
highlighted by filled purple dots. Dashed lines indicate an FDR 0.05 and a logFC −1 or 1. (b) Box plots of the expression of miRNA with a logFC smaller than
−2. Counts per million are visualized on a log scale for EVs and cells (purple and yellow, respectively). Statistics are derived from edgeR (ns p > 0.05, *
p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Correlation of absolute concentration of intracellular and extravesicular miRNAs. Molecules/μL are
derived from miND spike-in calibrator for (c) BEC (n = 2) and (d) LEC (n = 5). Correlation of intracellular and extravesicular level of miRNAs. Spearman
correlation of intracellular and extravesicular level of miRNAs. Linear relationship is visualized by a robust linear regression. The average absolute
concentration for (c) BEC (n = 5, blue line) and (d) LEC (n = 5, blue line) is plotted. High abundant EV miRNAs are colour coded and labelled in purple.
Reference miRNA miR-140-3p is colour coded and labelled in green. (e) Circos plot visualizing the interaction between top enriched extravesicular miRNAs
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F IGURE  (Continued)
(colour gradient purple to blue) and the predicted target mRNAs (grey). Target mRNAs are summarized by the number of interacting miRNAs (e.g.,
3-multiTarget contains genes that are targeted by three different miRNAs) and the number of genes per group is provided next to the track. (f) GO enrichment
analysis of biological processes for predicted targets of top enriched miRNAs. Top 30 GO-terms found to be enriched are visualized by plotting their
enrichment score (log p-value based on Fisher hypergeometric test). The size of the circle indicated the number of annotated genes per GO-Term. Biological
processes related to vascular biology are highlighted in orange.

formation in lymphatic vessels (Rauniyar et al., 2018), to be upregulated in BEC.With these results we ensured a frame of specific
gene expression patterns to enable cell type specificity of our data and the subsequent interpretation of physiological relevance.
Due to the importance of the vasculature in many physiological and pathological processes, the specifically and early iden-

tification of diseased lymphatic or blood vascular structures in the human body is of high advantage. The identification and
characterization of differences in the secretory behaviour of the physiological state of in vitro cultured cells was used to identify
potential signatures which later can be used to differentiate between these two vascular systems. Such tissue specific signatures
can hold great potential for the identification of biomarker or EVs and their transcriptome in non to little invasive liquid biopsies
such as blood (plasma or serum).
Our results show that communication of LEC and BEC differs in terms of EV secretion and miRNA loading which subse-

quently influences downstream target cells and pathways. Findings like the predominant secretion of miR-378-3p by LEC and
miR-216-3p and miR-150-5p by BEC, suggest that further studies should assess the potential use of these miRNAs as potential
candidates for biomarkers of various pathological and physiological processes possibly in the context of the specific vascular bed
of origin. For example, miR-378-3p as one of the mature forms of the miR-378a family has already been described to actively
influence angiogenesis in both healthy tissue as well as in cancer (Krist et al., 2015) and might therefore be a feasible target for
analysis of EV based biopsies from various body liquids. EV-based diagnostics might also be feasible for health screenings in
pregnancy as it can be performed using almost all body fluids. A target for such a screeningmight be miR-150-5p, which we were
able to successfully detect in EVs derived from BEC. While miR-150-5p is thought to play a role in the differentiation process
of endothelial progenitor cells it has also been shown to be upregulated when endothelial cells where exposed to alcohol and
adversely affected development of the cortical microvasculature (Du et al., 2020; Perales et al., 2022). Therefore, the potential
usage of this miRNA as a marker for fetal alcohol spectrum disorders might be used to specify the impact of the parental alco-
hol abuse on the foetus. The quantification of EV dependent release of miR-216a by BEC, as we have seen in our study, could
potentially be linked to before reported endothelial dysfunction (Menghini et al., 2014) and may be used for early recognition of
disease onset of the cardiovascular disease.
The usage of an absolute normalization approach provided the possibility to identify a subset of potentially actively secreted

miRNAs by comparing intracellular and extravesicular miRNA concentration. Our current experimental setup indicates that
those miRNAs seem to be higher abundant in EVs compared to the overall intracellular presence in EC. The qPCR validation
of three selected miRNAs with a high logFC (smaller than–6) between Cell and EV for ECs and a selection of control cells
indicated that the identified subset of miRNAs may be secreted actively by other cell types as well hinting towards EV specific
miRNA species. All three miRNAs were reported to be associated to EVs not only from EC but for example in plasma derived
EVs or in cancer related studies (Umair et al., 2022; Ye et al., 2022; Zhong et al., 2021). MicroRNA miR-3960 was shown to
promote the differentiation process of vascular smooth muscle cells into osteoblasts (Xia et al., 2015). This process is typically
observed in the medial and intimal layers of blood vessels and the active secretion of miR-3960 induced by, for example, stress
can facilitate the vascular calcification via the RUNX2/miR-3960 inducedWNT cascade (Jiang et al., 2021; Qin et al., 2021; Tyson
et al., 2020). Further investigation of the structure and nucleotide composition of this EV-specific subset of potentially actively
secreted miRNAs could help to improve loading efficacy and applicability of EV—miRNA therapeutics.
Our data gives first insights into the secretory behaviour of EVs and their miRNA cargo by LEC and BEC and further adds

to the relevant yet still sparse knowledge on endothelial EVs and their use in diagnostics (Trisko et al., 2022). This knowledge
might be used for the search for fitting biomarkers in a cell-specific context in the future which could be based on the isolation
of EVs from quasi non-invasive liquid biopsies. Furthermore, the observed differences between the primary human EC derived
from skin to cell lines such as LEC-Tert as well as the juvenile HUVEC, which are still found in many studies concerning blood
vessel research are indicating the necessity of an adult EC source for in vitro vascular research.
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