
Citation: Savinovskaya, Y.I.;

Nushtaeva, A.A.; Savelyeva, A.V.;

Morozov, V.V.; Ryabchikova, E.I.;

Kuligina, E.V.; Richter, V.A.; Semenov,

D.V. Human Blood Extracellular

Vesicles Activate Transcription of

NF-kB-Dependent Genes in A549

Lung Adenocarcinoma Cells. Curr.

Issues Mol. Biol. 2022, 44, 6028–6045.

https://doi.org/10.3390/

cimb44120411

Academic Editors: Chiara Rosso and

Antonio Francavilla

Received: 31 October 2022

Accepted: 26 November 2022

Published: 30 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Human Blood Extracellular Vesicles Activate Transcription of
NF-kB-Dependent Genes in A549 Lung Adenocarcinoma Cells
Yulya I. Savinovskaya, Anna A. Nushtaeva , Anna V. Savelyeva, Vitaliy V. Morozov, Elena I. Ryabchikova ,
Elena V. Kuligina , Vladimir A. Richter and Dmitriy V. Semenov *

Institute of Chemical Biology and Fundamental Medicine, Siberian Branch, Russian Academy of Sciences,
Lavrentiev Avenue, 8, 630090 Novosibirsk, Russia
* Correspondence: semenov@niboch.nsc.ru

Abstract: Extracellular vesicles (EVs) produced by various cell types are heterogeneous in size
and composition. Changes in the RNA sets of EVs in biological fluids are considered the basis for
the development of new approaches to minimally invasive diagnostics and the therapy of human
diseases. In this study, EVs were obtained from the blood of healthy donors by centrifugation,
followed by ultracentrifugation. It was shown that EVs consist of several populations including
small exosome-like vesicles and larger microvesicle-like particles. The composition of EVs’ RNAs
was determined. A549 lung adenocarcinoma cells were incubated with EV and the NGS analysis of
differentially expressed genes was performed. During the incubation of A549 cells with EVs, the
levels of mRNA encoding components for the NF-kB signaling pathway increased, as well as the
expression of genes controlled by the NF-kB transcription factor. Overall, our results suggest that
components of EVs trigger the NF-kB signaling cascade in A549 cells, leading to the transcription of
genes including cytokines, adhesion molecules, cell cycle regulators, and cell survival factors. Our
data provide insight into the interaction between blood EVs and human cells and can be used for
designing new tools for the diagnosis and treatment of human diseases.

Keywords: human blood extracellular vesicles; transcriptome; extracellular RNA; next-generation
sequencing; A549 cells; NF-кB signaling

1. Introduction

Extracellular vesicles (EVs) are produced by many cell types and circulate in biological
fluids, including blood. EVs contain proteins, DNA, RNA, lipids, and metabolites that can
bind to target cells and be internalized by recipient cells, causing an immune response,
differentiation, modulating apoptosis, and other essential physiological processes [1].

Currently, there is no well-established consensus on specific parameters of EV subtypes.
There are evolving recommendations for characterizing their subtypes, particularly in
complex biological fluids. However, based on the mode of biogenesis and size, EVs are
classified into three major classes: exosomes, microvesicles, and apoptotic bodies [1–3].
Exosomes represent the smallest subtype of EVs, from 30 to 100 nanometers in diameter,
and are formed in several stages. First, the formation of the early endosome; second,
the internal budding of the endosomal vesicle membrane, leading to the formation of
multivesicular bodies (MVBs) containing intraluminal vesicles; third, the fusion of MVBs
with the plasma membrane of the cell, and the release of the exosomes into the extracellular
space. Shedding microvesicles (ectosomes) are membrane vesicles from 50 to 2000 nm in
diameter. The main difference between microvesicles and exosomes is their formation on
the cell’s outer membrane. In the first stage, the phospholipids of the plasma membrane are
redistributed, including the exposure of phosphatidylserine to its outer layer, resulting in
the formation of domains that promote the budding of a part of the cytoplasm surrounded
by the cell plasma membrane. Then the “bud” is separated from the plasma membrane
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with the participation of the actin–myosin complex. Apoptotic bodies are parts of a cell
containing fragments of chromatin and organelles and are enclosed in a membrane with a
diameter of 50 to 5000 nm. Apoptotic bodies are formed during apoptosis, which is a kind
of programmed cell death. Unlike exosomes and microvesicles, apoptotic bodies in their
content are not a product of selective transport, but of randomly distributed portions of the
cytoplasm adjacent to the membrane of the apoptotic cells [2,3].

It is considered that once released into the extracellular space, EVs can interact with
target cell receptors. The ability to interact with cellular receptors allows EVs to address
their contents toward specific cells, generating various biological responses in the recipient
cells. Among ligand–receptor interactions, the ones related to toll-like receptors (TLR)
should be of particular interest: TLR-2, TLR-4, and others [1,4].

In addition to mediating the intercellular exchange of information with their surface
molecules, EVs are able to penetrate cells by macropinocytosis [5], endocytosis [6], and
phagocytosis [7]. It is assumed that the contents of the EVs can enter directly into the cell
by fusion of the plasma membrane with the outer membrane of the recipient cells [8]. EVs
contain inflammatory proteins such as cytokines that regulate immune system response.
Cytokines can reach the extracellular space packaged in EVs, facilitating the delivery and
targeting of these molecules to distant target cells. Among cytokines, interleukins such
as IL-1α, IL-1β, IL-6, IL-2, IL-4, and IL-33 are associated with the surface or are located
inside the EVs [9]. Among the chemokines, CCL2, CXCL8, and others have been found to
be associated with EVs. Various EVs also stimulate target cell activation through the TNFα
signaling pathway. TNFα can stimulate the proliferation of normal cells, exhibit cytolytic
or cytostatic activity against tumor cells, and induce inflammatory responses. With the
growing number of studies on EVs, there is more and more evidence that EVs play an
important role in the immune response, apoptosis, angiogenesis, and inflammation [1,4].

There is much direct and indirect evidence that EVs can deliver specific sets of RNAs
to recipient cells, thereby participating in gene expression and epigenetic changes [10]. The
transfer of microRNA and mRNA by EVs from one cell type to another and the functioning
of the transferred RNA have been reported [11]. It is known that microRNAs of EVs
are involved in the regulation of genes at the post-transcriptional level. The transfer of
intact mRNAs with EVs from donor cells to recipient cells, in turn, can serve to exchange
phenotypic traits between cells, since mRNAs of proteins enter the recipient cells, which
initially were not expressed in them [12,13]. The public online database Vesiclepedia is
a catalog of molecular data identified in all classes of EVs, including apoptotic bodies,
exosomes, shedding microvesicles, and others [14]. Vesiclepedia currently contains over
27,000 mRNA entries and over 10,000 noncoding RNA entries. Many studies have focused
on the different species of RNAs from EVs, including coding and noncoding species;
the study of different transcript isoforms and splicing variants are results of the broad
application of Rnaseq and computational tools [13,15]. However, the question remains as
to exactly how RNAs and proteins in the composition of EVs influence the fundamental
processes underlying intercellular communications [16].

In this work, an NGS analysis of RNAs obtained from human blood EVs was per-
formed. The study revealed that EVs contain fragments of “housekeeping” rRNAs, tRNAs
snRNAs, scRNAs, as well as the set of mRNAs encoding the major proteins in human
blood cells (HBB, HBA2, ACTB, FTL, and others). We conducted a whole transcriptome
analysis of gene expression changes in human A549 cells incubated with EVs from the
blood of healthy donors. The EVs have been found to activate the NF-kB response, which in
turn induces secondary changes—activation of genes involved in glycolysis, extracellular
matrix assembly, regulation of cell adhesion, programmed cell death, and others. Data on
components of blood EVs inducing the activation of the NF-kB signaling pathway indi-
cate that EVs play an important role in modulating the immune response, inflammation,
and apoptosis in target cells, and provide new insights into vesicle-mediated cell-to-cell
communications.
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2. Materials and Methods
2.1. Ethics Statement

Blood samples were obtained with informed consent from healthy donors in the
Center of New Medical Technologies of ICBFM SB RAS (Novosibirsk, Russia). The study
was approved by the Committee for Ethics of the ICBFM SB RAS (protocol number 9 of 7
September 2020).

2.2. Blood Donors

The study comprised healthy males and females aged 21–64 years with no clinical
history of malignant neoplastic, autoimmune, or chronic inflammatory diseases.

2.3. Collection of Human Blood

Peripheral blood was obtained from the median cubital vein using BD vacutainer K3
EDTA (BD, USA). Samples were stored at +4 ◦C and subjected to fractionation no later than
2 h after collection.

2.4. Plasma EVs Isolation and Purification

EDTA-stabilized whole blood was centrifuged at 1200× g, for 20 min, at 4 ◦C. the
blood plasma hemolysis index was estimated by the optical absorption of hemoglobin at
414 nm according to [17]. For further preparations, blood plasma samples with a hemolysis
index lower than 2.0 were used. In order to remove cell debris and precipitated plasma
proteins/lipids, blood plasma was centrifuged at 16,000× g, for 20 min, at 4 ◦C. Cell-free
plasma samples were centrifuged at 160,000× g for 2 h at 4 ◦C. Obtained pellets were
submitted to additional purification steps including three consecutive ultracentrifugations
at 160,000× g for 2 h at 4 ◦C in an excess volume of Tris-buffered saline (TBS). Finally, each
pellet containing the EVs was suspended in 100 µL of TBS, stored at −80 ◦C, and used
for downstream applications. Further, the terms “EVs” and “EVs preparations” will be
applied equivalently.

2.5. Dynamic Light Scattering Analysis (DLS)

Preparations of EVs were resuspended in a 1/100 volume of double-filtered phosphate-
buffered saline (dfPBS). The size of the EVs was analyzed using a Malvern Zetasizer Nano
ZS (Malvern Instruments Ltd., Malvern, UK), equipped with a 633 nm He–Ne laser, at
22 ◦C, and a detection angle of 173◦. For each sample, 11 runs of 10 s were carried out
three times. The received data were analyzed with Zetasizer software v7.11 (Malvern
Instruments Ltd., UK).

2.6. Nanoparticle Tracking Analysis (NTA)

The concentration and size distribution profiles of EVs were determined using a
NanoSight LM10 instrument (Malvern Panalytical, UK) equipped with a blue 488 nm laser
light source. The samples were diluted 25 times in 0.22 µm dfPBS and mixed before being
introduced into the sample chamber using a syringe pump with a fixed flow rate. The size
distribution and particle concentration each represented the mean of three individual mea-
surements with an acquisition time of 60 s, a camera level setting of 12, and a temperature
of 25 ◦C. For video acquisition, a shutter setting was set to 600 and the sensitivity at 89
according to the system’s software guidance algorithms.

2.7. Transmission Electron Microscopy (TEM)

Samples of EVs (pellets) were fixed with 4% paraformaldehyde at 4 ◦C for 24 h,
postfixed with 1% OsO4, dehydrated in graded ethanol and acetone, and embedded in
an Araldite–epon mixture. Ultrathin sections (65–75 nm) from obtained hard blocks were
prepared on an ultramicrotome EM UC7 (Leica, Wetzlar, Germany) using a diamond knife
(Diatome, Nidau, Switzerland). Ultrathin sections were contrasted with water solutions
of uranyl acetate and lead citrate and examined in a JEM 1400 TEM (JEOL, Tokyo, Japan).
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Digital images were collected using a Veleta side-mounted camera (EM SIS, Muenster,
Germany).

2.8. Flow Cytometry Analysis

Preparations of EVs obtained at 160,000 g were stained with mouse anti-human
CD3-FITC, CD79a-PerCP Cy5.5, CD41a-FITC, CD34-APC, and CD63-PE according to the
manufacturer’s protocol (eBioscience, San Diego, CA, USA). Pellets were twice washed
with dfPBS and analyzed using FACS Canto II (Becton Dickinson, Franklin Lakes, NJ, USA).
Forward scatter and side scatter (FSC and SSC) PMT voltage settings were adjusted for
the detection of extracellular particles (60–1000 nm) using CST beads (Becton Dickinson,
USA) and 60 nm polystyrene beads (Thermo Scientific, Waltham, MA, USA). PMT voltage
settings for the detection of FITC, PE, PerCP-Cy5.5, and APC fluorescence were adjusted
using “Anti-Mouse Ig, κ/Negative Control Compensation Particles Set beads”, according
to the manufacturer’s protocol (Becton Dickinson, Franklin Lakes, NJ, USA). The following
settings were used for the flow cytometry analysis: FSC, 615; SSC, 310; FITC, 548; PE, 466;
PerCP-Cy5.5, 505; APC, 300; threshold FSC/SSC, 200/200; compensation PE-FITC, 18;
and compensation PerCP-Cy5.5/PE, 15. Gates were set according to unstained samples.
Flow cytometry data were analyzed with BD FACSDiva software v6.1.3 (Becton Dickinson,
USA). Overlaid histograms were created using Flowing software v2.5.1 (Turku University,
Turku, Finland).

2.9. Cell Culture

The human A549 lung adenocarcinoma cell line was obtained from the Russian col-
lection of cell cultures (Institute of Cytology of the RAS, Novosibirsk, Russia). The cells
were cultivated in Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM L-alanyl-L-glutamine, 100 U/mL penicillin, 0.1 mg/mL of
streptomycin and 0.25 µg/mL of amphotericin B (Life Technologies, Carlsbad, CA, USA) at
37 ◦C in a humidified atmosphere containing 5% CO2.

2.10. Fluorescence Microscopy Analysis

Blood EVs were incubated with 1 mM fluorescein isothiocyanate (FITC) in 150 mM
sodium bicarbonate buffer at pH 8.3 for 1 h at 25 ◦C. FITC-labeled vesicles were purified by
three consecutive steps of centrifugation at 16,000× g, at 4 ◦C in TBS. The A549 cells were
incubated with FITC-labeled extracellular vesicles for 24 h, fixed with formalin, stained
with 4′,6-diamidino-2-phenylindole (DAPI), and analyzed with a ZOE Fluorescent Cell
Imager (Bio-Rad, Hercules, CA, USA).

2.11. Viability of A549 Cells (MTT Assay)

The total protein concentration in EVs preparations was measured using a micro-
volume NanoVue Plus spectrophotometer (GE Healthcare, Chicago, IL, USA) and Qubit
fluorimeter in combination with a Qubit Protein Assay Kit (Life Technologies, USA) fol-
lowing the manufacturer’s protocol. A549 lung adenocarcinoma cells were cultured as
mentioned above, in 96-well plates, until a 40–50% confluence was reached. A549 cells
were incubated with extracellular vesicle preparations (total EVs protein 10 ng/mL) for
48 h. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide) (Applichem,
Darmstadt, Germany) dye solution was added to the culture serum-free medium to a final
concentration of 0.5 mg/mL and incubated for 4 h at 37 ◦C. The culture medium was
removed, and the formazan crystals were dissolved with dimethyl sulfoxide (according
to [18]). The absorbance at λ = 570 nm and background at λ = 620 nm was measured using
a microplate reader (Apollo 8 LB 912, Berthold Technologies, Bad Wildbad, Germany).

2.12. Proapoptotic Changes of A549 Cells (FCM)

A549 cells were cultured, as mentioned above, in 6-well plates, treated with EV prepa-
rations, and incubated for 48 h at 37 ◦C. The cells were washed with PBS, and subsequently
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floating cells in the medium along with adherent cells were harvested by trypsin. After cen-
trifugation at 800× g for 5 min, the cells were resuspended in 100 µL of 1 × Binding buffer.
The solution was transferred to FACS tubes and 2 µL of propidium iodide (PI) and 4 µL
of Annexin V-FITC conjugate were added according to the manufacturer’s protocol (BD-
Pharmingen, USA). Finally, 300 µL of 1 × Binding buffer was added at room temperature,
in the dark, for 15 min. Proapoptotic changes were determined by flow cytometry, using a
BD FACSCanto II cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The flow cytometry
data were analyzed using FlowJo Software.

2.13. RNAs Extraction, cDNA Library Construction, Illumina Sequencing, and Differential Gene
Expression Analysis

Total RNA was extracted from A549 cells with TRIzol Reagent (Life Technologies,
USA) according to the manufacturer’s protocol. The RNA concentration was measured
using a microvolume NanoVue Plus spectrophotometer (GE Healthcare, USA) and Qubit
2.0 Fluorimeter (Invintrogen, Waltham, MA, USA) with a Qubit RNA HS Assay Kit (Thermo
Fisher Scientific, USA) following the manufacturer’s protocol. The quality of the total RNA
as an RNA Integrity Number (RIN) was determined with a Bioanalyzer 2100 instrument
(Agilent Technologies, Santa Clara, CA, USA) using an Agilent RNA Pico 6000 Kit (Agilent
Technologies, USA). A threshold RIN reading greater than 8.0 was taken as the cutoff
point for the transition to the stage of library preparation. The construction of the Illumina
cDNA libraries and sequencing on the Illumina HiSeq 1500 was performed in Genoanalitica
(Russia). Raw sequencing reads were controlled by FastQ analysis and subjected to adapter
removal by Trimmomatic [19]. Trimmed sequencing reads were filtered with Bowtie2 using
a reference containing sequences of rRNA, tRNA, snRNA, SINE, LINE, DNA repeats, and
low complexity sequences, as well as mitochondrial DNA. Filtered reads were aligned
and quantified with two independent approaches. The first approach used the human
assembly GRCh37 (hg19) by HISAT2 using RefGene annotations to the human genome
(https://hgdownload.cse.ucsc.edu/goldenPath/hg19/database/ accessed on 10 October
2020) [20]. The obtained data on the relative contribution of transcripts in the FPKM
format were combined into cumulative tables using the CuffCompare from Cufflinks
v.2.1.1 [21]. In the second approach, trimmed and filtered reads were mapped to the
human genome (GRCh37/hg19) with STAR 2.7.1a [22], indexed with the RefGene human
genome annotation. Aligned reads were quantified with QoRTs v1.3.6 [23], differential gene
expression analysis was performed with DESeq2 [24], and R version 4.1.3, Bioconductor
3.14. The results of differential gene expression analysis—lists of up/downregulated
genes—were interpreted with Enrichr [25] using the R interface to the Enrichr database.

2.14. Validation of mRNA Transcripts with qRT-PCR

A549 cells were incubated with EVs preparations for 24 h. Total RNA from A549
cells was isolated using TRIzol Reagent (Life Technologies, USA) with additional DNase
I and RNase-free (Thermo Fisher Scientific, USA) digestion according to the manufac-
turer’s protocol. To determine the sensitivity of real-time RT-PCR, RNA was diluted to a
concentration of 50 ng/µL. qRT-PCR was performed on a LightCycler 96 System (Roche,
Basel, Switzerland), using the reagent kit BioMaster RT-PCR SYBR Blue (2×) (Biolabmix,
Novosibirsk, Russia). The qRT-PCR conditions included the synthesis of cDNA at 45 ◦C for
30 min; initial activation at 95 ◦C for 5 min; 40 cycles with denaturation at 95 ◦C for 10 s,
annealing at 58 ◦C for 10 s and extension step at 72 ◦C for 20 s, with a final extension at
82 ◦C for 5 s selected for primers GAPDH, NFKBIA, and CXCL1. The melting curves were
analyzed to ensure the specificity of the products. The levels of mRNA were represented as
relative values normalized to the level of GAPDH. To confirm the amplification of targeted
gene fragments, PCR products were separated with electrophoresis in 1.5% agarose gel,
stained with ethidium bromide, and documented with Gel Doc XR System (Bio-Rad, USA).
The forward and reverse primers were synthesized in Biosset, Russia (Table 1).

https://hgdownload.cse.ucsc.edu/goldenPath/hg19/database/
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Table 1. Primer sequences used for qRT-PCR.

Gene Sequences

GAPDH
F: GAAGGTGAAGGTCGGAGT

R: GAAGATGGTGATGGGATTTC

NFKBIA
F: TGTCTACACTTAGCCTCTATC
R: TCTGTGAACTCCGTGAACTC

CXCL1
F: AGGCAGGGGAATGTATGTGC
R: AAGCCCCTTTGTTCTAAGCCA

3. Results
3.1. Isolation and Characterization of EVs from the Blood Plasma of Healthy Donors

The EVs of human blood are heterogeneous in size, origin, and molecular composition.
Besides the EVs, human blood contains different non-vesicular macromolecular structures,
for example, RNA–protein complexes and cellular components, that complicate the EVs
isolation process [16,26]. To date, there is no standardized method for obtaining EV
preparations [27]. The most frequently used methods for isolating EVs from blood plasma
are based on ultracentrifugation [28]. In order to obtain the EVs from human blood, we
used several consecutive centrifugation and ultracentrifugation steps that included low-
speed centrifugation at 1200× g to remove blood cells; centrifugation at 16,000× g to
remove cell debris and large particles followed by ultracentrifugation at 160,000× g to
precipitate EVs (Figure 1A). We additionally purified the EVs pellets with three consecutive
ultracentrifugations at 160,000× g to achieve EVs purification and preserve the RNA in the
EVs preparations (Figure 1A).

The TEM study of ultrathin sections of the pellets (EVs preparations) revealed a
fibrillar substance and various vesicles (30–200 nm in diameter), and single vesicles and
their accumulations were observed (Figure 1B). Analysis of the obtained ultrastructural
data confirmed that EVs preparations exactly contain vesicles; many of them corresponded
to exosomes by size and spherical morphology. Usually, EVs are examined using negative
staining; however, this method does not always reveal the membrane-limiting vesicles and,
respectively, does not allow for the unambiguous identification of the detected structures.
We have applied the ultrathin sections method that provides the accurate identification of
all structures (Figure 1B), and, therefore, we can conclude that the preparations used in the
work contain EVs and do not contain cellular organoids. Given that other methods in this
study perceive vesicles as particles, both terms will be used the same way.

The EVs preparations contain particles with a hydrodynamic diameter of 50–200 and
300–1000 nm, according to DLS analysis (Figure 1C). According to the NTA analysis, the
samples contained several subpopulations of EVs with a hydrodynamic diameter of ~85,
155, 255, and 350–400 nm, which correspond, by size, to exosomes, microvesicles, and
apoptotic bodies. The largest contribution was represented by the subpopulation with an
average size of ~85 nm (Figure 1D). The yield of purified EVs was 20–35 × 103 particles/µL
of blood plasma which is consistent with the published data [29,30].

Thus, the obtained data leads to the conclusion that blood EVs preparations (160,000 g
fractions) contain vesicles up to 100 nm in diameter, which can be attributed to exosomes,
as well as to larger particles, namely microvesicles. At the same time, the size distribution
profiles between the microvesicles and exosomes are very similar, which also suggests that
these two vesicle populations overlap in size [27].

It is known that EVs are produced by different types of cells [31]. The markers on
the surface of the vesicle membranes are similar to those of the parent cell membrane. To
analyze the protein markers of blood EVs and assess their cellular origin, flow cytometry
was applied using the sets of antibodies to the following antigens: CD63—a transmembrane
protein of exosomes/endosomes; T-cell antigen—CD3; B-cell antigen—CD79a; platelet
antigen—CD41a. It has been established that a set of purified blood EVs obtained by
ultracentrifugations at 160,000× g contains vesicles with a platelet/megakaryocyte marker
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(~43%), T-cell marker (~51%), and B-cell marker (~5%). Roughly ~50% of purified blood
EVs carried exosome marker CD63 (Table 2).
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Figure 1. Human blood extracellular vesicle preparations. (A) Isolation and purification of extracellu-
lar vesicles from the blood of healthy donors. (B) Vesicles visualized by TEM in ultrathin sections of
pellets (160,000× g ultracentrifugation). The upper row shows accumulations of vesicles, the lower
row shows enlarged images of the vesicles. Thin arrows show vesicles with size and morphology cor-
responding to exosomes, and thick arrows, to microvesicles. Scale bars correspond to 100 nm. (C,D)
The size distribution of extracellular vesicles was determined using dynamic light scattering and
nanoparticle tracking analysis. (E) RNA length distribution of extracellular vesicles analyzed using
Agilent Bioanalyzer 2100 on an RNA 6000 Pico chip; the RNA length marker (M25); n.—nucleotide.

Total RNA was isolated from preparations of EVs and the distribution of RNA lengths
was analyzed by capillary electrophoresis using an Agilent Bioanalyzer 2100. It was
found that the RNA of EVs is represented by a set of fragments with a length of ~30 to
100 nucleotides (Figure 1E).
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Table 2. FCM analysis of protein markers in blood plasma EVs. The mean values and standard
deviations of the contributions of individual fractions to extracellular vesicle preparations obtained
from the blood plasma of three different donors are presented.

Markers Content, %

CD63 51.4 ± 12
CD3 51 ± 22

CD79a 5.0 ± 3.5
CD41a 43.6 ± 11

3.2. Internalization of EVs by A549 Cells and Influence of Vesicles on the Cells’ Viability

Using luminescence microscopy, it was found that after incubating A549 cells with
FITC-labeled human blood EVs for 24 h, labeled structures were detected in the cyto-
plasm of recipient cells (Figure 2A). We determined that the EVs did not cause statistically
significant changes in the A549 cells’ viability (Figure 2B) and did not induce noticeable
proapoptotic changes in the cellular membrane as was assessed with flow cytometry
(Figure 2C). Therefore, it can be concluded that the interaction of human blood EVs with
A549 lung adenocarcinoma cells does not affect cell viability and cause apoptotic changes.
At the same time, viable cells capture the components of EVs and accumulate them in
the cytoplasm.
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Figure 2. (A) Fluorescence microscopy of EVs internalization by human A549 cells. Cells were
incubated with FITC-labeled human blood EVs for 24 h. 1—A549 cells in transmitted light;
2—fluorescence of FITC-labeled particles, 3—fluorescence of cell nuclei (DAPI); 4—superposition of
2 and 3; 5—superposition of 1, 2, and 3. Scale bars correspond to 25 µm (B). Viability of human lung
adenocarcinoma A549 cells incubated in the presence of preparations of blood extracellular vesicles
for 48 h (data of MTT-test). The curve corresponds to the change in the MTT index of cells during
incubation with different concentrations of EVs. (C) Analysis of apoptotic changes in A549 cells under
the influence of EVs from human blood by flow cytofluorimetry. The ordinate shows the contribution
of cells stained with FITC-Annexin V and PI to the general population of A549 cells. Contribution
of the apoptotic cells’ population to the total number of cells incubated for 48 h with (1) or without
(2) preparations of blood EVs.



Curr. Issues Mol. Biol. 2022, 44 6036

3.3. RNAs of Human Blood Extracellular Vesicles

To characterize the RNA profiles of EVs isolated from the blood plasma of healthy
individuals, we used the Illumina RNAseq approach. EVs contain a significant number of
fragments derived from rRNA covering up to 72% of all detected RNAs. The proportion
of mRNAs, lncRNAs, and snoRNAs was about 25%. The proportion of reads annotated
as small nuclear/cytoplasmic RNA including snRNA, scRNA, tRNA, and YRNA was, on
average, 2 % (Tables 3 and S1).

Table 3. Contribution of the main classes of human RNAs to the total set of extracellular vesicle RNAs.

RNA Class Reads × 10−3 (Ave) Contribution (%)

rRNA 2792 72
tRNA, U1-U12 snRNA, YRNA, scRNA,

transcribed genomic repeats 90 2.33

Mitochondrial transcripts 25 0.66
Human genome transcripts (hg19)

including RefGene RNA (mRNAs, lncRNAs,
snoRNAs, and others)

968 25

Total 3875 100

We detected the presence of small nucleolar RNAs (snoRNAs) and small Cajal bodies
RNAs (scaRNA) in the set of EVs RNAs (Table S2). A number of nuclear lncRNAs—
MALAT1, NEAT1, XIST, H19, MEG3, and TUG1—were also found (Table S3). Taken
together, these data directly indicate the presence of nucleoplasm and nucleolus compo-
nents in human blood EVs.

The majority of mRNAs in EVs preparations encode the cytoplasmic proteins of human
blood cells: HBB, HBA2, FTL, and others (Table S4). From the results of Enrichr analysis,
the set of 200 major mRNAs from EVs is enriched with RNAs, the transcription of which is
controlled by transcription factors RELA, NFKB1, STAT3, and others (the library “TRRUST
Transcription Factors 2019”, Table S5), and NELFE, CEBPD, MYC, and others (“ENCODE
and ChEA Consensus TFs” from ChIP-X”, Table S5).

The mRNAs set of EVs preparations is enriched with transcripts encoding ribosome
proteins, as well as focal adhesion and secretory granules proteins. In addition, the con-
tribution of mRNAs encoding the proteins of circulating EVs including exosomes, and
cellular organelles significantly increased in the set (“GO Cellular Component 2021” and
“Jensen COMPARTMENTS”, Table S5).

200 major mRNAs of EVs encode proteins that participate in such biological processes
as intracellular protein sorting; SRP-dependent cotranslational protein targeting to mem-
brane; signal sequence recognition; double-stranded RNA binding; and rRNA binding,
base pairing with RNA (“GO Biological Process 2021” and “GO Molecular Function 2021”,
Table S5).

The mRNA set of EVs preparations is enriched with molecules characteristics for
human blood cells and CD33+ myeloid cells (“Human Gene Atlas”, Table S5). These data
suggest that myeloid cells make a significant contribution to the formation of a pool of
human blood circulating EVs.

3.4. Gene Expression Changes in A549 Cells Treated with Blood EVs

In order to characterize cellular processes modulated by human blood EVs, we incu-
bated lung adenocarcinoma A549 cells with preparations of EVs for 6, 12, and 24 h, then
isolated total cell RNA and performed Rnaseq analysis using an Illumina HiSeq 1500. A
total of 12 to 15 × 106 experimental reads for each of the two biological replicates, for
each of the three pairs of treatment/control (6, 12, and 24 h incubation of cells with EVs)
were obtained.

It was found that the incubation of A549 cells with EVs preparations led to alterations
in the expression of ~2200 genes. The levels of 76 mRNAs increased after 6 h of A549
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incubation with EVs and remained constantly elevated after 12 and 24 h, while the levels
of 23 mRNAs decreased after 6 h of incubation and remained decreased after 12 and 24 h
(Figure 3). The genes of сhemokines, interleukin 32, TNFA, as well as NF-kB transcription
factor subunits were the most significant representatives of early and constantly activated
genes induced by EVs in A549 cells and, on the contrary, the expression of ATF5, CHD4,
CNBP, and other genes was reduced (Table 4, Figure 4, Tables S7–S12).
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genes.
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Figure 4. Transcription factors controlling gene expression changes in A549 cells incubated with
human blood EVs according to the gene set enrichment analysis with Enrichr. (A,B)—factors involved
in the control of upregulated genes. (C,D)—factors involved in the control of downregulated genes.
Top 10 Enrichr records sorted by ascending p-value (Supplementary Tables S7–S12). Common top
transcription factors for the differentially expressed gene sets (6, 12, 24 h; up or down) are highlighted
in color.
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Table 4. Representatives of genes whose mRNA levels were differentially expressed after 6 h as well
as after 12 and 24 h of incubation of A549 cells with EVs.

Genes Annotation

Upregulated

CCL2 C-C motif chemokine ligand 2
CXCL1 C-X-C motif chemokine ligand 1
CXCL2 C-X-C motif chemokine ligand 2
CXCL3 C-X-C motif chemokine ligand 3
CXCL5 C-X-C motif chemokine ligand 5
CXCL8 C-X-C motif chemokine ligand 8
IL32 interleukin 32
NFKB1 nuclear factor kappa B subunit 1
NFKB2 nuclear factor kappa B subunit 2
NFKBIA NFKB inhibitor alpha
RELA RELA proto-oncogene, NF-kB subunit
RELB RELB proto-oncogene, NF-kB subunit
RELT RELT TNF receptor
TNFAIP1 TNF alpha-induced protein 1
TNFAIP2 TNF alpha-induced protein 2
TNFAIP3 TNF alpha-induced protein 3
TNFAIP8 TNF Alpha-induced protein 8
TNFRSF10B TNF receptor superfamily member 10b
TNFRSF10D TNF receptor superfamily member 10d
TNFRSF12A TNF receptor superfamily member 12A
TNFRSF1A TNF receptor superfamily member 1A
TNFRSF9 TNF receptor superfamily member 9
TNIP1 TNFAIP3 interacting protein 1

Downregulated

ATF5 activating transcription factor 5
CHD4 chromodomain helicase DNA binding protein 4
CNBP CCHC-type zinc finger nucleic acid binding protein
CSRP1 cysteine and glycine-rich protein 1
ETV4 variant transcription factor 4
KANK2 KN motif and ankyrin repeat domains 2
TRIM28 tripartite motif containing 28
UBTF upstream binding transcription factor

The gene expression activation at the early stage (6 h) of cell incubation with EVs
is controlled by the transcription factor RELA, belonging to the NF-kB family (Table S7,
“TRRUST Transcription Factors 2019”). In addition, the products of upregulated genes
interact and modulate the activity of the transcription factor NF-kB (Table S7, “KEGG
2021 Human”).

After 12 h of incubation of cells with vesicles, the expression of CXCL1, 2, 3, 5, and 8
was activated. Those genes are controlled by transcription factors RELA, NF-kB, SP1, and
STAT3 (Table S8, “TRRUST Transcription Factors 2019”).

By 24 h of incubation of the A549 cells with EVs, the activation of transcription
factors leads to generalized changes in the transcriptome which affects a series of large
groups of genes, such as the chromatin assembly genes; chromosome segregation; DNA
replication, and mitosis. Secondary response genes are controlled not only by NF-kB but
also by several other transcription factors, including HIF1A, SP1, and TP53 (“TRRUST
Transcription Factors 2019”, Table S9). These genes are involved in the TNF alpha-signaling
via NF-kB, hypoxia, epithelial–mesenchymal transition (EMT), glycolysis, p53 pathway,
and apoptosis (“MSigDB Hallmark 2020”, Table S9).

Thus, the response of A549 human lung adenocarcinoma cells to human blood EVs
includes the activation of the transcription factor NF-kB at an early stage. This is followed
by the activation of secondary transcription factors, including HIF1A, SP1, and TP53. The
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regulation of gene expression in the late stages of the action of vesicles on cells can include
both NF-kB-dependent and independent processes (Tables S7–S12).

3.5. Verification of NGS Data with qRT-PCR

In order to confirm RNA sequencing data, we performed a qRT-PCR analysis of mR-
NAs NFKBIA and CХCL1, whose transcription is regulated by NF-kB. Relative transcript
levels were analyzed using RNAs from A549 cells treated with EVs and non-treated cells.
qRT-PCR data showed that EVs increased the expression level of the CXCL1 and NFKBIA
genes in cells. Analyzed genes indicating significant differences at p < 0.05 (NFKBIA) and
p < 0.01 (CXCL1) were determined (Figure 5). Thus, changes in the expression of two
NF-kB-dependent indicator genes were in agreement with the RNA-seq results.
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the incubation of A549 cells with EVs and in non-treated cells (Control). Cells were incubated with
human blood EVs for 24 h. qPCR levels were normalized to the expression of GAPDH. The results
are representative of four replicates (mean ± SD). * Indicates significant differences at p < 0.05 for
NFKBIA and ** p < 0.01 for CXCL1 (Student’s t-test).

4. Discussion

The discovery of the RNA species diversity in EVs and the evidence that EVs are
involved in a wide variety of physiological and pathophysiological processes has led
to increased interest in EV RNA profiling. Currently, an increasing number of studies
are aimed at profiling microRNAs [32–35] and mRNAs, but also a significant number of
other species of vesicular RNAs, such as lncRNAs, rRNAs, tRNAs, circRNAs, snRNAs,
snoRNAs, Y-RNAs, and others [36–39]. Huang X. et al. conducted sequence analysis
for EVs RNAs obtained from blood, among which microRNAs were the most abundant
and 76% of all mappable reads. Moreover, representatives of other RNA classes were
detected, including rRNAs (9% of all mapped counts), lncRNAs (3%), piwi-interacting
RNAs, tRNAs, and mRNA fragments (~1%), and snRNAs (0.1%) [40]. Amorim M.G. et al.
found that 73% of the mapped reads corresponded to small noncoding RNAs, where
tRNAs were dominant (57%), then mitochondrial rRNAs (15%), miscellaneous RNAs
(misc-RNAs), and microRNAs (13%). Among the misc-RNAs were Y-RNAs (57%) and 7SL
RNAs (40%) of the mapped reads followed by vault RNAs (3%), and 7SK RNAs (0.1%).
The second most represented class was mRNAs (24%), followed by lnRNAs (2%), and
pseudogenes (0.1%) [41]. Li Y. et al. sequenced the long RNA of EVs from blood and
reported the distribution of RNAs by types in EVs: mRNA constituted 76% of the total
mapped reads. Other RNA types accounted for a small fraction: 6% were circRNAs, 2%
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were pseudogenes, and 1% were lncRNA. Miscellaneous RNAs represented 15% of the
total reads, including RN7SL1, RN7SL2, RN7SL4P, RN7SL5P, and the signal recognition
particle (SRP) of metazoans. Many of the most abundant EV mRNAs are ribosomal protein-
coding RNAs. The differentially expressed EVs RNAs participated in cancer development,
including the influence on the adherent junction, HIF-1 signaling pathway, MAPK signaling
pathway, and focal adhesion [42]. Recently, Rodosthenous R.S et al. showed a distribution
of transcripts in EVs-enriched individual plasma, as well as long RNA species diversity:
mRNA (9465), lncRNA (8110), pseudogenes (585), and ncRNA (376) transcripts per million
kilobases (TPM). Significant pathways of genes include glucocorticoid biosynthesis, the
intrinsic prothrombin activation pathway, multiple pathways related to thyroid hormone
metabolism, extrinsic prothrombin activation pathway, eNOS signaling, and others [15].

In this work, we isolated and purified EVs from the blood of healthy donors by
successive centrifugation and ultracentrifugation of blood plasma (Figure 1A). The anal-
ysis of human blood EV preparations carried out using TEM, DLS, and NTA showed
that they contain vesicles, the sizes of which are comparable to those of exosomes and
microvesicles (Figure 1). Using flow cytometry, we identified the protein markers of ex-
osomes/endosomes: antigens of platelets, T, and B cells in obtained EVs preparations
(Table 2).

In the NGS analysis of human blood EVs RNA, we detected fragments of rRNA (72%),
small nuclear and small cytoplasmic RNAs (2.3%), mitochondrial transcripts (0.66%), and
a set of mRNA and lncRNA (25%) (Table 3). The set of 200 most represented EV mRNAs
was enriched with transcripts encoding ribosomal proteins, as well as proteins of focal
adhesion, secretory granules, etc. Interestingly, the set was enriched with the mRNAs
encoding components of exosomes and EVs (Table S5, “Jensen Compartments”). It can
be assumed that EVs assembly occurs with the internalization of a part of the translation
apparatus that produces the components of these membrane particles.

The set of 200 major mRNA of EVs was enriched with RNAs, the transcription of
which is controlled by RELA and NFKB1 (Table S5, “TRRUST Transcription Factors 2019”).
It can be supposed that in the cells producing the vesicles, both the NF-kB-dependent
transcription and the NF-kB-signaling cascade were activated.

Based on available data, EVs may play a dual role in inflammation by stimulat-
ing proinflammation effects depending on the expression of surface markers and the
microenvironment-affected cargo. It was found that EVs contain a variety of stimuli, in-
cluding toll-like receptors ligands, proinflammatory cytokines such as interleukin IL-1, IL-6,
and tumor necrosis factor-alpha (TNF-α), which promote the activation of nuclear factor
kappa B (NF-kB). NF-kB represents a family of inducible transcription factors comprising
five structurally related members (NF-kB1/p50, NF-kB2/p52, RelA/p65, RelB, and c-Rel),
which regulate a large array of genes. These transcription factors are critical regulators of
proinflammatory and stress-like responses that modulate the genetic programs sustaining
cell growth, cancer cell survival, and cell motility, and regulating EMT and extracellular
matrix homeostasis [43–45].

Recent studies demonstrate that EVs obtained from various sources can alter NF-
kB activity. Schweiger M.W. et al. demonstrated that EVs originating from stem cell-
derived glioblastomas can upregulate NF-kB and STAT3 through C/EBPβ, leading to
increased aggressiveness and therapeutic resistance, features of the mesenchymal GBM
subtype [46]. Wang B. et al. found that exosomes could deliver microRNAs-1910-3p
to mammary epithelial cells and breast cancer cells, inhibiting MTMR3 expression, and
activating the NF-kB and Wnt/β-catenin signaling pathway, thus promoting cancer cell
proliferation, metastasis, and autophagy [47]. Jiannan Li et al. showed that microRNA-
223 of platelet-derived exosomes inhibited the ICAM-1 expression in TNF-α-stimulated
HUVECs cells through the regulation of the NF-kB and MAPK pathways [48].

In addition, Bretz N. P. et al. showed that EVs isolated from various body fluids
could activate the NF-kB signaling pathway through TLR2 and TLR4 in monocyte cell
models (THP-1 cells), leading to the release of various cytokines. TLRs are key receptors
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for the signaling from exosomes to cells. The analysis of the signaling pathways revealed
an initial activation of NF-kB which induced the production of IL-6, required for further
STAT3 activation [49]. Study Fabbri M. et al. found that microRNAs-21 and microRNAs-
29a released by cancer cells in exosomes were binding to TLR7 and TLR8 to activate the
NF-kB signaling pathway and may lead to tumor growth and metastasis [50]. Ye W et al.
demonstrated that plasma-derived exosomes containing mtDNA can activate the NF-kB
pathway in immune cells via TLR9 receptors, leading to the expression of proinflammatory
genes [51]. Biemmi V. et al. demonstrated that plasma-derived EVs have a signaling
capacity, interacting with TLR4 on the adult cardiomyocytes (CM) surface, activating the
NF-kB signaling cascade that leads to the induction of apoptosis in CM [52].

Here we analyzed the influence of blood plasma EVs from healthy donors on gene
expression in A549 lung adenocarcinoma cells. At an early stage (6 h) of incubation of
A549 cells with EVs, the gene expression is controlled by the transcription factor RELA,
which belongs to the NF-kB family. In addition, the products of these genes involved
in the signaling cascade interact and modulate the activity of the transcription factor
NF-kB (Table S7). It was also found that the level of 76 mRNAs increased after 6 h and
remained increased after 12 and 24 h, while a level of 23 mRNAs decreased after 6 h
and remained decreased after 12 and 24 h of incubation of A549 cells with EVs (Figure 3
and Tables 3 and S7–S12). As illustrated in Figure 6, our hypothetical model is that blood
plasma-released EVs initiate a signaling cascade involving the supposed receptors and
the activation of NF-kB in A549 cells. This leads to the fact that NF-kB activates the
transcription of genes CXCL1, NFKBIA, and others (Table S6). Thus, our data indicate that
the main result of the human blood EV influence on A549 cells is the fast and continuous
activation of NF-kB-controlled transcription.
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Figure 6. Hypothetical scheme summarizing the supposed processes of the NF-kB signaling pathway
activation modulated by EVs and increased expression of mRNAs under the control of NF-kB.
Extracellular vesicles interact with cellular receptors, which in turn, leads to a change in the activity of
the kinase complex (IKK) with subsequent phosphorylation of IkBa. Phosphorylated IkBa dissociates,
and undergoes ubiquitination and proteasomal degradation, which allows NF-kB dimers to move
into the cell nucleus. This leads to NF-kB-dependent transcription activation.
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Secondary response genes, whose expression is activated by 24 h of incubation of
A549 cells with EVs, are controlled not only by the transcription factor NF-kB but also by
HIF1A, SP1, TP53, ATM, and others (Table S9). The products of these genes are involved in
glycolysis, extracellular matrix assembly, the regulation of cell adhesion, and the regulation
of programmed cell death processes. It allows for the suggestion that the activation of
the NF-kB signaling pathway induces secondary metabolic and structural changes in
target cells.

Thus, our data indicate that EVs, when interacting with human cells, activate the
NF-kB signaling cascade and NF-kB-dependent transcription, which in turn modulates
other downstream signaling and life processes.

5. Conclusions

In this work, we present the RNA composition of human blood EVs of healthy donors
examined using an NGS approach. The study focused on describing the effect of human
blood EV on processes in A549 human lung adenocarcinoma cells using the NGS analysis
of gene expression changes. While human blood EVs themselves did not significantly affect
the viability and apoptotic processes in A549 cells, the incubation of cells with EVs induced
NF-kB activation at an early stage, and the variety of secondary processes controlled by
transcription factors such as HIF1A, SP1, TP53, and ATM at later stages. The products of
EVs-activated genes are involved in glycolysis, extracellular matrix assembly, the regulation
of cell adhesion, and programmed cell death. It should be emphasized that the mRNA set
of human blood EVs is also enriched in transcripts controlled by NF-kB. This allows for
the proposal that the response of target cells partially reflects the processes occurring in
cells releasing EVs. Overall, our data provide insight into the interaction between blood
EV and human cells and can be used to develop new tools for diagnosing and treating
human diseases.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cimb44120411/s1, Supplementary: Table S1: Мajor rRNA, snRNA,
and scRNA of human blood EVs; Table S2: Мajor snoRNA and scaRNA of human blood EVs; Тable
S3: Мajor lncRNA of human blood EVs; Table S4: Major mRNA of human blood EVs; Table S5:
Analysis of properties of the 200 most represented mRNAs set of human blood EVs on Enrichr
platform (http://amp.pharm.mssm.edu/Enrichr/ (accessed on 10 October 2021)); Table S6: Genes
whose mRNA level changes through 6 h and persist by 12 and 24 h of incubation of A549 cells with
EVs; Table S7: Characteristics of the genes whose mRNA level increases through 6 h of incubation
of A549 cells with EVs; Table S8: Characteristics of the genes whose mRNA level increases through
12 h of incubation of A549 cells with EVs; Table S9: Characteristics of the genes whose mRNA
level increases through 24 h of incubation of A549 cells with EVs; Table S10: Characteristics of the
genes whose mRNA level decreases through 6 h of incubation of A549 cells with EVs; Table S11:
Characteristics of the genes whose mRNA level decreases through 12 h of incubation of A549 cells
with EVs; Table S12: Characteristics of the genes whose mRNA level decreases through 24 h of
incubation of A549 cells with EVs.

Author Contributions: Conceptualization D.V.S.; methodology Y.I.S. and A.V.S.; software D.V.S.;
validation Y.I.S. and D.V.S.; formal analysis D.V.S.; investigation D.V.S., A.V.S. and Y.I.S.; resources
V.V.M. and A.A.N.; data curation D.V.S.; writing—original draft preparation Y.I.S. and D.V.S.; writing—
review and editing D.V.S., Y.I.S., E.I.R. and E.V.K.; visualization E.I.R., Y.I.S. and A.V.S.; supervision
E.V.K. and E.I.R.; project administration V.A.R.; funding acquisition D.V.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Russian state-funded project for ICBFM SB RAS grant
No. 121030200173-6.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: The study was approved by the Committee for Ethics of the ICBFM
SB RAS (protocol number 9 of 7 September 2020).

https://www.mdpi.com/article/10.3390/cimb44120411/s1
https://www.mdpi.com/article/10.3390/cimb44120411/s1
http://amp.pharm.mssm.edu/Enrichr/


Curr. Issues Mol. Biol. 2022, 44 6043

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yáñez-Mó, M.; Siljander, P.R.M.; Andreu, Z.; Bedina Zavec, A.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho,

J.; et al. Biological Properties of Extracellular Vesicles and Their Physiological Functions. J. Extracell. Vesicles 2015, 4, 27066.
[CrossRef] [PubMed]

2. Samanta, S.; Rajasingh, S.; Drosos, N.; Zhou, Z.; Dawn, B.; Rajasingh, J. Exosomes: New Molecular Targets of Diseases. Acta
Pharmacol. Sin. 2018, 39, 501–513. [CrossRef] [PubMed]

3. van Niel, G.; D’Angelo, G.; Raposo, G. Shedding Light on the Cell Biology of Extracellular Vesicles. Nat. Rev. Mol. Cell Biol. 2018,
19, 213–228. [CrossRef] [PubMed]

4. Aiello, A.; Giannessi, F.; Percario, Z.A.; Affabris, E. An Emerging Interplay between Extracellular Vesicles and Cytokines. Cytokine
Growth Factor Rev. 2020, 51, 49–60. [CrossRef]

5. Fitzner, D.; Schnaars, M.; Van Rossum, D.; Krishnamoorthy, G.; Dibaj, P.; Bakhti, M.; Regen, T.; Hanisch, U.K.; Simons, M. Selective
Transfer of Exosomes from Oligodendrocytes to Microglia by Macropinocytosis. J. Cell Sci. 2011, 124, 447–458. [CrossRef]

6. Morelli, A.E.; Larregina, A.T.; Shufesky, W.J.; Sullivan, M.L.G.; Stolz, D.B.; Papworth, G.D.; Zahorchak, A.F.; Logar, A.J.; Wang, Z.;
Watkins, S.C.; et al. Endocytosis, Intracellular Sorting, and Processing of Exosomes by Dendritic Cells. Blood 2004, 104, 3257–3266.
[CrossRef]

7. Montecalvo, A.; Larregina, A.T.; Shufesky, W.J.; Stolz, D.B.; Sullivan, M.L.G.; Karlsson, J.M.; Baty, C.J.; Gibson, G.A.; Erdos, G.;
Wang, Z.; et al. Mechanism of Transfer of Functional MicroRNAs between Mouse Dendritic Cells via Exosomes. Blood 2012, 119,
756–766. [CrossRef]

8. Escrevente, C.; Keller, S.; Altevogt, P.; Costa, J. Interaction and Uptake of Exosomes by Ovarian Cancer Cells. BMC Cancer 2011,
11, 108. [CrossRef]

9. Souza, A.G.; Colli, L.M. Extracellular Vesicles and Interleukins: Novel Frontiers in Diagnostic and Therapeutic for Cancer. Front.
Immunol. 2022, 13, 836922. [CrossRef]

10. Zhou, R.; Chen, K.K.; Zhang, J.; Xiao, B.; Huang, Z.; Ju, C.; Sun, J.; Zhang, F.; Lv, X.-B.; Huang, G. The Decade of Exosomal Long
RNA Species: An Emerging Cancer Antagonist. Mol. Cancer 2018, 17, 75. [CrossRef]

11. Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J.O. Exosome-Mediated Transfer of MRNAs and MicroRNAs
Is a Novel Mechanism of Genetic Exchange between Cells. Nat. Cell Biol. 2007, 9, 654–659. [CrossRef] [PubMed]

12. Kim, K.M.; Abdelmohsen, K.; Mustapic, M.; Kapogiannis, D.; Gorospe, M. RNA in Extracellular Vesicles. Wiley Interdiscip. Rev.
RNA 2017, 8, e1413. [CrossRef] [PubMed]

13. Quesenberry, P.J.; Aliotta, J.; Deregibus, M.C.; Camussi, G. Role of Extracellular RNA-Carrying Vesicles in Cell Differentiation
and Reprogramming. Stem Cell Res. Ther. 2015, 6, 153. [CrossRef] [PubMed]

14. Kalra, H.; Simpson, R.J.; Ji, H.; Aikawa, E.; Altevogt, P.; Askenase, P.; Bond, V.C.; Borràs, F.E.; Breakefield, X.; Budnik, V.; et al.
Vesiclepedia: A Compendium for Extracellular Vesicles with Continuous Community Annotation. PLoS Biol. 2012, 10, e1001450.
[CrossRef] [PubMed]

15. Rodosthenous, R.S.; Hutchins, E.; Reiman, R.; Yeri, A.S.; Srinivasan, S.; Whitsett, T.G.; Ghiran, I.; Silverman, M.G.; Laurent, L.C.;
Van Keuren-Jensen, K.; et al. Profiling Extracellular Long RNA Transcriptome in Human Plasma and Extracellular Vesicles for
Biomarker Discovery. iScience 2020, 23, 101182. [CrossRef]

16. Shao, H.; Im, H.; Castro, C.M.; Breakefield, X.; Weissleder, R.; Lee, H. New Technologies for Analysis of Extracellular Vesicles.
Chem. Rev. 2018, 118, 1917–1950. [CrossRef]

17. Kirschner, M.B.; Kao, S.C.; Edelman, J.J.; Armstrong, N.J.; Vallely, M.P.; van Zandwijk, N.; Reid, G. Haemolysis during Sample
Preparation Alters MicroRNA Content of Plasma. PLoS ONE 2011, 6, e24145. [CrossRef]

18. van Tonder, A.; Joubert, A.M.; Cromarty, A.D. Limitations of the 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyl-2H-Tetrazolium
Bromide (MTT) Assay When Compared to Three Commonly Used Cell Enumeration Assays. BMC Res. Notes 2015, 8, 47.
[CrossRef]

19. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30,
2114–2120. [CrossRef]

20. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A Fast Spliced Aligner with Low Memory Requirements. Nat. Methods 2015, 12,
357–360. [CrossRef]

21. Trapnell, C.; Williams, B.A.; Pertea, G.; Mortazavi, A.; Kwan, G.; van Baren, M.J.; Salzberg, S.L.; Wold, B.J.; Pachter, L. Transcript
Assembly and Quantification by RNA-Seq Reveals Unannotated Transcripts and Isoform Switching during Cell Differentiation.
Nat. Biotechnol. 2010, 28, 511–515. [CrossRef] [PubMed]

22. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
Universal RNA-Seq Aligner. Bioinformatics 2013, 29, 15–21. [CrossRef] [PubMed]

23. Hartley, S.W.; Mullikin, J.C. QoRTs: A Comprehensive Toolset for Quality Control and Data Processing of RNA-Seq Experiments.
BMC Bioinform. 2015, 16, 1–7. [CrossRef] [PubMed]

http://doi.org/10.3402/jev.v4.27066
http://www.ncbi.nlm.nih.gov/pubmed/25979354
http://doi.org/10.1038/aps.2017.162
http://www.ncbi.nlm.nih.gov/pubmed/29219950
http://doi.org/10.1038/nrm.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/29339798
http://doi.org/10.1016/j.cytogfr.2019.12.003
http://doi.org/10.1242/jcs.074088
http://doi.org/10.1182/blood-2004-03-0824
http://doi.org/10.1182/blood-2011-02-338004
http://doi.org/10.1186/1471-2407-11-108
http://doi.org/10.3389/fimmu.2022.836922
http://doi.org/10.1186/s12943-018-0823-z
http://doi.org/10.1038/ncb1596
http://www.ncbi.nlm.nih.gov/pubmed/17486113
http://doi.org/10.1002/wrna.1413
http://www.ncbi.nlm.nih.gov/pubmed/28130830
http://doi.org/10.1186/s13287-015-0150-x
http://www.ncbi.nlm.nih.gov/pubmed/26334526
http://doi.org/10.1371/journal.pbio.1001450
http://www.ncbi.nlm.nih.gov/pubmed/23271954
http://doi.org/10.1016/j.isci.2020.101182
http://doi.org/10.1021/acs.chemrev.7b00534
http://doi.org/10.1371/journal.pone.0024145
http://doi.org/10.1186/s13104-015-1000-8
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1038/nmeth.3317
http://doi.org/10.1038/nbt.1621
http://www.ncbi.nlm.nih.gov/pubmed/20436464
http://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
http://doi.org/10.1186/s12859-015-0670-5
http://www.ncbi.nlm.nih.gov/pubmed/26187896


Curr. Issues Mol. Biol. 2022, 44 6044

24. Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

25. Kuleshov, M.V.; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F.; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.; Jagodnik, K.M.;
Lachmann, A.; et al. Enrichr: A Comprehensive Gene Set Enrichment Analysis Web Server 2016 Update. Nucleic Acids Res. 2016,
44, W90–W97. [CrossRef] [PubMed]

26. Al Amir Dache, Z.; Otandault, A.; Tanos, R.; Pastor, B.; Meddeb, R.; Sanchez, C.; Arena, G.; Lasorsa, L.; Bennett, A.; Grange, T.;
et al. Blood Contains Circulating Cell-free Respiratory Competent Mitochondria. FASEB J. 2020, 34, 3616–3630. [CrossRef]

27. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;
Atkin-Smith, G.K.; et al. Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV2018): A Position Statement of the
International Society for Extracellular Vesicles and Update of the MISEV2014 Guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]

28. Spakova, T.; Janockova, J.; Rosocha, J. Characterization and Therapeutic Use of Extracellular Vesicles Derived from Platelets. Int.
J. Mol. Sci. 2021, 22, 9701. [CrossRef]

29. Dragovic, R.A.; Gardiner, C.; Brooks, A.S.; Tannetta, D.S.; Ferguson, D.J.P.; Hole, P.; Carr, B.; Redman, C.W.G.; Harris, A.L.;
Dobson, P.J.; et al. Sizing and Phenotyping of Cellular Vesicles Using Nanoparticle Tracking Analysis. Nanomed. Nanotechnol. Biol.
Med. 2011, 7, 780–788. [CrossRef]

30. Arraud, N.; Linares, R.; Tan, S.; Gounou, C.; Pasquet, J.M.; Mornet, S.; Brisson, A.R. Extracellular Vesicles from Blood Plasma:
Determination of Their Morphology, Size, Phenotype and Concentration. J. Thromb. Haemost. 2014, 12, 614–627. [CrossRef]

31. Akers, J.C.; Gonda, D.; Kim, R.; Carter, B.S.; Chen, C.C. Biogenesis of Extracellular Vesicles (EV): Exosomes, Microvesicles,
Retrovirus-like Vesicles, and Apoptotic Bodies. J. Neurooncol. 2013, 113, 1–11. [CrossRef] [PubMed]

32. Mitchell, P.S.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.; O’Briant,
K.C.; Allen, A.; et al. Circulating MicroRNAs as Stable Blood-Based Markers for Cancer Detection. Proc. Natl. Acad. Sci. USA
2008, 105, 10513–10518. [CrossRef] [PubMed]

33. Cheng, L.; Sharples, R.A.; Scicluna, B.J.; Hill, A.F. Exosomes Provide a Protective and Enriched Source of MiRNA for Biomarker
Profiling Compared to Intracellular and Cell-Free Blood. J. Extracell. Vesicles 2014, 3, 23743. [CrossRef] [PubMed]

34. Rabinowits, G.; Gerçel-Taylor, C.; Day, J.M.; Taylor, D.D.; Kloecker, G.H. Exosomal MicroRNA: A Diagnostic Marker for Lung
Cancer. Clin. Lung Cancer 2009, 10, 42–46. [CrossRef] [PubMed]

35. Sundar, I.K.; Li, D.; Rahman, I. Small RNA-Sequence Analysis of Plasma-Derived Extracellular Vesicle MiRNAs in Smokers and
Patients with Chronic Obstructive Pulmonary Disease as Circulating Biomarkers. J. Extracell. Vesicles 2019, 8, 1684816. [CrossRef]

36. Bortoluzzi, S.; Lovisa, F.; Gaffo, E.; Mussolin, L. Small RNAs in Circulating Exosomes of Cancer Patients: A Minireview.
High-Throughput 2017, 6, 13. [CrossRef]

37. Li, S.; Li, Y.; Chen, B.; Zhao, J.; Yu, S.; Tang, Y.; Zheng, Q.; Li, Y.; Wang, P.; He, X.; et al. ExoRBase: A Database of CircRNA,
LncRNA and MRNA in Human Blood Exosomes. Nucleic Acids Res. 2018, 46, D106–D112. [CrossRef]

38. Preußer, C.; Hung, L.H.; Schneider, T.; Schreiner, S.; Hardt, M.; Moebus, A.; Santoso, S.; Bindereif, A. Selective Release of
CircRNAs in Platelet-Derived Extracellular Vesicles. J. Extracell. Vesicles 2018, 7, 1424473. [CrossRef]

39. Kumar, S.R.; Kimchi, E.T.; Manjunath, Y.; Gajagowni, S.; Stuckel, A.J.; Kaifi, J.T. RNA Cargos in Extracellular Vesicles Derived
from Blood Serum in Pancreas Associated Conditions. Sci. Rep. 2020, 10, 2800. [CrossRef]

40. Huang, X.; Yuan, T.; Tschannen, M.; Sun, Z.; Jacob, H.; Du, M.; Liang, M.M.; Dittmar, R.L.; Liu, Y.; Liang, M.M.; et al.
Characterization of Human Plasma-Derived Exosomal RNAs by Deep Sequencing. BMC Genom. 2013, 14, 319. [CrossRef]

41. Amorim, M.G.; Valieris, R.; Drummond, R.D.; Pizzi, M.P.; Freitas, V.M.; Sinigaglia-Coimbra, R.; Calin, G.A.; Pasqualini, R.; Arap,
W.; Silva, I.T.; et al. A Total Transcriptome Profiling Method for Plasma-Derived Extracellular Vesicles: Applications for Liquid
Biopsies. Sci. Rep. 2017, 7, 14395. [CrossRef] [PubMed]

42. Li, Y.; Zhao, J.; Yu, S.; Wang, Z.; He, X.; Su, Y.; Guo, T.; Sheng, H.; Chen, J.; Zheng, Q.; et al. Extracellular Vesicles Long RNA
Sequencing Reveals Abundant MRNA, CircRNA, and LncRNA in Human Blood as Potential Biomarkers for Cancer Diagnosis.
Clin. Chem. 2019, 65, 798–808. [CrossRef]

43. Sun, S.-C. The Noncanonical NF-KB Pathway. Immunol. Rev. 2012, 246, 125–140. [CrossRef]
44. Perkins, N.D. Integrating Cell-Signalling Pathways with NF-KappaB and IKK Function. Nat. Rev. Mol. Cell Biol. 2007, 8, 49–62.

[CrossRef] [PubMed]
45. Liu, T.; Zhang, L.; Joo, D.; Sun, S.-C. NF-KB Signaling in Inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]
46. Schweiger, M.W.; Li, M.; Giovanazzi, A.; Fleming, R.L.; Tabet, E.I.; Nakano, I.; Würdinger, T.; Chiocca, E.A.; Tian, T.; Tannous,

B.A. Extracellular Vesicles Induce Mesenchymal Transition and Therapeutic Resistance in Glioblastomas through NF-KB/STAT3
Signaling. Adv. Biosyst. 2020, 4, 1900312. [CrossRef] [PubMed]

47. Wang, B.; Mao, J.-H.; Wang, B.-Y.; Wang, L.-X.; Wen, H.-Y.; Xu, L.-J.; Fu, J.-X.; Yang, H. Exosomal MiR-1910-3p Promotes
Proliferation, Metastasis, and Autophagy of Breast Cancer Cells by Targeting MTMR3 and Activating the NF-KB Signaling
Pathway. Cancer Lett. 2020, 489, 87–99. [CrossRef]

48. Li, J.; Tan, M.; Xiang, Q.; Zhou, Z.; Yan, H. Thrombin-Activated Platelet-Derived Exosomes Regulate Endothelial Cell Expression
of ICAM-1 via MicroRNA-223 during the Thrombosis-Inflammation Response. Thromb. Res. 2017, 154, 96–105. [CrossRef]
[PubMed]

http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1093/nar/gkw377
http://www.ncbi.nlm.nih.gov/pubmed/27141961
http://doi.org/10.1096/fj.201901917RR
http://doi.org/10.1080/20013078.2018.1535750
http://doi.org/10.3390/ijms22189701
http://doi.org/10.1016/j.nano.2011.04.003
http://doi.org/10.1111/jth.12554
http://doi.org/10.1007/s11060-013-1084-8
http://www.ncbi.nlm.nih.gov/pubmed/23456661
http://doi.org/10.1073/pnas.0804549105
http://www.ncbi.nlm.nih.gov/pubmed/18663219
http://doi.org/10.3402/jev.v3.23743
http://www.ncbi.nlm.nih.gov/pubmed/24683445
http://doi.org/10.3816/CLC.2009.n.006
http://www.ncbi.nlm.nih.gov/pubmed/19289371
http://doi.org/10.1080/20013078.2019.1684816
http://doi.org/10.3390/ht6040013
http://doi.org/10.1093/nar/gkx891
http://doi.org/10.1080/20013078.2018.1424473
http://doi.org/10.1038/s41598-020-59523-0
http://doi.org/10.1186/1471-2164-14-319
http://doi.org/10.1038/s41598-017-14264-5
http://www.ncbi.nlm.nih.gov/pubmed/29089558
http://doi.org/10.1373/clinchem.2018.301291
http://doi.org/10.1111/j.1600-065X.2011.01088.x
http://doi.org/10.1038/nrm2083
http://www.ncbi.nlm.nih.gov/pubmed/17183360
http://doi.org/10.1038/sigtrans.2017.23
http://doi.org/10.1002/adbi.201900312
http://www.ncbi.nlm.nih.gov/pubmed/32519463
http://doi.org/10.1016/j.canlet.2020.05.038
http://doi.org/10.1016/j.thromres.2017.04.016
http://www.ncbi.nlm.nih.gov/pubmed/28460288


Curr. Issues Mol. Biol. 2022, 44 6045

49. Bretz, N.P.; Ridinger, J.; Rupp, A.K.; Rimbach, K.; Keller, S.; Rupp, C.; Marmé, F.; Umansky, L.; Umansky, V.; Eigenbrod, T.; et al.
Body Fluid Exosomes Promote Secretion of Inflammatory Cytokines in Monocytic Cells via Toll-Like Receptor Signaling. J. Biol.
Chem. 2013, 288, 36691–36702. [CrossRef]

50. Fabbri, M.; Paone, A.; Calore, F.; Galli, R.; Gaudio, E.; Santhanam, R.; Lovat, F.; Fadda, P.; Mao, C.; Nuovo, G.J.; et al. MicroRNAs
Bind to Toll-like Receptors to Induce Prometastatic Inflammatory Response. Proc. Natl. Acad. Sci. USA 2012, 109, E2110–E2116.
[CrossRef]

51. Ye, W.; Tang, X.; Yang, Z.; Liu, C.; Zhang, X.; Jin, J.; Lyu, J. Plasma-Derived Exosomes Contribute to Inflammation via the
TLR9-NF-KB Pathway in Chronic Heart Failure Patients. Mol. Immunol. 2017, 87, 114–121. [CrossRef] [PubMed]

52. Biemmi, V.; Milano, G.; Ciullo, A.; Cervio, E.; Burrello, J.; Dei Cas, M.; Paroni, R.; Tallone, T.; Moccetti, T.; Pedrazzini, G.; et al.
Inflammatory Extracellular Vesicles Prompt Heart Dysfunction via TRL4-Dependent NF-KB Activation. Theranostics 2020, 10,
2773–2790. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M113.512806
http://doi.org/10.1073/pnas.1209414109
http://doi.org/10.1016/j.molimm.2017.03.011
http://www.ncbi.nlm.nih.gov/pubmed/28433888
http://doi.org/10.7150/thno.39072
http://www.ncbi.nlm.nih.gov/pubmed/32194834

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Blood Donors 
	Collection of Human Blood 
	Plasma EVs Isolation and Purification 
	Dynamic Light Scattering Analysis (DLS) 
	Nanoparticle Tracking Analysis (NTA) 
	Transmission Electron Microscopy (TEM) 
	Flow Cytometry Analysis 
	Cell Culture 
	Fluorescence Microscopy Analysis 
	Viability of A549 Cells (MTT Assay) 
	Proapoptotic Changes of A549 Cells (FCM) 
	RNAs Extraction, cDNA Library Construction, Illumina Sequencing, and Differential Gene Expression Analysis 
	Validation of mRNA Transcripts with qRT-PCR 

	Results 
	Isolation and Characterization of EVs from the Blood Plasma of Healthy Donors 
	Internalization of EVs by A549 Cells and Influence of Vesicles on the Cells’ Viability 
	RNAs of Human Blood Extracellular Vesicles 
	Gene Expression Changes in A549 Cells Treated with Blood EVs 
	Verification of NGS Data with qRT-PCR 

	Discussion 
	Conclusions 
	References

