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Extracellular vesicles from mast cells induce
mesenchymal transition in airway epithelial
cells
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Abstract

Background: In the airways, mast cells are present in close vicinity to epithelial cells, and they can interact with
each other via multiple factors, including extracellular vesicles (EVs). Mast cell-derived EVs have a large repertoire of
cargos, including proteins and RNA, as well as surface DNA. In this study, we hypothesized that these EVs can
induce epithelial to mesenchymal transition (EMT) in airway epithelial cells.

Methods: In this in-vitro study we systematically determined the effects of mast cell-derived EVs on epithelial A549
cells. We determined the changes that are induced by EVs on A549 cells at both the RNA and protein levels.
Moreover, we also analyzed the rapid changes in phosphorylation events in EV-recipient A549 cells using a
phosphorylated protein microarray. Some of the phosphorylation-associated events associated with EMT were
validated using immunoblotting.

Results: Morphological and transcript analysis of epithelial A549 cells indicated that an EMT-like phenotype was
induced by the EVs. Transcript analysis indicated the upregulation of genes involved in EMT, including TWISTT,
MMP9, TGFB1, and BMP-7. This was accompanied by downregulation of proteins such as E-cadherin and
upregulation of Slug-Snail and matrix metalloproteinases. Additionally, our phosphorylated-protein microarray
analysis revealed proteins associated with the EMT cascade that were upregulated after EV treatment. We also
found that transforming growth factor beta-1, a well-known EMT inducer, is associated with EVs and mediates the
EMT cascade induced in the A549 cells.

Conclusion: Mast cell-derived EVs mediate the induction of EMT in epithelial cells, and our evidence suggests that
this is triggered through the induction of protein phosphorylation cascades.
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Background

Cells that are present in close proximity to each other,
including immune cells recruited to epithelial tissues,
are in constant communication with each other, both in
disease or homeostatic condition [1-4]. This communi-
cation can be induced by direct cell-to-cell contact, se-
creted free proteins, or shuttling of bioactive molecules
via extracellular vesicles (EVs). EV-based cellular cross
talk is an evolutionarily conserved form of communica-
tion, and EVs can induce signaling through their cargoes
of protein, DNA, and RNA [5-9]. With their varied
cargo, EVs have the potential to activate multiple signal-
ing events in recipient cells. However, how these differ-
ent signaling events integrate together to drive a cellular
phenotype is not well studied.

EVs have been reported to induce reprogramming of
cells via epithelial-mesenchymal transition (EMT) [10-
14]. During EMT, cells undergo programmed changes in
cellular mRNA and protein content [15-17]. This process
is highly coordinated and reversible and is associated with
tissue damage and with numerous pathological conditions
[18-21]. Extracellular cues recruit immune cells into the
micro-niche of the lungs during chronic inflammatory dis-
eases, including asthma, allergic reactions, and chronic
obstructive pulmonary disorder [22-27]. During this
process, lung epithelial cells are constantly exposed to in-
flammatory insults from recruited and resident immune
cells, including mast cells [22, 28]. This damage induces
structural re-arrangements of the epithelial lining along
with tissue remodeling, increased metalloproteinase activ-
ity, the creation of fibrotic lesions, and altered cytokine
levels [29-31]. Mast cells are known to interact physically
with many cell types and thus to influence the inflamma-
tory phenotype [29-31]. Some of the described inflamma-
tory epithelial phenotypes are indeed features of the EMT
process [32]. In this study we determined the potential of
mast cell-derived EVs to regulate EMT, and we identified
the potential signaling events in recipient epithelial cells.

In a previous study we showed that the mast cell-
derived EV-associated membrane protein c-Kit is trans-
ferred to epithelial cells, resulting in downstream phos-
phorylation of AKT and GSK3-f and thus enhancing
proliferation [33]. Our earlier studies also identified
transforming growth factor (TGEB-1) on the surface of
mast cell-derived EVs that might play a role in EMT
[34]. Here, we hypothesized that mast cell-derived EVs
have the capacity to induce an EMT-like phenotype and
that they activate multiple signaling events in lung epi-
thelial cells. To this end, we used HMC1 cell derived
EVs, as these cells are constitutively active and does not
need growth-factor because of constitutive activity of the
receptor tyrosine kinase Kit [35]. Our transcript, protein,
and phosphoprotein analysis of epithelial cells showed
activation of EMT pathways. This study highlights the
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potential signaling cascades activated by mast cell-
derived EVs in regulating the EMT phenotype in epithe-
lial cells.

Methods

Cell culture

The alveolar epithelial cell line A549 was obtained from
ATCC, USA, and the cells were cultured in DMEM/F12
(Sigma Aldrich, St. Louis, MO, USA) supplemented with
10% fetal bovine serum (FBS; Sigma Aldrich). The culture
media was changed to EV-depleted FBS-containing medium
24-h prior to the experiments. For all experiments the cells
were seeded at a density of 15,000 cells/cm?

Human mast cells, HMC-1 (J. Butterfield, Mayo Clinic,
Rochester, MN, USA), were cultured in Iscove’s modi-
fied Dulbecco’s medium (HyClone Laboratories, Logan,
UT, USA) supplemented with 10% EV-depleted FBS, 1.2
mM «a-thioglycerol (Sigma Aldrich), and 2mML-
glutamine (HyClone Laboratories). These cultures were
supplemented with 100 units/ml penicillin and 100 pg/
ml streptomycin (HyClone Laboratories) and cultured at
37°C in a 5% CO, humidified conditions. The FBS used
for HMC-1 cultures was ultracentrifuged for 18 h at 120,
000xg (Type 45 Ti rotor, Beckman Coulter) to remove
the serum EVs, as reported earlier [36].

Isolation of EVs

Conditioned medium from HMC-1 cells was obtained
after 3—4 days of culture, and cells were removed by cen-
trifugation at 300xg for 10min. The cell-free super-
natant was further centrifuged at 16,500xg for 20 min to
remove microvesicles and apoptotic bodies. Finally, this
supernatant was centrifuged at 120,000xg for 3 h (Type
45 Ti rotor, Beckman Coulter), and the pelleted EVs
were washed once with PBS. The final EV pellet was sus-
pended in PBS and stored at — 80 °C for further experi-
ments. The protein concentration of the EVs was
measured using the BCA protein assay kit (Pierce,
Thermo Fisher Scientific, Waltham, MA, USA).

EV labeling and cellular uptake

EVs obtained from HMC-1 cells were labeled with the
PKH67 Green Fluorescent Cell Linker Kit (Sigma Al-
drich) as per the manufacturer’s protocol. The labeled
EVs were loaded onto the bottom of an iodixanol dens-
ity gradient (0, 20, 30, and 50% iodixanol) and centri-
fuged at 28,000 rpm for 2h in a swinging bucket rotor
(SW40Ti, Beckman Coulter). The EVs floating over the
interphase (20-30%) were collected and washed in PBS
followed by centrifugation at 120,000xg for 3h (Type 45
Ti rotor, Beckman Coulter). A549 cells were grown on
coverslips at 15,000 cells/cm® for 24 h. The labeled EVs
were incubated with the A549 cells grown on the cover-
slip for 2h or for 16 h. The cell membranes and nuclei
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were stained with the Image-IT LIVE kit (Invitrogen,
Thermo Fisher Scientific) using Alexa Fluor-594 wheat
germ agglutinin and Hoechst 33342, respectively, ac-
cording to the manufacturer’s protocol. The cells were
fixed in a paraformaldehyde (3.5%) solution for 10 min
and washed before the cover slip containing the cells
was mounted on a slide and imaged under a structural
illumination microscope (Zeiss Elyra 3D SIM, Germany).

Gelatin zymography

A549 cells were exposed to mast cell-derived EVs, and
conditioned medium was collected at 24 h and at 48 h.
The conditioned media was separated on gelatin-
contacting zymogram gels (BioRad Laboratories,
Hercules, CA, USA) with 5x non-reducing loading buf-
fer (Sigma Aldrich). Renaturation of matrix metallopro-
teinases in the gel was performed at room temperature
in 2.5% Triton X-100 (Sigma Aldrich) for 1h followed
by overnight incubation at 37°C in development solu-
tion (50 mM Tris (pH 7.4), 5 mM CaCl,, 200 mM NaCl).
Gels were then stained with Coomassie brilliant blue
and destained (30% methanol and 10% acetic acid) until
the white bands that reflect gelatinase activity appeared.
Finally, 2% acetic acid was added to stop the destaining
process. The degree of gelatinase activity was measured
by quantifying the band intensity using Image]J software.

Reversed cell migration assay

The Boyden chamber migration assay (Neuroprobe, Gai-
thersburg, MD, USA) was used to determine the migra-
tory potential of A549 cells upon EV stimulation as
described earlier [34].

Immunofluorescence microscopy

A549 cells were incubated with EVs for 24 h before be-
ing fixed with 3.7% paraformaldehyde at room
temperature for 10 min, permeabilized for 5min with
0.2% Triton X-100, washed, and blocked for 1h in 3%
BSA. Finally, incubation with primary antibody for N-
cadherin (NCAD) was performed for 1h at room
temperature, and the sample was washed again before it
was stained with AF488-labeled secondary antibody.
After three washes with PBS, the cells were further
stained with DAPI (Sigma Aldrich) and cover slips were
mounted using ProLong Gold anti-fade mounting re-
agent (Invitrogen, Carlsbad, CA, USA) and observed
under a fluorescence light microscope (Axio Observer,
Zeiss, Oberkochen, Germany).

Secretion of TGFf-1 measured by ELISA

The amount of TGFB-1 secreted by A549 cells was mea-
sured by TGFB-1 ELISA Ready-SET-Go kit (eBioscience
Affymetrix) according to the manufacturer’s instructions.
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Quantitative real time PCR

RNA from epithelial A549 cells was isolated using the
column-based miRCURY™ RNA isolation kit for cell and
plant (Exiqon, Vedbaek, Denmark) and treated with
TURBO DNase (Ambion, Life Technologies) to remove
contaminating DNA. The concentration and purity of
the RNA was quantified using a NanoDrop system
(Thermo Scientific). The iScript cDNA Synthesis Kit
(BioRad) was used to generate cDNA from 200 ng RNA.
SsoAdvanced Universal SYBR Green Supermix was used
to perform quantitative real time PCR in a BioRad
CEX96 system for data collection and analysis. Briefly,
c¢DNA was denatured at 95 °C for 30 s followed by 40 cy-
cles of 95°C for 15s and 60°C for 30s. KiCqStart®
primers (Sigma) were obtained for the following genes:
TGFB1, TWIST1, SMAD2, MMP2, WNT5A, FOXC2,
BMP7, and VIM. The endogenously expressed EFI gene
was used for transcript normalization. Relative fold
change in gene expression was calculated by the 21 %4
method.

Western blotting

A549 cells were seeded at 0.2 x 10° cells/well in 6-well
plates and incubated for 24 h. Cells were then treated
with 30 pg/ml EVs or 10 ng/ml TGEP-1 at different time
points. The A549 cell pellet was washed in PBS, and the
cells were lysed in 1x RIPA buffer (Cell Signaling Tech-
nology ST, Danvers, MA, USA) with 1x Halt protease
and phosphatase inhibitor cocktail (Halt, Thermo Fisher
Scientific). Protein lysates were subjected to SDS-PAGE
and transferred onto nitrocellulose membranes. Nonspe-
cific binding sites were blocked with Tris-buffered saline
with 0.05% Tween-20 and 5% non-fat milk or 5% bovine
serum albumin (BSA) for 1h at room temperature. Pri-
mary antibodies in their respective blocking buffer were
incubated at 4°C overnight. Horseradish peroxidase-
conjugated secondary antibodies (1:10,000 dilution,
NA931V, NA9340, NA9310V, GE Healthcare) were di-
luted in blocking buffer and incubated with the mem-
brane for 1h at room temperature. Chemiluminescence
signal for proteins was detected with SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific) according to the manufacturer’s protocol. The
following antibodies were used: NCAD (3B9; 1:1000 di-
lution, #33-3900 Invitrogen, Thermo Fisher Scientific),
E-cadherin (ECAD) (1:1000 dilution, #610182, BD Bio-
sciences), Slug-Snail (1:1000 dilution, #ab180714,
Abcam), and B-actin (1:3000 dilution, #sc47778, Santa
Cruz Biotechnology).

Phospho-proteomics microarray

Sample preparation

Sample processing and analysis was performed as per
the guidelines provided by Sciomics (Heidelberg,
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Germany). Epithelial A549 cells were seeded at a density
to achieve ~70% confluency in 24 h. Approximately 2
million cells were either treated with EVs (30 pg/ml) or
left untreated. Each set was a biological duplicate (i.e.
two untreated and two EV treated). After 60 min, the
cells were rinsed with PBS and pelleted. Pelleted samples
were snap-chilled in dry ice and stored at — 80 °C until
use and sent to Sciomics for further analysis. Extraction
of proteins was performed with proprietary scioExtract
buffer (Sciomics), and the protein concentration was
measured using the BCA assay. Samples were labeled
with scioDye for 1 h adjusting the protein concentration,
and the reaction was then stopped by the addition of hy-
droxylamine. Excess dye was removed 30 min later and
the buffer was exchanged to PBS. All labeled protein
samples were used immediately.

Antibody microarrays

The samples were analyzed using a scioDiscover anti-
body microarray (Sciomics) targeting 1033 different pro-
teins with 1516 antibodies. Each antibody was
represented on the array in four replicates. The arrays
were blocked with scioBlock (Sciomics) on a Hybstation
4800 (Tecan, Austria). The antibodies were first added
to the microarray and then the samples and scioPho-
sphomix were incubated. scioPhosphomix provides in-
formation on protein-specific phosphorylation levels of
serine, threonine, and tyrosine residues. After incubation
for 3 h, the slides were thoroughly washed with 1x PBS
(with Tween-20 and Triton X-100), rinsed with 0.1x
PBS, rinsed with water, and dried under nitrogen.

Data acquisition and analysis

Slide scanning was performed with a Powerscanner
(Tecan, Austria) with identical instrument laser power
and adjusted photomultiplier tube settings. Spot segmen-
tation was performed with GenePix Pro 6.0 (Molecular
Devices, Union City, CA, USA). Acquired raw data were
analyzed using the linear models for microarray data
(LIMMA) package of R-Bioconductor after uploading the
median signal intensities. For normalization, a Cyclic
Loess normalization was applied. For analysis of the sam-
ples, a one-factorial linear model was applied with
LIMMA resulting in a two-sided t-test or F-test based on
moderated statistics. All presented p-values were adjusted
for multiple testing by controlling for the false discovery
rate according to Benjamini and Hochberg. Proteins were
defined as differentially expressed with an IlogFCI > 0.5
and an adjusted p-value <0.05. Differences in protein
abundance or phosphorylation level between different
samples or sample groups are presented as log-fold
changes (logFC) calculated for base 2. In a study compar-
ing samples versus controls, a logFC =1 means that the
sample group had on average a 2' = 2-fold higher signal
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than the control group. logFC = — 1 stands for 2~ ' = 1/2 of
the signal in the sample compared to the control group.

Results

Morphological changes are induced in epithelial cells
upon uptake of mast cell-derived EVs

Mast cells are known to reside in the proximity of airway
epithelial cells and can therefore readily interact with epi-
thelial cells. To study EV-mediated cross talk between
these cell types, we used an in vitro system in which A549
lung epithelial cells were exposed to mast cell-derived EVs
(HMC-1) labeled with a lipid dye (PKH67). Super reso-
lution microcopy showed that the fluorescent signal from
the EVs was taken up and retained by the A549 epithelial
cells at both 2h and 16h, indicating that epithelial cells
can integrate mast cell-derived EVs (Fig. 1a). Furthermore,
prolonged co-culturing with mast cell-derived EVs in-
duced morphological changes in the A549 cells, including
elongated protrusions (Fig. 1b).

Mast cell-derived EVs upregulate EMT-related transcripts
in epithelial cells

The observed morphological changes in A549 cells led us
to hypothesize that EVs can induce EMT. To test this, the
expression of several genes involved in EMT such as
TGFB1, SMAD2, TWIST1, MMP9, MMP2, WNTSA,
FOXC2, BMP7, and VIM were evaluated in A549 cells.
The levels of most of the transcripts (especially TGFBI,
TWIST1 MMP9, and BMP?7) were upregulated by EV ex-
posure in a dose and time-dependent manner (Fig. 2).
These transcripts increased initially at 24 h after exposure
to the EVs and began to decrease by 48 h.

A mesenchymal-like phenotype is induced in epithelial
cells by EVs

Another feature that has been studied in EMT progression
is the downregulation of the epithelial protein ECAD and
the upregulation of the mesenchymal protein NCAD [10].
At the total protein level we observed a decrease in ECAD,
but NCAD levels seemed overall unchanged (Fig. 3a). To
determine whether NCAD in the A549 cells was associ-
ated with the cell membrane after EV exposure, we per-
formed immunofluorescence microscopy and observed
increased expression at the cellular junctions (Fig. 3b).
Moreover, the expression of Slug-Snail, a protein reported
to be critical for EMT, was also increased in the EV-
treated samples (Fig. 3a). Additionally, the EMT pheno-
type is associated with an increase in matrix-degrading
proteases [37, 38], and in the current study we observed
increased MMP-2 and MMP-9 activity in the extracellular
milieu of the A549 cells after EV exposure, as detected by
gelatin-zymography (Fig. 3c). This was also accompanied
by enhanced invasion of A549 cells towards EVs in a
reverse-Boyden chamber trans-migration assay (Fig. 3d).
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Fig. 1 Epithelial cells take up mast cell-derived EVs and undergo morphological changes. a High-resolution fluorescence imaging of A549 cells at
2 h and 16 h that have taken up HMC-1-derived EVs (10 ug/ml). Labels: EV lipids (green, PKH67), cell membrane (red, Alexa Fluor 594), and nucleus
(blue, Hoechst 33342). b Morphological assessment of Coomassie brilliant blue-stained A549 cells after 24 h of EV treatment (30 pg/ml).
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Taken together, these findings suggest the activation of
EMT.

EVs induce the phosphorylation of multiple proteins in
epithelial cells

The proteins that we evaluated for EMT were studied at
24 and 48 h (Fig. 2 and Fig. 3); however, the effects seen

at the transcript and protein level were due to early sig-
naling events activated by the EVs. Therefore, we sought
to determine the multiple signaling pathways that are ac-
tivated by multi-cargo EVs in epithelial cells after 30
min. To assess the signaling, we monitored serine/threo-
nine protein phosphorylation, which is the most com-
mon post-translational modification. We wused an



Yin et al. Respiratory Research (2020) 21:101

Page 6 of 13

Relative fold change
with respect to untreated

O =~ N W A 00 O N 0O © O

TGFB1 ‘ SMAD?2

presented as the average + SEM

10 /100| 10 |{100| 10 [100| 10 {100/ 10 [100| 10 |100| 10 |100| 10 |100| 10 |100|EVs (ug/ml)
TWIST1‘ MMP9 ‘ MMP2

Fig. 2 EVs induce the expression of EMT genes in lung epithelial cells. Transcript levels of genes involved in EMT were evaluated in A549
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antibody-based microarray platform that cataloged 1033
different proteins with 1516 antibodies. A total of 96
antibodies recorded a differentially phosphorylated pro-
teins between EV-treated and untreated cells. Heat map
analysis of all identified phosphorylated proteins in the
A549 cells suggested that none of the changes were due
to sample treatment and processing (Fig. 4a). Of these
phosphorylated proteins, 47 (~50%) were differentially
phosphorylated after EV treatment compared to un-
treated A549 cells. A few of these phosphorylated pro-
teins are listed in Table 1. In total, 35 phosphorylated
proteins had a fold change > 1.4 and were considered to
be up-phosphorylated, and the remaining 12 with a fold
change <-14 were considered to be down-
phosphorylated. The changes were statistically different
with adjusted p-values <0.05 (duplicates in two inde-
pendent experiments with signal from four antibody
spots, Fig. 4b). To visualize the data from the table, we
plotted the relative signal intensity profiles of two up-
phosphorylated proteins (TGM2 and MMP-2) and two
down-phosphorylated proteins (CADH1 and VCAM-1)
(Fig. 4c) [39-42]. These proteins regulate the EMT
process, and thus our results support their possible role
in modulating EMT.

The activation of A549 cells by EVs led us to ask
whether the relative abundance of various proteins and
not just their phosphorylation might be regulated by the
signaling networks within the cells. In-silico protein clas-
sification revealed a number of proteins that are known
to regulate the PI3K-Akt signaling pathway (e.g. AKT3,
BCL2, CCND2, CREB1, NFKBI1, EGF, and IL6) and the
HIF-1 pathway (e.g. CUL2, IFNG, IGF1, TERC, and

TIMP1) as well as proteins with direct cytokine-cytokine
receptor interactions (e.g. TNFRSF13B, VEGFC, EGF,
IENG, IL1B, IL7R, IL8, and IL2RA) as described in sup-
plementary Table 1. Some of the upregulated proteins
(e.g. AKT3, CCND2, PARPI, IL6, NFKBI1, and IL2RA)
are known to be involved in other pathways, including
NFxB, JAK, and STAT signaling. Sets of proteins regu-
lating focal adhesion and tight junctions were also iden-
tified in these experiments (e.g. CLDN1, OCLN, and
ACTNI1).

The first opportunity for an EV to influence a recipient
cell is at the moment of surface-to-surface contact. To
determine which of the proteins might be acting at the
cell surface, we classified the phosphorylated proteins
based on their respective cellular components (Supple-
mentary Table 2). We identified the association of sev-
eral proteins with membrane-bound organelles, vesicles,
and organelle lumen-associated structures, indicating
that the EV-associated cargo engages with the epithelial
cell membrane and induces the activation of the mem-
brane compartment or a membrane- associated protein.

EV-associated TGFf-1 induces TGF signaling in epithelial
cells

In our previous study [34] we showed the presence of
TGEB-1 on mast cell-derived EVs. Because TGEp-1 itself
can induce EMT in epithelial cells [23], we performed
immunoblotting analysis of TGFB-1-induced phosphor-
ylation of SMAD?2 in EV-treated A549 cells. In a time-
based kinetics experiment, we observed a rapid increase
in SMAD2 phosphorylation within the first several mi-
nutes, which decreased at 60 min, and then increased
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again at 24 h (middle panel, Fig. 5a). Untreated samples
showed no phosphorylation of SMAD2 at 1h (upper
panel, Fig. 4a), but after 12 h and onwards a steady in-
crease in phospho-SMAD2 was observed (upper panel,
Fig. 4a). Additionally, we could see similar activation of
phospho-SMAD?2 in the bronchiolar epithelial cell line
BEAC2B after EV treatment (Supplementary Figure 1).
Constitutive activation of phospho-SMAD?2 in epithe-
lial cells was observed along with active TGFB-1 (10
ng/ml) (lower panel, Fig. 5a). The activation of SMAD
by phosphorylation mediated by EVs was reduced
when EVs were pre-incubated with a blocking anti-
body against TGFB-1 (Fig. 5b). We further observed
an increase of TGFBI transcripts in EV-exposed A549
cells (Fig. 2), and it has previously been shown that
TGEFP-1 induces its own production in an autocrine
manner [43]. Further, we observed that the EVs in-
creased the release of TGFB-1 in a dose and time-
dependent manner (Fig. 5c).

Discussion

Epithelial cells in the lungs act as barrier and maintain
homeostasis as they respond to extracellular factors from
neighboring immune cells, including mast cells, and to
foreign antigens [44—46]. In the current study, we ob-
served that mast cell-derived EVs were able to induce
migration of the airway epithelial cell line A549 in-vitro,
and this was accompanied by multiple indicators of
EMT. We also demonstrated the differential regulation
of EMT-associated transcripts (TWIST1, TGFBI,
MMP9, and MMP2) and protein markers (MMP, Slug-
Snail, NCAD, and ECAD) in response to the mast-cell
EVs. We also found that EVs mediated the early signal-
ing response by inducing the phosphorylation of mul-
tiple proteins in epithelial A549 cells that have been
suggested to be involved in regulating EMT. For ex-
ample, TGFfB-1 present on EV surfaces acts as an early
signal to induce the phosphorylation of SMAD2 in A549
cells. Taken together, the results of this study show that
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mast cell-derived EVs induce an EMT response in epi-
thelial cells, and this phenotypic cell response appears to
be due to the early phosphorylation of numerous pro-
teins known to be involved in EMT.

Various immune cells, including mast cells, T-cells, B-
cells, and dendritic cells, are known to produce EVs
under various inflammatory conditions [7, 47-49]. Mast
cells have been referred to as the “rheostat” of the local
immune system, and they can release factors for host
defense as well as for processes such as remodeling,

wound-healing, angiogenesis, and cancer progression
[50-52]. The number of mast cells is high in the vicinity
of epithelial cells in the peripheral airways, and this
proximity provides an opportunity for cell-to-cell cross
talk between mast cells and epithelial cells [44]. In our
in vitro studies, we found that mast cell-derived EVs
were taken up by epithelial cells at different time points
(Fig. 1a). Furthermore, the uptake of these EVs by epi-
thelial cells induced a morphological change with elon-
gated protrusions (Fig. 1b). The A549 cells showed
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Table 1 Differentially regulated phosphoproteins in A549 cells with or without EV exposure and their roles in epithelial to
mesenchymal transition reported in the literature. Proteins with a positive logFC value were more phosphorylated in EVs, and
proteins with a negative value were more phosphorylated in untreated cells. In addition, the p-values adjusted for multiple testing

are listed
Phosphorylated Reference
Protein (PMID)
Upregulated
Interleukin 10 (IL10) 2.111172 0.000902 na
28223538,
Transglutaminase 2 (TGM2) 1.118271 4.71E-09 275798992
Matrix metallopeptidase 9 (MMP9) 1.019007 0.0000878 28652766, 16079281,
20308542,
Annexin A1 (ANXA1) 0.929947 0.0000645 180709281, 22640735
MYB proto-oncogene like 1 (MYBL1) 0.903623 0.000744 na
Cyclin dependent kinase inhibitor 1C (CDKN1C) 0.893695 0.000426 na
Killer cell immunoglobulin like receptor, two Ig
domains and long cytoplasmic tail 2 (KIR2DL2) 0.886736 0.000013 na
Nuclear factor of activated T-cells 4 (NFATC4) 0.886218 0.000111 26697077
NME/NM23 nucleoside diphosphate kinase 2
(NME2) 0.864049 0.0000306 11919189
DNA damage inducible transcript 3 (DDIT3) 0.810324 0.0000071 na
Platelet and endothelial cell adhesion molecule 1
(PECAM1) 0.800239 0.000561 na
Fibroblast growth factor 1 (FGF1) 0.800156 0.000412 na
Transferrin receptor (TFRC) 0.785849 0.00000457 na
Camp responsive element binding protein 1
(CREB1) 0.774718 0.000264 na
Vascular endothelial growth factor C (VEGFC) 0.773496 0.000884 na
Inducible T-cell costimulatory (ICOS) 0.768925 0.00000594 na
Interleukin 6 (IL6) 0.728268 0.000000797 na
RAD52 homolog, DNA repair protein (RAD52) 0.723221 0.000201 na
Cathepsin B (CTSB) 0.716535 0.000249 28495172
Downregulated
NEDD4 binding protein 2 like 1 (N4BP2L1) -0.55486 9.41E-04 27184799
Vascular cell adhesion molecule 1 (VCAM1) -0.60336 9.34E-04 27509931, 17026982
CD44 molecule (Indian blood group) (CD44) -0.65521 1.43E-03
Chloride intracellular channel 1 (CLIC1) -0.66317 6.99E-04
18483246, 20178607,
Cadherin 1(CDH1) -0.78325 3.10E-04 25233932
Ribosomal protein L9 (RPL9) -0.79613 1.12E-03
Lyrosyl-DNA phosphodiesterase 2 (TDP2) -0.79964 1.76E-04
Chromobox 3(CBX3) -0.84703 2.19E-04 24402692, 24239292
Dehydrogenase/reductase 2 (DHRS2) -0.87631 1.53E-03
Hepatitis A virus cellular receptor 2 (HAVCR2) -0.90361 1.96E-04 na
Interleukin 37(IL37) -1.2266 9.66E-04 29575809, 29106392

detachment from neighboring cells after incubation with
mast cell-derived EVs, and this was associated with up-
regulation of EMT-promoting markers (Fig. 2 and Fig. 3
a). An earlier study by Kasai et al. showed similar mor-
phological changes in A549 cells and molecular changes
in line with EMT induced by free TGEFB-1 [23].

However, in the current study, the induction of EMT by
EVs was observed as early as 24 h after treatment, com-
pared to 48 h in the previous study in which free TGFp-
1 was given. In our previous study, we showed that
TGEp-1 is present on the surface of EVs, resulting in po-
tent activation of TGF signaling in mesenchymal stem
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Fig. 5 EVs induce TGF signaling in A549 epithelial cells. a Immunoblotting of phosphorylated SMAD2 expression over time in epithelial cells after
incubation with 30 ug/ml of EVs and 10 ng/ml of TGF{3-1. Representative images are shown from three independent experiments. b Immunoblot
analysis of phosphorylated SMAD2 in A549 cells exposed to EVs after pre-treatment with a blocking antibody against TGF3-1. Representative

images are shown from two independent experiments. ¢ TGF(3-1 levels in the culture supernatants from epithelial cells that were exposed to EVs,

cells [34]. Similarly, in the present study we observed the
activation of SMAD?2 in both alveolar A549 and bron-
chial BEAS-2B epithelial cells (Fig. 4 and Supplementary
Figure 1).

EV membranes harbor multiple proteins, including
growth factors that have bioactive functions. Interactions
between TGFp-1 and the EV surface are partially due to
the glycoprotein-like heparin and heparan sulfate glycos-
aminoglycan present on the EV surface [53]. These gly-
coproteins are known to interact with multiple growth
factors like TGEB-1, FGF and VEGF [54-56]. It is likely
that EV-associated TGFf-1 activates A549 cells to initi-
ate early EMT-inducing pathways; however, other mo-
lecular pathways might also be involved in activating
EMT. Mast cell-derived EVs contain other secreted pro-
teins like tryptase o/f-1, galectin-1, proteoglycan-2, and
macrophage migration inhibitory factor that could po-
tentially have additive effects [34]. Further, DNA present
on the mast cell EV surfaces might also be involved in
the biological activity of the released EVs [57]. A recent
study by Kobayashi et al. showed that extracellular CpG
DNA in combination with TGFB-1 enhanced the EMT

cascade in A549 cells at lower concentrations compared
to TGEP-1 alone. This suggests that EVs and multiple
associated cargos, including TGFB-1 and surface-
exposed DNA, might be driving the epithelial phenotype
because they can interact with cells simultaneously.
However, the role of EV surface-associated DNA in the
regulation of EMT as suggested in this study remains to
be confirmed in further studies.

To evaluate whether the morphological changes in-
duced in epithelial cells via EVs were really due to EMT,
we analyzed the transcripts of a set of genes reported to
be involved in the induction of EMT. We observed sig-
nificant increases in the transcript levels of TWISTI,
TGFB1, MMP9, and BMP7, all of which are known to
be involved in EMT. In parallel, we observed an increase
in proteins involved in EMT such as TGFf-1, Slug-Snail,
MMP-2, and MMP-9. Interestingly, the increase in these
mRNA levels was clear at the 24 h time point, but di-
minished at 48 h, possibly because the EMT response in-
duced by the EVs is only transient. However, we
observed a continuous increase in the release of TGEp-1
in A549 supernatant up until 48 h post-EV exposure,
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suggesting that some biological functions might be lon-
ger lasting than others. This suggests that TGFp-1 pro-
tein production might be important for the initiation but
not for the maintenance of EMT (with respect to TGFBI
transcripts).

The EMT response is driven by upregulation of NCAD
and the downregulation of ECAD. After the stimulation
of epithelial cells with EVs, we observed a reduction in
total protein for the epithelial marker ECAD, whereas
levels of NCAD remained unchanged. It is possible that
the cellular distribution of NCAD might have been al-
tered, and thus we performed immunofluorescence
microcopy to determine the cellular location of this mol-
ecule in epithelial cells after co-incubation with EVs. In-
deed, we observed higher NCAD expression at the
cellular junctions, indicating that EVs altered the cellular
distribution of this molecule in the recipient cells. Previ-
ous studies have suggested that the presence of surface
NCAD is associated with a higher migratory phenotype
compared to higher levels of cytoplasmic NCAD [58,
59], and this is supported by our present findings. Thus,
based on this observation, we suggest that NCAD
present on the cell surface can be sufficient to induce an
EMT-associated migratory response. This migratory cap-
acity is coupled to enhanced secretion of bioactive
matrix metalloproteinases because the reduction of
matrix component might indirectly assist cellular move-
ment [33].

With our current findings on EMT and previous ob-
servations that mast cell-derived EVs can induce A549
cell proliferation, we hypothesize that multiple cargos
present on mast cell-derived EVs can activate multiple
signaling cascades in recipient cells [33]. Indeed, mast
cell-derived EVs induced the phosphorylation of at least
47 different cellular proteins in epithelial A549 cells. Im-
portantly, a majority of these are reported to be involved
in EMT, for example, upregulation of TGM2, MMP-9,
and Annexine-Al and downregulation of VACMI,
CADH]1, and Chrombox3 proteins.

Beyond phosphorylation of EMT-associated proteins,
we also observed phosphorylation of proteins involved in
associated pathways, such as the PI3K-AKT, HIF-1,
NFxB, and Jak-STAT signaling pathways. In our previ-
ous study, we described the transfer of constitutively ac-
tive ¢-KIT membrane receptor from mast cell-derived
EVs to epithelial cells, and this was associated with the
activation of PI3K-AKT signaling. Indeed, PI3K-AKT
signaling can be activated by multiple upstream factors,
including multiple growth factor such as TGEFp-1, in
addition to the c-KIT transfer [33]. PI3K-AKT signaling
is central to many of the signaling pathways that induce
EMT-like processes, so these results were not surprising.
In this study we wanted to highlight the possibility of
multiple signaling pathways activated by mast cell-
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derived EVs instead of focusing on a single pathway. A
question that has remained unanswered is how the mul-
tiple and converging cellular responses that EVs can in-
duce lead to a specific phenotype change such as EMT
in recipient cells. Interestingly, we observed changes in
the phosphorylation of proteins that regulate cell-to-cell
contact, e.g. focal adhesion, cell adhesion, and tight junc-
tion proteins, and such changes might lead to rapid al-
terations of cell surface dynamics.

Conclusion

In conclusion, this study provides evidence that mast
cell-derived EVs could induce an EMT phenotype in
lung epithelial A549 cells, and it highlights the import-
ance of the cellular responses that are induced in the re-
cipient cells. Our results suggest the ability of EVs and
their associated cargo to initiate protein phosphorylation
events in epithelial cells, and these events can potentially
activate multiple cellular pathways that converge in an
EMT or associated phenotype.
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1186/512931-020-01346-8.
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