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Abstract

Small extracellular vesicles (sEVs) play a key role in intercellular communication.
Cargo molecules carried by sEVs may affect the phenotype and function of recip-
ient cells. Epithelial cancer cell-derived sEVs, particularly those enriched in CDI151
or tetraspanin8 (TSPANS) and associated integrins, promote tumour progression.
The mechanism of binding and modulation of sEVs to recipient cells remains elusive.
Here, we used genetically engineered breast cancer cells to derive TSPAN8-enriched
sEVs and evaluated the impact of TSPANS on target cell membrane’s diffusion and
transport properties. The single-particle tracking technique showed that TSPANS sig-
nificantly promoted sEV binding via confined diffusion. Functional assays indicated
that the transgenic TSPAN8-sEV cargo increased cancer cell motility and epithelial-
mesenchymal transition (EMT). In vivo, transgenic TSPAN8-sEV promoted uptake
of sEVs in the liver, lung, and spleen. We concluded that TSPANS encourages the
sEV-target cell interaction via forced confined diffusion and significantly increases
cell motility. Therefore, TSPANS-sEV may serve as an important direct or indirect
therapeutic target.
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1 | INTRODUCTION

Tetraspanin belongs to the transmembrane-4 family of proteins that form homologous and heterogeneous dimers and oligomer-
ize with other membrane proteins in the plasma membrane to form tetraspanin-enriched microdomains (TEMs) (Hemler,
2003). The size of small extracellular vesicles (sEVs) ranges across the nanoscale (30-200 nm) and vesicles are derived from
many cell types and are found in all bodily fluids (Pegtel & Gould, 2019). The biogenesis of SEVs occurs from endosomes,
intraluminal vesicles, and multivesicular bodies and are then released by the fusion of multivesicular bodies and the plasma
membrane (Colombo et al., 2014; Yafnez-M¢ et al., 2015). Tetraspanins are considered pivotal for membrane curvature forma-
tion, and proteins in TEMs have been proposed to be carried by sEVs (Yailez-M¢ et al., 2015). Numerous subsets of proteins
are highly enriched in sEVs, including the tetraspanin family (CD9, CD63, CD8I, and tetraspanin8 [TSPANS]), endosomal
trafficking proteins (ALIX), the endosomal sorting complex required for transport (ESCRT) proteins, and heat shock proteins
(HSP60, HSP70, and HSP90) (Colombo et al., 2014). Recent studies have suggested that the sSEV cargo manipulates the pheno-
type of target cells in the physiological and pathological microenvironment (Costa-Silva et al., 2015; X. Li et al., 2018; Richards
et al., 2017; Zhou et al., 2014). Evidence shows that sEV's are received by specific recipient cells (Mckelvey et al., 2015; Rana &
Zoller, 2011; Rana et al., 2012). However, the molecular mechanism underlying the binding of sEV's by target cells is not entirely
understood.

Internalization of sEVs into recipient cells occurs primarily through phagocytosis and clathrin- or caveolin-mediated endo-
cytosis (Mulcahy et al., 2014). Vesicular fusion or fission is facilitated by TEMs (Hemler, 2014; Z6ller, 2009) while tetraspanin,
as a molecular scaffold, modulates the stability and activity of associated molecules (X. Yang et al., 2004). TSPAN8 and CD151
have been shown to promote cancer metastasis by impairing cell adhesion and migration (Yue et al., 2013). TSPANS promotes
the tumour sEV-induced angiogenesis (Nazarenko et al., 2010). Furthermore, sEVs enriched in TSPANS induce disseminated
intravascular coagulation by interacting with TSPANS and integrin a4f1 (Yue et al.,, 2013; K. Zhao et al., 2018). Studies have
demonstrated that TSPANS is involved in binding sEVs and target cells (Yue et al., 2015). However, the exact role of TSPANS
in sEV binding and attachment to target cells has not been fully elucidated. The classic “seed and soil” hypothesis of cancer
metastasis proposed that cancer cells which escaped from primary cancer into circulation serve as “seed” and the distance tis-
sue microenvironment as “soil” (Mckelvey et al., 2015; Rana & Zéller, 2011; Rana et al., 2012). Cancer cell-derived sEVs contain
selected membrane and cytosolic proteins, mnRNAs, and miRNAs that may potentially serve as the “soil” establishment and pro-
mote cancer progression (Tkach & Théry, 2016; Wortzel et al., 2019).

The uptake of sEV's by the target cells is required for phenotypic changes. Our previous study suggested that TSPAN8 promotes
pancreatic cancer metastasis by affecting cancer cell motility (Lu et al., 2017; K. Zhao et al., 2018). Considering the role of sEVs in
modulating target cells and their wide applications in drug delivery (Hu et al., 2019; Riazifar et al., 2019), understanding the role
of tetraspanins, TSPANS in particular, in target binding and uptake of sEV's is important. To decode the molecular mechanism
involved in TSPAN8-mediated regulation of sEV binding and attachment to target cells, we assessed whether breast cancer cell-
derived TSPANS-enriched sEVs forced the confined diffusion and increased the uptake to parent cells and fibroblasts. Based
on this first description of confined diffusion of sEVs, we investigated whether the TSPANS8-enriched sEVs promote cancer cell
motility and epithelial-mesenchymal transition (EMT), which may induce cancer metastasis.

2 | METHODS
2.1 | Celllines

Human breast cancer cells T-47D and human fetal lung fibroblasts MRC-5 were purchased from ATCC. T-47D cells were main-
tained in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. MRC-5 cells
were cultivated in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS and 1% penicillin/streptomycin. HEK-293T
cells were purchased from ATCC and maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS and 1%
penicillin/streptomycin.

2.2 | Plasmids

Human TSPANS-cDNA was generated using reverse transcription of an mRNA template derived from MRC-5 cells. The
cDNA was inserted into the lentiviral expression vector pLV-EFla-MCS-IRES-Bsd/puro (Biosettia, San Diego, CA, USA).
The empty expression vector pLV-EFla-MCS-IRES-Bsd/puro (MCS) was used as a control. TSPAN8 knockdown stable cell
line was generated using the small hairpin RNA (shRNA) (AAAATGAATGAAACTCTCTATGAATTGGATCCAATTCATA-
GAGAGTTTCATTCA), targeting the TGAATGAAACTCTCTATGAA sequence of human TSPANS8 mRNA. The shRNA was
inserted into the pRNAi vector system (Biosettia). The pRNAi plasmid was linearized using the Pac I enzyme and transfected into
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T-47D cells. The stable TSPAN8 knockdown cell line was obtained using blasticidin selection post-transfection. All constructs
were verified by DNA sequencing. The primers for the constructs used in this study are listed in Table S1.

2.3 | sEV isolation and characterization

All sEVs were isolated from cell culture supernatants using sequential centrifugation. For sEV preparation, cancer cells were
cultured in 15 cm dishes with 20 ml RPMI-1640 medium without FBS for 24 h. The cell culture supernatant was collected
and centrifuged sequentially at 500¢ for 10 min, repeated twice, 2000g for 20 min, and 12,000g for 30 min. The supernatant
was filtered through a 0.22 um pore size membrane filter and finally centrifuged at 100,000¢ for 90 min to obtain a pellet
sEVs, which was washed again in phosphate buffered saline (PBS) by centrifugation at 100,000g for 90 min. The morphol-
ogy and purity of the sEVs were verified using transmission electron microscopy (TEM) according to previously published
methods (J. Li et al., 2020). In brief, purified SEVs were re-suspended in 2% paraformaldehyde and adsorbed onto carbon-
coated formvar EM grids for 20 min. Grids were then washed in physiological saline and transferred to 50 mM glycine/PBS
for 3 min, repeated thrice. Finally, grids were embedded in 30 ul of uranyl-oxalate solution for 90 s and air-dried. Images were
captured using an FEI Talos F200C TEM (Thermo Fisher Scientific, San Jose, CA, USA). The size scale and concentration of
sEVs were measured using a nanoparticle tracking analysis (NTA) device NanoSight NS300 (Malvern, UK). sEVs were sus-
pended in PBS and diluted 100-fold prior to analysis. A 60 s video was recorded and subsequently analyzed using the NTA
software.

2.4 | Flow cytometry

Isolated sEV's were diluted to 5.3 X 10°/ml using PBS (10 mM, pH 7.4) and incubated with 1 ul of DiR dye (10 mM) at 4°C for
30 min. The labelled sEV's were washed with PBS thrice to discard excess dye using ultra-centrifugation at100,000g for 90 min and
finally re-suspended in 100 u1 of PBS. DiR-labelled sEVs (5.3 X 108/ml) were incubated with target cells for 1.5 h. Flow cytometry
was performed using the BD FACScan system (BD Biosciences, San Jose, CA, USA). The data were processed using the FlowJo
Software (version 7.6 Tree Star Inc., Ashland, OR, USA).

2.5 | Single-particle tracking

TSPANS-sEV and MCS-sEV were labelled with DiO and DiL dyes, respectively. Both groups of sEV's were stained and washed as
described above. Labelled sEVs (3 ul) were diluted in 1 ml of medium and incubated with target cells for 20 min at 4°C. Labelled
sEV uptake was measured using a Nikon Eclipse Ni-U upright optical microscope (Nikon Instruments Inc., Tokyo, Japan) as
described previously (D. Zhang et al., 2019).

Single-particle tracking experiments were performed using a Nikon Ti-U inverted fluorescence microscope (Nikon Instru-
ments Inc.). DiO-labelled TSPAN8-sEV was measured at 473 nm and DiL-labelled MCS-sEV at 532 nm. The fluorescence signal
of the sample was collected using a 100X objective, and successive images were captured using a highly sensitive electron multi-
plying charge-coupled devices. The pixel size of the camera was 16 X 16 um. The exposure time was set to 20 ms, and 500 frames
were collected continuously (Ye et al., 2019). All imaging data were analyzed and processed using the Image] version 1.8.0_172 for
Windows (NIH, Bethesda, MD, USA) and MATLAB R2015a software (The MathWorks Inc., Natick, MA, USA). The interaction
between sEVs and cell membranes was monitored in situ and in real-time using a confocal laser scanning microscope. Labelled
sEVs (3 ul) were diluted in 1 ml of phenol red-free medium and incubated with cells. The binding of SEV's to the cell membrane
surface was monitored each minute for 1 h.

2.6 | Animal experiments

Nude mice were injected with DiR-labelled sEVs (5.3 X 10%/mouse) intravenously for 24 h. The bio-distribution of sEVs in vivo
was analyzed using a Xenogen IVIS Lumina XRMS Series III live animal biophotonic imaging system (Caliper Life Sciences,
Hopkinton, MA, USA). The DiR-labelled sEV uptake in vivo was monitored using frozen sections and confocal microscopy.
The relative sSEV uptake was quantified from the fluorescence intensity per cell of the corresponding areas using ImageJ. BALB/c
nude (nu/nu) mice were purchased from a laboratory animal company (Vital River Laboratory Animal Technology Co. Ltd,
Beijing, China) and maintained in a pathogen-free facility at the Nankai University. All animal experiments in this study were
approved by the Nankai University Animal Care and Use Committee (2021-SYDWLL-000060) and handled according to the
Nankai University Animal Welfare Guidelines.
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FIGURE 1 Characterizations of T-47D cell-derived TSPANS enriched sEVs. (a) Relative mRNA levels of TSPANS in T-47D cells and
TSPANB8-overexpressing cells were detected by RT-qPCR. Relative quantitation data represent mean + standard deviation of normalized to GAPDH using ACt
method (n = 3, three independent experiments). ***p < 0.001 by the two-tailed Student’s ¢-test. (b) Relative protein levels of TSPANS in T-47D cells and
TSPANB8-overexpressing cells were detected by IE (c) TEM analysis indicated that the morphology and size scale of TSPAN8-sEV are consistent in MCS-sEV.
(d) Quality and quantity of TSPAN8-sEV and MCS-sEV were analyzed by NTA. (e) Western blot analysis was performed to confirm purified sEVs using sEV
markers ALIX, CD9, CD151, CD63, Caveolin 1 (CAV1), Clathrin light chain (CLC), TSPANS, and also intercellular adhesion molecule in cells CD54 (ICAM1I)
and the control of 3-Actin in cells and sEVs

2.7 | Statistical analysis

Statistical evaluation was performed using the two-tailed Student s t-test and GraphPad Prism software version 7.0 for Windows
(GraphPad Software, San Diego, CA, USA). Data with p < 0.05 were considered significant. Data are expressed as the mean +
standard deviation of at least three independent experiments. Animal experiments were performed in triplicates, using three
mice per group.

3 | RESULTS AND DISCUSSION
3.1 | Overexpression TSPANS in the breast cancer cell and enriched recovery in sEV

Previous works have suggested that TSPANS contributes to cancer metastasis by associating with $4 integrin in pancreatic
cancer cells (Yue et al., 2013, 2015). Tetraspanins, including TSPAN8 form TEMs, and tetraspanin-integrin complexes are
enriched in sEVs (Rana et al., 2012). Therefore, the role of TSPANS-sEV in target cell binding and sEV uptake was eval-
uated using sEVs derived from TSPANS-overexpressing breast cancer cells. The expression of TSPANS in breast cancer
line T-47D cells was assessed using Real-time quantitative polymerase chain reaction (RT-qPCR) and immunofluorescence
(IF) (Figure la and b). The TSPANS overexpressing stable cell line was generated to produce sEVs for further analysis.
TSPANS-sEV and MCS-sEV were observed using TEM. TEM results showed that the overexpression of TSPANS did not
impair the morphology of sEVs (Figure 1c). Moreover, NTA was performed to measure the size and concentration of puri-
fied sEVs to evaluate their quality and quantity (Figure 1d). To further explore characteristics of sEVs, we measured levels
of sEV biomarkers in TSPANS8-sEV and MCS-sEV. Results confirmed the enrichment of biomarkers and overexpression of
TSPANS in TSPANS-sEV (Figure le), providing a suitable model to investigate the specific role of TSPANS in sEV-target cell
interaction.
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FIGURE 2 TSPANS increased the sEV uptake in T-47D and MRC-5 cells. (a) DiR-labelled sEVs incubated with T-47D cells and the attachment of
sEVs was observed by confocal microscopy. Data are mean =+ standard deviation (n = 3, three independent experiments) **p < 0.01 by the two-tailed Student’s
t-test. (b) DiR-labelled sEV attachment to T-47D cells was analysed using flow cytometry. (c) DiR-labelled sEV's incubated with MRC-5 cells and the
attachment of sSEV's was observed by confocal microscopy. Data are mean =+ standard deviation (n = 3, three independent experiments) **p < 0.01 by the
two-tailed Student’s ¢-test. (d) DiR-labelled sEV attachment to MRC-5 cells was analysed using flow cytometry. Quantification of sEV attachment to target cells
was analysed by the relative fluorescence intensity using Image] software. All the images are representative of 10 random fields

3.2 | TSPANS promotes sEV attachment to target cells

To evaluate the functional role of TSPANS in sEVs target cell binding, we monitored the labelled MCS-sEV or TSPANS-sEV co-
cultured with T-47D cells and observed them under a confocal microscope. The quantification of sEV attachment showed that
TSPANS significantly increased the sEV binding to T-47D cells (Figure 2a). The binding of sEV's and T-47D cells was validated
using flow cytometry (Figure 2b). Fibroblasts in the cancer microenvironment also play a pivotal role in metastasis (Lu et al.,
2017; Peinado et al., 2017). To explore the impact of TSPAN8 on sEV attachment to fibroblasts, we treated MRC-5 cells with
labelled MCS-sEV or TSPAN8-sEV and analyzed them using confocal microscopy. The results demonstrated that TSPAN8-sEV
significantly increased the binding of SEVs to MRC-5 cells (Figure 2¢). The attachment of sEVs to MRC-5 cells was confirmed
using flow cytometry (Figure 2d). Moreover, TSPANS overexpression did not affecting the binding of the impaired epithelial
cancer cell with to fibroblasts (Figure S1). Our findings imply that TSPAN8 promotes the attachment of sEVs derived from breast
cancer cells to parent cells and fibroblasts. Therefore, we next investigated the mechanism underlying pronounced TSPANS-sEV
uptake by target cells.

3.3 | TSPANS alters the mode of SEV attachment to target cells

The mechanisms of sEV internalization into target cells have been revealed by previous studies on macropinocytosis, phago-
cytosis, clathrin, caveolin, lipid raft mediated endocytosis, and plasma membrane or endosomal membrane fusion (Mallegol
et al., 2007; Mulcahy et al., 2014; Purushothaman et al., 2016; Van Niel et al., 2018). Based on the membrane components and
the structure of sEVs, free diffusion and membrane fusion are possible modes of binding, which widely exist in many types of
cells (Heusermann et al., 2016). A range of specific protein-protein interactions and the membrane lipid raft structures regulat-
ing sEV uptake have been studied (Mulcahy et al., 2014). The specific surface components or proteins in the target cell and sEV
membranes define the selection of SEV's for uptake by target cells (Christianson et al., 2013; Purushothaman et al., 2016; Svensson
et al,, 2013). The tetraspanin-associated molecules in TEMs are essential for deciding the target cells (Nazarenko et al., 2010;
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FIGURE 3 TSPANS changed sEV diffusion mode to target cells. (a) The trajectories of sEV diffusion on T-47D living cell membrane surface observed

by single-particle fluorescence microscopy. (b) The velocity of sEV diffusion on T-47D living cell membrane surface. (c) The MSD of sEV diftusion on T-47D
living cell membrane surface. (d) The trajectories of sEV diffusion on MRC-5 living cell membrane surface observed by single-particle fluorescence
microscopy. (e) The velocity of sEV diffusion on MRC-5 living cell membrane surface. (f) The MSD of sEV diffusion on MRC-5 living cell membrane surface

Perez-Hernandez et al., 2013). sEV is a type of vesicle with a lipid membrane structure that can be randomly taken up by cells
via membrane fusion (Colombo et al.,, 2014). New evidence has demonstrated that a series of membrane proteins act as ligands
or receptors on sEVs and recipient cells that contribute to SEV uptake (Schneider & Simons, 2016; Tkach & Théry, 2016).

To gain insight into the impact of TSPANS on the interaction of sEVs and cell membranes, we performed in situ real-time
observation of the sEV migration trajectory on the cell membrane surface using a single-particle tracking technique. The differ-
ence in the touch-adhesion capacity of sEVs and target cells was revealed using single SEV transfer analysis. The typical migration
trajectory of individual sEV on the T-47D cell membrane surface was tracked (Figure 3a). Interestingly, MCS-sEV showed an
obvious free diffusion, whereas TSPANS8-sEV showed a significant confined diffusion. The change in diffusion modality indi-
cated that TSPANS increased the adhesion of sSEVs to T-47D cells. The increased touch-adhesion capacity of sEVs to target cells
resulted in a significantly reduced migration area on the cell surface. Furthermore, we measured the velocity of the two types
of sEVs on the T-47D cell membrane surface in real-time and found that the velocity of sEV migration changed dynamically
(Figure 3b). The mean migration velocity decreased in TSPAN8-sEV compared to that in MCS-sEV. This result reveals TSPAN8
contribution to the binding of sEVs to target cells by molecular adhesion. To decode the mode of sEV attachment to target cells,
we statistically analyzed the mean squared displacement (MSD) with time (MSD = 4Dt%, where D is the diffusion coefficient,
and a is the diffusion exponent factor) (Figure 3c) (He et al., 2019; Ye et al., 2019). Further analyzing the diffusion exponent fac-
tors of these two types sEVs, the diffusion exponent factors of both sEVs were less than 1, indicating both sEV's showed confined
diffusion (Xiao et al., 2012). However, the diffusion exponent factor of the individual TSPAN8-sEV (a = 0.13) was significantly
lower than that of MCS-sEV (a = 0.62). These results denote that TSPANS8 promotes the adhesion of sEV's to target cells.

To address the functional role of TSPANS in sEV attachment to stromal cells, we examined the diffusion mode of sEVs on
MRC-5 cells. The typical single sEV migration trajectory on the MRC-5 cell membrane surface was tracked (Figure 3d). Results
displayed that TSPANS significantly reduced the migration area of sEV's on the surface of MRC-5 cells. The velocity of the two
types of sSEVs on the MRC-5 cell membrane in real-time was measured (Figure 3e). Findings indicated that TSPANS did not affect
the velocity of sSEV migration on the MRC-5 cell membrane surface. The MSD and the time of SEVs on the MRC-5 cell membrane
surface were statistically analyzed (Figure 3f). The MSD of the MCS-sEV is approximately 1 (& = 1.17) with free diffusion, whereas
the MSD of TSPANS-sEV is less than 1 (o = 0.67) with confined diffusion. Taken together, in breast cancer T-47D cells, both
groups of sEVs showed confined diffusion, and in fibroblasts MRC-5 cells, the MCS-sEV showed free diffusion, whereas the
TSPANBS-sEV showed confined diffusion. Moreover, to explore whether TSPANS specifically regulates sEV attachment to target
cells, we also performed TSPANS8 knockdown on T-47D cells to produce sEVs for single-particle tracking assays (Figure S2A-F).
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Compared to the wild-type (WT) sEVs, TSPAN8 knockdown did not change the model of sEV diffusion. Both types of sEV's
showed confined diffusion in T-47D cells and non-confined diffusion in MRC-5 cells. We considered that the affinity and binding
capacity of sEVs is preference to homologous cells (Choi et al., 2018; Cui et al., 2021; Gong et al., 2021). TSPANS8 knockdown
slightly reduced the velocity of sEVs on the cell surface, indicating that TSPANS contributes to contact adhesion of the surface
proteins of target cells. The membrane components of sEVs and T-47D cells might have additional molecules contributing to the
mode of diffusion. Both types of sEVs showed confined diffusion in T-47D cells. These data suggest that TSPANS significantly
increases the efficiency of SEV attachment to target cells.

The intermittent hopping diffusion of sEVs on the cell surface, also called as the sustaining random walk process, is a preferred
way to explore further areas and the target site. We explored the intermittent hopping diffusion of TSPAN8-sEV and MCS-sEV
on the cell surface of T-47D and MRC-5 cells (Figure S3A-B). The surface proteins of sSEVs play a key role in desorbing sEVs from
the binding site, diffusing away, and binding to a new site on the cell surface (Wu & Yeow, 2008). Target cellular uptake of sEV's
is based on the random frequency of attachment and evasion. Our results demonstrated that TSPAN8 promoted sEV binding
to the target cells by significantly increasing the attachment efficiency and reducing the evasion frequency. The enrichment of
tetraspanin on sEVs that associates with integrin to form TEMs, clearly regulated the attachment of sEVs to the target cells. The
different tetraspanin-associated proteins may contribute to the process of attachment to specific proteins on target cells.

3.4 | sEV cargo TSPANS promote target cells phenotype alteration

The sEV cargo contains proteins, mRNAs, and non-coding RNAs that may change the phenotypic characteristics of the target
cells (Antonyak et al., 2011; Zitvogel et al., 1998). The potential of SEVs in target cell education is associated with cancer metastasis,
cancer cell motility, and EMT (Koch et al., 2014; Sung et al., 2015, 2020). CD151 promotes cell motility by reducing tumour cell-
matrix interactions and thus contributes to dissemination, which subsequently leads to invasion and intravasation of a primary
tumour (Zijlstra et al., 2008). To define the role of sSEV cargo TSPANS in target cell education, we treated T-47D cells with MCS-
SEV or TSPANS8-sEV and measured their motility. The wound healing assays indicated that TSPAN8-sEV significantly increased
cancer cell migration capacity (Figure 4a). To confirm cell motility, we performed transwell assays. The results demonstrated that
TSPANS-sEV significantly promoted T-47D cell migration (Figure 4b). Cell migration is mediated by kinases and phosphatases
that regulate the phosphorylation and dephosphorylation of key molecules involved in adhesion (Parsons et al., 2000; Y. Yang
et al., 2021). The focal adhesion protein-complex’s dynamics changes the cytoskeleton structure by assembling other specialized
proteins and constructing stress fibers (J. Zhao & Guan, 2009). The FAK-SRC complex regulates the phosphorylation of paxillin,
which recruits specific molecules and organizes the actin cytoskeleton (Mitra & Schlaepfer, 2006; Webb et al., 2004). To obtain a
hint towards TSPAN8-sEV cargo possibly affecting, the activity of FAK-SRC signalling pathway was evaluated by western blotting
and IF (Figure S4A-B). TSPANS8-sEV treatment in T-47D cells significantly increased the phosphorylation of FAK and SRC and
the expression of paxillin. The dynamic assembly of the cytoskeleton is regulated by Rho family small GTPases, including RHOA
and RACI, and the downstream Rho-associated kinase (ROCK) (Haga & Ridley, 2016; Hodge & Ridley, 2016; Vega et al., 2011).
TSPANS-sEV treatment significantly increased the expression of RAC1, RHOA, ROCK1 and MMP2 in T-47D cells (Figure S4C).

Based on the classic “seed and soil” cancer metastasis hypothesis, EMT allows cancer cells to have the capacity for intravasation
and extravasation of circulation and colonization in distant tissues (Balaji et al., 2021; Pantel & Brakenhoff, 2004). Western blotting
showed that TSPANS-sEV treatment in T-47D cells significantly increased the expression of EMT-related genes (Figure 4c).
IF confirmed that TSPANS-sEV treatment in T-47D cells promoted the expression of EMT-related genes (Figure 4d). Taken
together, these findings suggest that TSPANS in sEV-cargo alters the phenotype of T-47D cells and increases motility to facilitate
cancer metastasis.

A recent study demonstrated that TSPAN8 promotes colorectal cancer metastasis via EMT induction (H. -. S. Zhang et al,,
2020). Park et al. (2016) revealed that targeting TSPANS using knockdown or antibody blocking can effectively reduce epithelial
ovarian cancer invasion and metastasis (Park et al., 2016). TSPANS promotes the binding of ligands to the integrins that activate
the FAK-SRC signalling pathway, which promotes cell migration and phenotype alteration (Webb et al., 2004; Yue et al., 2013).
TSPANS enriched sEVs transfer TSPANS into target cells to induce EMT (H. -. S. Zhang et al.,, 2020). Furthermore, TSPANS is
involved in sEV cargo protein sorting, which might change the SEV content and promote target cell education (Liu et al., 2020).
TSPANS enrichment changed the components of TEMs on the sEV surface, impairing the membrane components and signalling
pathway activation of target cells (EI Kharbili et al., 2020). These studies imply that TSPAN8 may promote cancer development
and metastasis in multiple cancer types. Our findings confirmed that the engagement of sEV cargo TSPANS induces breast cancer
cell migration and EMT to promote dissemination via FAK-SRC signalling activation.

3.5 | TSPANS promotes sEV uptake by target cells in vivo

The results reported to date convincingly demonstrate that TSPAN8 promotes adhesion of sEVs on epithelial cancer cells and
fibroblasts in vitro. To investigate the role of TSPANS in regulating sEV uptake in vivo, we treated Balb/c mice with DiR-labelled
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FIGURE 4 sEV cargo TSPANS educating recipient cells activation. (a) Migration of TSPAN8-sEV and MCS-sEV treatment on T-47D cells was
evaluated by wound healing assays. Data are mean =+ standard deviation (n = 3, three independent experiments) **p < 0.01 by the two-tailed Student’s ¢-test.
(b) Cell motility of TSPAN8-sEV and MCS-sEV treatment for 48 h on T-47D cells was determined by transwell assay. Data are mean + standard deviation

(n = 3, three independent experiments) **p < 0.01 by the two-tailed Student’s ¢-test. (c) The expression of EMT-related genes was confirmed by western blot
analysis in T-47D cells treated with sEVs. (d) The expression and localization of EMT markers $-catenin and Vimentin in T-47D cells with sEV treatment were
detected by IF

sEVs for 24 h prior to analysis (Figure 5a). The mice were sacrificed and the sEV uptake in vivo was evaluated using the IVIS
Lumina live animal biophotonic imaging system (Figure 5b). The data showed that the breast cancer cell-derived sEVs were
preferentially taken up in the lung, liver, and spleen (Figure 5c). To confirm that TSPANS contributes to sEV uptake in vivo, we
prepared sections of the tissues from the lung, liver, and spleen and observed them using confocal microscopy. sEV clumps were
observed in the images that the TSPAN8-sEV clumps showed increased uptake in the lung and liver and were similar in the spleen
(Figure 5d). To further obtain a hint towards specific cell population uptake of TSPANS8-sEV, we performed counterstaining
with the monocyte marker CD11b and macrophage marker F4/80 in the lung, liver, and spleen with frozen sections (Figure S5).
The results demonstrated that most sEVs were taken up by macrophages and monocytes in the liver and spleen. Aside from
macrophages and monocytes, sEVs are taken up by the other cells in the lung. The data also showed that over 90% of unbound
sEVs that disappeared from the circulation were mostly degraded/recovered in the liver (Erb et al., 2017; Wen et al., 2016).

4 | CONCLUSION

We conclude that TSPANS contributes to breast cancer cell-derived sEVs and target cell binding by strengthening confined
diffusion and induces confined diffusion of fibroblasts. The binding or uptake of TSPAN8-sEV promotes motility and inva-
sion, possibly linked to the FAK-SRC signalling pathway, EMT induction, and protease upregulation in target cells. Pronounced
TSPANS-sEV binding and uptake were also observed in selected organs in vivo. Further, the specific molecules responsible for
the confined diffusion of sEVs at target cells need to be identified. The phenotype alteration of target cells is dependent on the
cargo of SEVs. The omics analysis of SEVs and their target cells are required to reveal the mechanism by which TSPAN8-sEV
promotes cancer cell motility and invasion. This study provides insights on the research of the interaction of sEVs and target
cells, while the major implications point the direction of engineered sEV's for therapeutic application.
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FIGURE 5 TSPANS promoted sEV uptake in vivo. (a) A diagram showed that the labelled sEV's treated nude mice for 24 h to evaluate the uptake in
vivo. (b) The labelled sEV uptake in vivo was determined by IVIS Lumina imaging system post 24 h injection. Data are mean =+ standard deviation **p < 0.01
by the two-tailed Student’s t-test. (c) Biodistribution of TSPAN8-sEV and MCS-sEV is enriched in the lung, liver and spleen of mice. (d) IF of DiR-labelled
sEVs positive cells showed in lung, liver and spleen. Arrows indicated the sEV clumps. All immunofluorescence images are representative of ten random fields.
Data are mean =+ standard deviation (n = 3, three independent experiments) *p < 0.05; **p < 0.01 by the two-tailed Student’s t-test
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