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Abstract
Extracellular vesicles (EVs) secreted by living cells are expected to deliver biologi-
cal cargo molecules, including RNA and proteins, to the cytoplasm of recipient cells.
There is an increasing need to understand themechanism of intercellular cargo deliv-
ery by EVs. However, the lack of a feasible bioassay has hampered our understand-
ing of the biological processes of EV uptake, membrane fusion, and cargo delivery
to recipient cells. Here, we describe a reporter gene assay that can measure the mem-
brane fusion efficiency of EVs during cargo delivery to recipient cells.When EVs con-
taining tetracycline transactivator (tTA)-fused tetraspanins are internalized by recip-
ient cells and fuse with cell membranes, the tTA domain is exposed to the cytoplasm
and cleaved by tobacco etch virus protease to induce tetracycline responsive element
(TRE)-mediated reporter gene expression in recipient cells. This assay (designated as
EV-mediated tetraspanin-tTA delivery assay, ETTD assay), enabled us to assess the
cytoplasmic cargo delivery efficiency of EVs in recipient cells.With the help of a vesic-
ular stomatitis virus-derived membrane fusion protein, the ETTD assay could detect
significant enhancement of cargo delivery efficiency of EVs. Furthermore, the ETTD
assay could evaluate the effect of potential cargo delivery enhancers/inhibitors. Thus,
the ETTD assay may contribute to a better understanding of the underlying mecha-
nism of the cytoplasmic cargo delivery by EVs.
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 INTRODUCTION

Extracellular vesicles (EVs) are secreted by living cells and contain biomolecules derived from the donor cells. The physiological
role of EVs remains largely unknown and they were formerly known as the “garbage bin” of cells for excretion of the unwanted
molecules or organelles. Several studies have shown the cellular disposal role of EVs (Nicolás-Ávila et al., 2020; Takahashi et al.,
2017) although a vast majority of current EV research focuses on the cargo delivery of EVs. Since EVs contain cargo proteins and
RNAs, their contents can be transferred from a donor cell to a recipient cell via a paracrine or endocrine mechanism. Recently,
EV-mediated cargo delivery events in pathophysiological settings, such as cancers, have attracted considerable attention. Several
studies have reported that EVs are involved in tumour suppression (Putz et al., 2012; Seo et al., 2018) and tumour progression
(Bobrie et al., 2012; Ye et al., 2014). Several studies have demonstrated that EVs can deliver small RNAs to recipient cells and elicit
phenotypic changes. However, there is limited evidence that demonstrates cargo delivery by EVs into recipient cells (Mateescu
et al., 2017). Many confounding factors in the experimental conditions and contaminants in the EV fraction (Whittaker et al.,
2020) must be taken into account in the cargo delivery experiments, to prove whether EVs truly deliver their cargo into the
recipient cells (we referred to this point as the “EV cargo transfer hypothesis” in the previous review (Somiya, 2020)).
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The main challenge in current EV research is the lack of a feasible and reliable assay to evaluate the functional cargo delivery
process in the recipient cells (Russell et al., 2019; Somiya, 2020). Several reporter assays that demonstrate the functional delivery
of cargo proteins or RNAs have been reported, includingmiRNA (Albanese et al., 2020; Stevanato et al., 2016; Sutaria et al., 2017),
Cre-LoxP (Heath et al., 2019; Zomer et al., 2016), and CRISPR/Cas9-gRNA (de Jong et al., 2020), and split luciferase (Somiya &
Kuroda, 2021) reporters. However, these assays are influenced by various confounding factors including non-EV components in
the EV fraction. Although the readout of these assays is informative for deciphering the delivery mechanism of EVs in recipient
cells, a more precise reporter assay is needed. Mechanistically, cytoplasmic cargo delivery should occur after endocytosis and
subsequent membrane fusion, or direct fusion with the plasmamembrane (Kalluri & Lebleu, 2020). Uponmembrane fusion, the
luminal side of EVs is exposed to the cytoplasm of recipient cells and releases their cargo. The functional delivery assay should
reflect the biological delivery mechanism, especially the membrane fusion of EVs.
In this study, we developed a reporter assay to quantify the membrane fusion of EVs in recipient cells. In this assay, following

the fusion of EVswith the cellmembrane of the recipient cells, a transcription factor is released from the EVs and then upregulates
the expression of a reporter gene (luciferase or fluorescence protein). This assay provides a biologically orthogonal readout and
enables us to accurately interpret the cargo delivery process of EVs.

 MATERIALS ANDMETHODS

. Materials

The chemical reagents and antibodies used in this study are listed in Table S1. All NanoLuc substrates were purchased from
Promega. The plasmids used in this study are listed in Table S2 and deposited at Addgene. Plasmids were constructed using
PCR-based methods (Gibson Assembly (Gibson et al., 2009)) and confirmed by Sanger sequencing.

. Cell culture and transfection

Human embryonic kidneyHEK293T cells (RIKENCell Bank) weremaintained in 10% (v/v) fetal bovine serum (FBS)-containing
Dulbecco’smodified Eagle’smedium (DMEM) supplementedwith 10 μg/ml penicillin-streptomycin solution. Cells were cultured
at 37◦C under 5% CO2 in humidified conditions.

Transfection ofHEK293T cells was performed as follows: cells were plated in a cell culture dish ormulti-well plate and cultured
overnight. The next day, the cells were transfected using 25-kDa branched polyethyleneimine (PEI, Sigma). The ratio of plasmid
DNA to PEI was 1: 4 (weight). After 24–96 h, the cells were used in the subsequent experiments. Cell culture supernatant was
collected after 2–4 days and centrifuged at 1500 ×g for 5 min to remove cell debris.

. NanoLuc assay

To quantify the expression level of the reporter NanoLuc, the transfected cells were lysed and mixed with NanoLuc substrate
(Nano-Glo Luciferase Assay System; Promega) according to the manufacturer’s instructions. Luminescence signal from the cell
lysate was measured by using a plate reader, Synergy 2 (BioTek).

. Characterization of tTA-fused proteins in cell lysate and EVs

Protein expression was assessed by western blotting. Briefly, lysates of the transfected cells (total protein was extracted using
radioimmunoprecipitation assay [RIPA] buffer [Nacalai Tesque] containing a protease inhibitor cocktail [Nacalai Tesque]) or the
supernatant wasmixedwith reductant-free sample buffer and incubated at room temperature for 20min. Proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF)
membrane. Proteins on the membrane were detected using antibodies (Table S1) and ImmunoStar LD reagent (FUJIFILMWako
Pure Chemical). As a loading control for cell lysates, the membrane was probed with an anti-GAPDH antibody.

. Concentration of EVs

EVs were concentrated by PEG precipitation. The 4× PEG solution (40% PEG 6000 [w/v], 1.2 M NaCl, 1 × PBS [pH 7.4]) was
added to the supernatant (1:4 dilution), and kept at 4◦C overnight. The next day, the supernatant was centrifuged at 1600 ×g for
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60 min to pellet the EVs. After decantation, the pellet was resuspended in PBS. Typically, approximately a million donor cells
were seeded and cultured for 48–96 h in a 60-mm dish with 5 ml medium and the supernatant was concentrated to 100–200 μl
of PBS solution by PEG precipitation (25 to 50-fold enrichment).

. Reporter assay

For the membrane fusion reporter assay, recipient HEK293T cells (104 cells/well in 96-well plate) were transfected with plasmids
encoding tobacco etch virus (TEV) protease (TEVp) and TRE3G-NlucP (PEST motif-fused NanoLuc [NlucP] (Hall et al., 2012)
under tetracycline responsive element [TRE] promoter), and cultured overnight. The next day, the recipient cells were treated
with donor culture supernatant or concentrated EVs and further incubated at 37◦C for up to 48 h. Unless otherwise stated, 5 or
10 μl of concentrated EVs were applied to recipient cells, which is corresponding to the 250 μl of original conditioned medium,
depending on the enrichment factor upon PEG precipitation (25 to 50-fold enrichment, see above). To assess the effect of various
compounds onmembrane fusion efficiency, recipient cells were treated with the compound 1 h before the addition of supernatant
or EVs. After the incubation, the expression of NanoLuc in the recipient cells was measured as described above.
Reporter expression in recipient cells was also evaluated using an enhanced green fluorescent protein (EGFP) gene. Recipient

cells (104 cells/well in 96-well plate) transfected with pTetOn-EGFP (EGFP under TRE promoter) and pcDNA3.1-TEVp were
treatedwith EVs and then observed under a fluorescencemicroscope IX70 (Olympus) after 24 h. Cre recombinase-based reporter
assay was performed in the same way; recipient HEK293T cells were transfected with a reporter plasmid (encoding LoxP-flanked
mKate and EGFP under the CMV promoter) and a plasmid encoding TEVp, treated with EVs for 24 h the following day, and
then observed under a fluorescence microscope.

. Statistical analysis

Data were analysed using Student’s t-test or one-way ANOVA following either post hoc Tukey’s HSD or Dunnett’s tests. Statistical
analysis was performed using the Real Statistics Resource Pack software created by Charles Zaiontz.

 RESULTS

. Characterization of tTA-fused tetraspanins

To establish a reporter assay that can measure the membrane fusion of EVs, we first prepared plasmids encoding human
tetraspanins CD9, CD63, or CD81 with C-terminal fusion of the TEVp cleavage site, followed by tetracycline transactivator
(tTA) (Figure 1a). As shown in Figure 1b, tTA-fused tetraspanin is cleaved in the presence of TEVp and releases the transcription
activator tTA.When the EVs containing tTA-fused tetraspanin are internalized and fused with the endosomal membrane, lumi-
nal tTA is exposed to the cytoplasmic side, and TEVp in the recipient cells cleaves the TEVp site, followed by the cytoplasmic
release of tTA and induction of the reporter gene expression under the TRE promoter (Figure 1c). We designated this assay the
EV-mediated tetraspanin-tTA delivery (ETTD) assay.

To demonstrate the feasibility of the above system, HEK293T cells were transfected with plasmids encoding tTA-fused
tetraspanin with or without plasmid encoding TEVp. As shown in Figure 2a, the expression of tTA-tetraspanins in the cell lysate
was confirmed by western blotting. In the presence of TEVp, tTA was cleaved and released from the tTA-fused protein. While
CD9 and CD81 showed obvious tTA bands, CD63 showed only a weak band in the absence of TEVp and no band in the presence
of TEVp. This is probably due to the low expression of CD63 inHEK293T cells compared toCD9 andCD81.WhenHEK293T cells
were transfected with both NlucP (under the TRE promoter) and tTA-fused proteins, co-expression of TEVp strongly induced
Nluc expression (Figure 2b), suggesting that tetraspanin-anchored tTA was unable to translocate into the nucleus, and there-
fore could not induce reporter gene expression. In contrast, expression of non-fused tTA protein continually induced reporter
gene expression regardless of the co-expression of TEVp. These results suggest that tTA-fused tetraspanins induce reporter gene
expression in the recipient cells only when the cells express TEVp.
To characterize the tTA-fused tetraspanins in EVs, supernatants from transfected HEK293T cells were concentrated by PEG

precipitation and analysed by western blotting (Figure 3a to 3c). All tTA-fused tetraspanins were detected with corresponding
antibodies. The tTA-fused CD81 and CD9 proteins were also detected with an anti-TetR antibody, indicating that the released
EVs contain full-length tTA-fused CD81 or CD9, while CD63-tTAwas not clearly detected by the same setting. This might reflect
the lower expression of CD63-tTA in the donor HEK293T cells as demonstrated inFigure 2a. Additional bands seen between 37
and 50 kDamay be degraded proteins or unknown byproducts. Note that substantial contamination of PEG in the EV pellet after
the precipitation made blotting deteriorate and observed bands look smear. As a control for the ETTD assay, vesicular stomatitis
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F IGURE  Summary of the ETTD assay. (a) Schematic representation of tTA-fused tetraspanin. Tetraspanin and tTA flank a TEVp recognition site. (b)
Topology of tTA-fused tetraspanin protein. Upon the cleavage by TEVp, tTA is released from membrane-anchored tetraspanin. (c) Schematic representation of
the ETTD assay. EV containing tTA-fused tetraspanin is taken up by cells by endocytosis (1), and fuses with the endosomal membrane (2). After cleavage by
cytoplasmic TEVp (3), tTAs are released into the cytoplasm (4). Released tTAs are transported to the nucleus (5), and induce expression of a reporter gene
under TRE promoter (6)

a b

F IGURE  Characterization of tTA-fused tetraspanins. (a) Cells were transfected with plasmids encoding tTA-fused tetraspanins and TEVp. After 48 h,
cells were lysed and subjected to western blotting. Upper and lower panels represent immunoblotting using anti-TetR antibody and anti-GAPDH antibody,
respectively. The expected mass based on the amino acid sequences were as follows: CD63-tTA, 63.2 kDa; CD81-tTA, 63.4 kDa; CD9-tTA, 63.0 kDa; tTA, 36.9
kDa. (b) Expression of NanoLuc under TRE3G promoter in HEK293T cells co-expressing tTA-fused tetraspanins and TEVp. As controls, plasmids encoding
tTA without tetraspanin fusion and empty expression plasmid were used. Numbers above the bars indicate the fold increase in NanoLuc expression compared
to the mock transfection. N = 3, mean ± SD

virus glycoprotein (VSV-G) was co-expressed in donor cells, as VSV-G is known to strongly facilitate membrane fusion and
subsequent cargo delivery of EVs (Albanese et al., 2020; Somiya & Kuroda, 2021; Votteler et al., 2016). VSV-G was detected
in the EV fraction, strongly suggesting that released EVs display VSV-G on their surface along with tTA-fused tetraspanins.
Compared to the supernatant samples, EVs after PEGprecipitation showed significantly stronger signals, indicating the successful
concentration of EVs from the supernatant. Furthermore, calnexin, a negative marker for EVs (Théry et al., 2018), was only
detected in cell lysate, suggesting that EVs are successfully isolated.

. Validation of ETTD assay for cargo delivery of EVs

We first attempted to assess whether the crude cell culture supernatant from donor cells was capable of inducing reporter gene
expression in recipient cells. As shown in Figure 4a, treatment of recipient cells with donor supernatant containing tetraspanin-
tTA fusion protein induced reporter gene expression only when the donor cells were transfected with virus-derived fusogenic
protein VSV-G. This result suggested that the concentration process is not necessary to evaluate EV membrane fusion in the
ETTD assay if the EVs possessed potent fusogenic activity. While the supernatant containing tTA-fused CD81 and CD9 induced
a >10-fold increase in NanoLuc expression, the supernatant containing tTA-fused CD63 showed less induction (up to 5-fold).
This may reflect the lower expression level of tTA-fused CD63 in the donor cells compared to CD9 and CD81 (Figure 2a).
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F IGURE  Characterization of HEK293T-derived EVs containing tTA-fused tetraspanins. EVs containing (a) CD9-tTA, (b) CD81-tTA, and (c)
CD63-tTA were analysed. EVs after the PEG precipitation (PEG-EV), supernatant before PEG precipitation (Sup.), and total cell lysate (Lysate) were separated
by non-reducing SDS-PAGE and probed by western blotting. Antibodies used to probe the proteins are indicated on the right. Asterisks indicate tTA-fused
tetraspanins. Other bands in tetraspanin and TetR blots are likely polymerized proteins or degraded proteins. V, tetraspanin-tTA + VSV-G; E, tetraspanin-tTA
+ EGFP; N, no transfection. The expected mass based on the amino acid sequences were as follows: CD9-tTA, 63.0 kDa; CD81-tTA, 63.4 kDa; CD63-tTA, 63.2
kDa (highly glycosylated); VSV-G, 57.7 kDa; calnexin, 67.6 kDa (observed mass was approximately 90 kDa probably due to post-translational modification)

Next, we used EVs concentrated by PEG precipitation for the ETTD assay. Recipient cells were treated with EVs for 5, 24, and
48 h, and the reporter NanoLuc expression was measured (Figure 4b). In the presence of VSV-G in EVs, weak but substantial
induction of NanoLuc expression was detected as early as 5 h and expression level reached a plateau after 24 h, while EVs without
VSV-G did not induce NanoLuc expression even after 48 h treatment. We chose CD81 for the subsequent analyses.
Induction ofNanoLuc expressionwas dependent on the presence ofVSV-Gand the dose of EVs (Figure 4c). Figure 4d indicates

that expression of TEVp in the recipient cells was crucial for reporter gene expression, demonstrating that the ETTDassayworked
as expected (Figure 1c). Furthermore, the EVs harbouring fusion-deficient mutants of VSV-G (P127D) (Fredericksen andWhitt,
1995; Votteler et al., 2016) lost the membrane fusion ability of EVs in the assay compared to the EVs harbouring parent VSV-G
(Figure 4e), strongly supporting that this assay depicted the membrane fusion-mediated cargo delivery of EVs. Furthermore, the
absence of VSV-G led to no functional delivery (Figure 4a to 4e), indicating the poor cargo delivery efficacy of authentic EVs. In
addition toHEK293T, three different cell lines, HeLa, A549, andHuh-7 were used as alternative recipient cells, and similar results
were observed, indicating that the ETTD assay is applicable to other cell lines (Figure S1A). As well as HEK293T-derived EVs,
HeLa-derived EVs containing CD81-tTA and VSV-G induced the reporter gene expression in the recipient HEK293T cells, but
greater amount of EVs were necessary to induce the substantial response (Figure S1B). This result demonstrated the versatility
of ETTD assay for non-HEK293T cell lines as donor cells.
There was a possibility the excess of expression plasmid (tTA-fused tetraspanin) remaining in the supernatant or mRNA of

tTA-fused tetraspanin encapsulated in EVsmay induce the reporter gene expression in the recipient cells, which could confound
the bona fide reporter expression due to the tTA release of EVs. Therefore, we transfected the reporter cells with siRNA targeting
TetR, the TRE-binding domain of tTA to verify that the reporter gene expression was induced by tTA protein. First, we verified
that siRNA targeting TetR (siTetR) efficiently knocked down tTA (Figure S2A). Furthermore, knockdown of tTA by siRNA
significantly suppressedTRE-mediated reporter gene expression (Figure S2B). Based on these results, siRNA targeting tTA should
abrogate the confounding factors in the ETTDassay, namely, the excess of expression plasmid remaining in the donor supernatant
and mRNA-mediated expression of tTA. After transfection of siRNA into recipient cells, we applied tTA-fused EVs to recipient
cells. As shown in Figure 4f, transfection of siRNA targeting tTA showed no effect on the reporter gene expression, strongly
suggesting that the assay readout of the ETTD assay was solely driven by tTA proteins, neither mRNA nor leftover plasmid
DNA.
The PEG precipitation often results in the low purity of isolated EVs compared to conventional methods such as ultracentrifu-

gation or gel filtration (Lobb et al., 2015). To exclude the possibility of the interference on the assay readout from serum-derived
contaminants or other artifacts, we compared the EVs from four different preparations (Figure S3). First, we concentrated the
EVs from a serum-containing conditionedmedium by either PEG precipitation or ultracentrifugation and compared the protein
contents by western blotting (Figure S3A). PEG-EV and UC-EV showed a similar pattern, though the band pattern in PEG-EV
was deteriorated due to the contamination of excess PEG. Compared to the supernatant samples, both PEG-EV and UC-EV
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F IGURE  ETTD assay. (a) Donor supernatant (100 μl/well of 2 days-culture) was applied to recipient HEK293T cells and NanoLuc expression was
measured after 24 h. NanoLuc expression was normalized to the control (treatment with supernatant from non-transfected donor cells). (b) Incubation
time-dependent expression of a reporter gene. Recipient cells were treated with concentrated EVs containing tTA-fused CD9 or CD81 with or without VSV-G
for 5, 24, and 48 h, followed by luciferase assay. (c) Dose-dependent reporter expression in recipient cells. Recipient cells were treated with EVs containing
tTA-fused CD81 with or without VSV-G for 24 h. Concentrated EVs corresponding to the 250 μl of crude supernatant was set as relative dose = 1 (expressed as
50). (d) TEVp-dependent reporter gene expression. Recipient cells with or without expression of TEVp were treated with EVs containing tTA-fused CD81 with
or without VSV-G and subjected to the luciferase assay after 24 h. (e) Effect of fusogenicity deficit VSV-G mutant. Recipient cells were treated with EVs
(tTA-fused CD81) displaying parental VSV-G, mutant VSV-G (P127D), or EGFP for 24 h. (f) Recipient cells were pre-transfected with siRNAs targeting TetR
(siTetR) or firefly luciferase (siCon), and further treated with EVs containing tTA-fused CD81 and VSV-G for 24 h. In this experiment, concentrated EVs
corresponding to the 375 μl of crude supernatant was used. N = 3, mean ± SD. Statistical analysis was performed using one-way ANOVA followed by post hoc
Tukey’s HSD (a, d, e, and f) or Dunnett’s tests of each treatment group versus non-treatment control (b)

contained a substantial amount of EV marker proteins (CD81-tTA and VSV-G) and no calnexin, suggested the successful con-
centration of EVs. Next, we examined the membrane fusion activity of four different EV preparations by ETTD assay. In this
assay, we prepared EVs from serum-containing supernatant or serum-free medium supernatant isolated by either ultracentrifu-
gation or PEG precipitation. Compared to the basic preparation method described so far (S+PEG), all three preparations of EVs
(S+UC, SFM+UC, and SFM+PEG) can induce the reporter gene expression in the presence of VSV-G, despite the different
extent of reporter gene expression was observed (Figure S3B). Different induction level was probably due to the EV yield of each
preparation method. These results demonstrated that the ETTD assay can assess the membrane fusion activity of EVs regardless
of the preparation method or purity.

. Effect of small molecules on the membrane fusion efficiency of EVs

As the novel ETTD assay can evaluate the membrane fusion efficiency of EVs, we next examined the effect of potential
delivery enhancers and entry inhibitors in the absence of viral fusogenic protein VSV-G. According to a previous report,
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F IGURE  Effect of small molecule compounds on the ETTD assay. (a) EVs (CD81-tTA) without VSV-G were applied to recipient HEK293T cells in the
presence of indicated concentrations of chloroquine. NanoLuc expression level was normalized to the value of the control (no EV treatment) and is presented
as fold-change. (b) EVs (CD81-tTA) with VSV-G were applied to recipient cells in the presence of 10 or 100 nM of bafilomycin A1. (c) EVs (CD81-tTA) with
VSV-G were applied to recipient cells in the presence of 0.1 to 50 μM of chloroquine. N = 3, mean ± SD. Statistical analysis was performed using one-way
ANOVA followed by a post hoc Tukey’s HSD test

chloroquine enhanced Cre protein delivery of EVs by disrupting endosomes and lysosomes using the Cre-LoxP reporter
assay (Heath et al., 2019). In our reporter assay, chloroquine treatment did not induce any reporter gene expression (Fig-
ure 5a), suggesting that chloroquine does not enhance cytoplasmic cargo delivery of EVs without VSV-G. This is proba-
bly because chloroquine treatment induces the destabilization of endosomes/lysosomes and does not enhance membrane
fusion.
In addition to potential delivery enhancers, we assessed the effect of entry inhibitors using the ETTD assay. We used VSV-

G-modified EVs to assess the effect of compounds that are known to increase the endosomal pH and thereby inhibit the low
pH-dependent fusion activity of VSV-G (Ci et al., 2018; Kim et al., 2017). Bafilomycin A1 is a selective ATPase inhibitor (Bow-
man et al., 1988) that prevents the acidification of endosomes/lysosomes and inhibits VSV infection (Yonezawa et al., 2005).
When recipient cells were treated with bafilomycin A1, membrane fusion by VSV-G-modified EVs was significantly inhibited
in a dose-dependent manner (Figure 5b). In addition, chloroquine, which is known to prevent VSV infection by increasing
endosomal/lysosomal pH (Sakata et al., 2017), also blocked the membrane fusion of EVs (Figure 5c). These results strongly
support the application of ETTD assay in assessing the pharmacological effects of a potential delivery enhancer/inhibitor
of EVs.
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F IGURE  Fluorescence imaging-based reporter assays. (a) EDDT assay based on EGFP as a reporter readout. Recipient HEK293T cells were transfected
with plasmids encoding TRE3G-EGFP and TEVp, and treated with EVs containing CD81-tTA with VSV-G (WT or P127D mutant) or EGFP (negative control).
After 24 h, cells were observed under a fluorescence microscope. In this experiment, concentrated EVs corresponding to the 125 μl of crude supernatant was
used. (b) Schematic representation of Cre-fused CD81. (c) Schematic representation of reporter plasmid for Cre-LoxP reporter assay. After the Cre cleavage, the
mKate gene is excised and reporter cells become EGFP positive. (d) Western blotting analysis of donor EVs, supernatant, and cell lysate. Samples were run by
non-reducing SDS-PAGE, transferred to the membrane, and probed by anti-CD81 (upper), anti-VSV-G (middle), and anti-calnexin (bottom) antibodies. V,
CD81-Cre + VSV-G; E, CD81-Cre + EGFP; N, no transfection. The expected mass based on the amino acid sequences were as follows: CD81-Cre, 66.1 kDa;
VSV-G, 57.7 kDa; calnexin, 67.6 kDa (observed mass was approximately 90 kDa probably due to post-translational modification). (e) Fluorescence imaging of
Cre-LoxP reporter assay. Recipient cells were treated with EVs harbouring CD81-Cre with VSV-G or EGFP. In this experiment, concentrated EVs equivalent to
250 or 1000 μl of crude supernatant were used

. Assessment of membrane fusion efficiency of EVs at the single-cell level

For the evaluation of EV membrane fusion at the single-cell level, we changed the reporter gene from NanoLuc to EGFP. As
shown in Figure 6a, EVs containing tTA-fused CD81 and VSV-G induced EGFP expression in the recipient cells, which was
consistent with previous results (Figure 4). This assay enabled us to decipher membrane fusion efficiency at the single-cell
level.
To further validate the general applicability of the ETTD assay, we switched the reporter gene from tTA-dependent gene

expression to the expression of a floxed gene dependent on Cre recombinase. The principle of the Cre-mediated reporter assay is
essentially the same as that of the ETTD assay; however, the readout is driven by Cre-mediated recombination of the target gene.
After the release of Cre from EV by TEVp, Cre recombinases translocate to the nucleus and induce recombination of the target
plasmid (Figure 6b & 6c). In this study, we used the mKate/EGFP reporter plasmid. The recipient cells initially expressed the red
fluorescence protein mKate, but after Cre-mediated recombination, cells become EGFP positive (Figure 6c). PEG precipitation
successfully enriched the EVs containing both CD81-Cre and VSV-G (Figure 6d). As shown in Figure 6e, EVs containing CD81-
Cre with VSV-G induced EGFP positive cells in a dose-dependent manner, whereas EVs without VSV-G showed no induction
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of EGFP positive cells. This result was consistent with the results of the previous ETTD assay (Figure 4) and again revealed that
fusogenic proteins significantly increase the membrane fusion activity of EVs.

 DISCUSSION

In this study, we developed an ETTD assay that can evaluate the membrane fusion efficiency of EVs in recipient cells. The
principle of this assay was inspired by the tango assay (Barnea et al., 2008) that quantitatively assesses receptor activation by
the recruitment of genetically engineered TEVp to the receptor, subsequent release of tTA, and expression of TRE-mediated
reporter gene. In the ETTD assay, tetraspanins constrain tTA and are localized at the membrane (Figure 2b). Once the luminal
tTA is exposed to the cytoplasm following membrane fusion of the EVs and release by TEVp cleavage, recipient cells express the
reporter gene (Figure 4d). This experimental design has rendered the ETTD assay robust and sensitive by avoiding non-specific
background signals.
The ETTD assay enables us to quantitatively assess membrane fusion efficiency and delivery mechanism of EVs. The advan-

tages of this assay are as follows: (1) it is highly sensitive to measure the membrane fusion of EVs with a wide dynamic range
owing to the very bright NanoLuc, (2) fewer confounding factors in the ETTD assay compared to conventional assays because
expression of the reporter gene under the TRE promoter is highly regulated and specific to the transcription factor tTA, which
does not exist in mammalian cells; and (3) it is feasible to assess the membrane fusion efficiency in both the bulk cell population
(NanoLuc reporter) and single-cell level (fluorescence protein reporter). Previously, we reported another assay to study the EV
cargo delivery (EV cargo delivery assay or EVCD assay) based on the complementation of split NanoLuc (Somiya & Kuroda,
2021). Compared to the ETTD assay developed in this study, the EVCD assay is capable to measure the real-time kinetics of the
cargo delivery process in the recipient cells. The EVCD assay is also capable to visualize the cytoplasmic cargo delivery process
in live cells by using a luminescence microscope, which is currently not feasible in other methods. The EVCD assay measures the
amount of EV cargos in the cytoplasm in recipient cells, while the ETTD assay directly measures the exposure of the luminal side
of EVs to the cytoplasm of recipient cells, which is a proxy of membrane fusion. In other words, the ETTD assay can assess the
upstream membrane fusion event, and the EVCD assay is for the downstream cargo delivery efficiency. It is noteworthy that the
dynamic range of the ETTD assay (up to a 100-fold increase of signal compared to background) is wider than the EVCD assay
(typically ∼10-fold signal increase). Thus, the ETTD assay may be more sensitive to measure a rare EV cargo delivery event. The
combination of these different methods is valuable to comprehensively understand the EV cargo delivery process.
The very bright NanoLuc reporter gene enables the ETTD assay to detect rare membrane fusion events in recipient cells.

Because the cargo delivery efficiency of EVs is expected to be low (possibly 0.2–10% of recipient cells express reporter gene as
a result of the cargo delivery, depending on the reporter assay (de Jong et al., 2020; Zomer et al., 2015)), the assay sensitivity
must be high to capture the membrane fusion events in recipient cells. When the EVs harbour the fusogenic protein, VSV-G,
EV-mediated membrane fusion was sufficient for detection in the ETTD reporter assay, whereas no detectable membrane fusion
was observed in the absence of VSV-G (Figure 4). This result reflected the low efficiency of membrane fusion in the absence
of a particular membrane fusion protein. As described in previous studies, the cargo delivery efficiency of EVs is expected to
be low (de Jong et al., 2020; Hung & Leonard, 2016; Somiya & Kuroda, 2021; Stremersch et al., 2016; Sutaria et al., 2017; Wang
et al., 2018). However, previous reports suggested that EVs can release the cargo into the cytoplasm by yet unknown mechanism
(Bonsergent et al., 2021; Joshi et al., 2020). Further study is needed to verify the intrinsic fusion activity of EVs. Our experiments
were conducted using a combination of HEK293T or HeLa donor cells and four cell lines as recipient cells (HEK293T, HeLa,
A549, and Huh-7). Other combinations of EV-donor cells and recipient cells should be examined whether the cargo delivery
efficiency is much higher in a future study.
We validated whether the ETTD assay precisely reflects tTA protein-mediated readout rather than mRNA transfer-dependent

reporter gene expression. EVs can encapsulate overexpressed mRNA in the donor cells in a passive manner and potentially
transfer the mRNA to recipient cells (Lai et al., 2015). Since it was postulated that unexpected EV-mediated transfer of tTA
mRNA may lead to a false positive signal in the ETTD assay, recipient cells were pre-transfected with potent TetR-targeting
siRNA (Figure S2) and blocked the mRNA-mediated readout. The results demonstrated that siRNA targeting TetR did not affect
the assay readout, indicating the absence of mRNA-dependent tTA expression and subsequent reporter gene expression in the
recipient cells (Figure 4f).

Previously, membrane fusion of EVs has been evaluated by fluorescence probes (Parolini et al., 2009) or reporter proteins
(Albanese et al., 2020; Votteler et al., 2016). The former approach, especially themembrane-anchored fluorescence probes, such as
R18, are known to often result in false positives due to non-specific dye transfer between lipid membranes (Wunderli-Allenspach
& Ott, 1990). Joshi et al. developed a sophisticated fluorescence imaging technique to measure membrane fusion and cargo
release of EVs in recipient cells (Joshi et al., 2020). Their approach enabled the assessment of membrane fusion at the single-
vesicle level; however, it was still difficult to distinguish the membrane fusion signal from the high background signal of the
fluobodies distributed throughout the cytoplasm, and there was a limited capability in terms of throughput. The latter approach,
typically using β-lactamase (BlaM) protein, requires a long incubation time at low temperature for the enzymatic conversion
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of a fluorescence substrate (7–16 h (Albanese et al., 2020; Cavrois et al., 2002; Votteler et al., 2016)), possibly induce the artifact
in recipient cells. The ETTD assay, in contrast, is more feasible, sensitive, and rapid to assess the membrane fusion process of
EVs in recipient cells and capable the high-throughput applications. There are conflicting reports on the effect of chloroquine
on EV cargo delivery in a previous study (Heath et al., 2019). In this study, chloroquine was unable to enhance membrane fusion
and cargo delivery of EVs (Figure 5a), whereas a previous study showed significant improvement in the Cre delivery of EVs.
The inconsistency is probably due to the differences in the experimental settings, sensitivity, and accuracy between assays. The
Cre-LoxP reporter assay is a sensitive and robust method since the assay readout is driven by ideally a single Cre molecule in
the recipient cell, and assay readout is exclusively dependent on the Cre-LoxP excision of target DNA. The different conclusions
between these studies should be carefully interpreted and further examined in a future study. Heath et al. demonstrated that
small amounts of Cre recombinase (8.9 Cre-FRB molecules per EV on average) can be passively loaded into EVs and contribute
to the recombination in the recipient cells (Heath et al., 2019), whereas our approach involved fusion of the Cre protein to the
tetraspanin CD81 and application to the reporter recipient cells (Figure 6b). It appears that our approachmay bemore convincing
because the direct fusion of Crewith the EVmarker protein ismore reliable and precisely reflects the nature of EV-mediated cargo
transfer. Furthermore, our previous study demonstrated that treatment of recipient cells with chloroquine did not enhance the
cytoplasmic cargo delivery of EVs (Somiya & Kuroda, 2021). Taken together, it is unlikely that chloroquine treatment enhances
membrane fusion and cytoplasmic cargo delivery.
In addition to the tTA reporter assay, we proved that the Cre-LoxP reporter system was feasible to assess the membrane fusion

of EVs in recipient cells (Figure 6b to 6e). Although it is difficult to directly compare the sensitivity between the ETTD assay and
Cre-LoxP assay, an advantage of the Cre-LoxP system is the irreversibility. Since the Cre-mediated excision of a floxed sequence is
irreversible, the readout of the Cre-LoxP reporter system is more stable than the transient induction of TRE promoter-mediated
reporter gene expression. Cre-LoxP system would be more favourable for in vivo assessment of EV-mediated membrane fusion
and cargo delivery because of the stability of readout and availability of various Cre animals. Together with the ETTD assay, the
Cre-LoxP-based membrane fusion assay would be a valuable tool to study the membrane fusion efficiency of EVs in vitro and in
vivo.

 CONCLUSIONS

ETTD assay is a novel functional assay to assess the mechanism of EV-mediated membrane fusion and cargo delivery in a
quantitative manner. The lack of reliable functional assays in the EV field has hampered progress in its therapeutic applications
(Nguyen et al., 2020) and elucidation of the underlying mechanism of cargo delivery and intercellular communication of EVs
(Russell et al., 2019). The ETTD assay is potentially useful for identifying unknown factors that are responsible for the cargo
delivery mechanism. Using the ETTD assay, knockout or knockdown of target genes may reveal the unknown cargo delivery
pathway as described in a previous study (de Jong et al., 2020), or possibly facilitate the discovery of amethodology that enhances
membrane fusion and subsequent cargo delivery of EVs. Together with the previously reported real-time cargo delivery assay
(Somiya & Kuroda, 2021), the ETTD assay may help advance fundamental EV research and its clinical applications.
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