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SUMMARY

Extracellular vesicles (EVs) are membrane-encapsulated particles that carry genetically active

and protein/lipid cargo that can affect the function of the recipient cell. A number of studies

have described the effect of these vesicles on recipient cells and demonstrated their promise as
therapeutic delivery vectors. Here we demonstrate functional delivery of EV-encapsulated RNA
and protein cargo through use of luminescence and fluorescence reporters by combining organelle-
targeted nanoluciferase with fluorescent proteins. We highlight a mechanism by which cells retain
internalized cargo in the endosomal compartment for days, usually leading to content degradation.
We also identify a mode through which recipient cells re-release internalized EVs intact after
uptake. Highlighting these different fates of EVs in recipient cells sheds light on critical factors

in steering functional cargo delivery and will ultimately allow more efficient use of EVs for
therapeutic purposes.
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O’Brien et al. demonstrate functional and non-functional internalization of EV cargo and re-
release of previously internalized particles. This highlights another obstacle for functional delivery
of EV-internalized cargo for therapeutic purposes.

INTRODUCTION

Extracellular vesicles (EVs) were initially envisioned as garbage disposal units for cells
(Pan and Johnstone, 1983) but have since also been reported to contain and transfer genetic
material and other informational cargo in a functional manner between cells (Ratajczak et
al., 2006; Valadi et al., 2007; Skog et al., 2008). Since this realization, much work has been
invested in elucidating the biogenesis, secretion, distribution, content, and functionality of
EVs. This paper focuses on the functionality and fate of EVs after uptake into recipient cells.
There are many routes by which EVs can enter a recipient cell—macropinocytosis, lipid-
raft-mediated uptake, phagocytosis, and membrane fusion (Mulcahy et al., 2014; Mathieu

et al., 2019)—with some reports of tunneling nanotubes mediating transfer (Rustom et

al., 2004). Based on published literature, it appears that the main route of EV uptake is

via clathrin/caveolin-mediated endocytosis (Mulcahy et al., 2014). For functional delivery,
EV-encapsulated content must then “escape” the endosome into the cytoplasm prior to
progressive acidification of this organelle, which results in eventual degradation of the cargo
(Iversen et al., 2011). Escaping from the endosomal pathway is then a necessary process for

Cell Rep. Author manuscript; available in PMC 2022 May 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

O’Brien et al.

Page 3

functional delivery (Hung and Leonard, 2016). Viruses (Schnell and Chou, 2008; Grove and
Marsh, 2011) and bacteria (Geoffroy et al., 1987; Tweten, 2005) have developed specialized
mechanisms through which they exploit the low-pH environment of the endosome to escape
into the cytoplasm. Whether EVs have developed similar or unique mechanisms remains
unknown. Because of this obstacle, it is critical to robustly demonstrate functional delivery
of EV-encapsulated content to recipient cells to support their communicative properties.

Endosomal escape and functional delivery of cargo are desired outcomes for therapeutic use
of EVs, but there is also the potential for loss of cargo because of degradation, recycling in
the cell (repurposing) of cargo, or re-release of intact vesicles into the extracellular space.
All of these processes abort functional transfer of EV cargo into the recipient cell. Fast and
slow recycling endosomes exist in the overall endocytosis pathway (Hopkins, 1983; Hopkins
and Trowbridge, 1983), and these processes have been relatively well characterized (Cullen
and Steinberg, 2018). Since 1983, receptor-mediated uptake and re-release of the transferrin
receptor has been determined (Harding et al., 1983), but whether a parallel process exists
for EV cargo is unclear. EV uptake and recycling would not be novel mechanisms because
re-use of components has been identified from redistribution of lipids and repurposing of
membrane proteins to functionally assist with drug resistance (Tian et al., 2010; Wang et al.,
2019). Retention and recycling of internalized cargo have been described since 1995 (Marsh
et al., 1995), so there is the possibility that this may exist as a “normal” route after EV
uptake. There is a better-studied relationship between viruses and the recycling endosome,
where the compartment can facilitate functional uptake in the case of the vaccinia virus
(Hsiao et al., 2015) but can also result in recycling of material to the plasma membrane (Zila
etal., 2014). Rab11, associated with the recycling endosome, can play a role in the more
commonly studied trafficking and exocytosis of viruses such as influenza A virus (Momose
et al., 2011), hantavirus (Rowe et al., 2008), and respiratory syncytial virus (Utley et al.,
2008). Identifying a process resulting in re-release of EVs and their content may elucidate
another avenue resulting in non-functional delivery. The potential process of EV recycling
or re-release has been suggested by others (Mathieu et al., 2019). There remains a need

for definitive data to demonstrate whether these processes occur for intact EVs and their
content.

This paper reports our efforts to robustly demonstrate functional uptake of specific EV-
encapsulated mMRNA and protein. It was necessary to use exceptionally sensitive and
versatile tools. Nanoluciferase (Nluc) (Hall et al., 2012) is an extremely bright and small
(19.1-kDa) bioluminescent protein, allowing it to be easily quantified and even fused to
other proteins. Suzuki et al. (2016) created constructs through fusion of Nluc to coxV1lI
(Cox), H2B, and myristoylation/palmitoylation (Lyn), which were fused to cyan, red, and
orange fluorescent proteins, respectively. The Cox construct localizes a fluorescent signal
to the mitochondrial membrane, increasing the potential of visualizing cytoplasmic uptake
of EV content. The H2B construct focuses expression of the protein to the nucleus, which
restricts EV release of the protein, and the Lyn construct is useful for tracking the fate

of EV membranes. Such tools allows sensitive quantitation of the luminescent signal and
visualization of the fluorescent signal in a cellular compartment. Coupling luminescent
and fluorescent readouts should help to elucidate the fate and functions of EV cargo.
Although functionality of EV cargo is the desired output, this study also sought to evaluate
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the possible re-release of EVs with their content intact. Using these tools facilitated
identification of such processes.

This paper validates the capacity for EVs to deliver cargo functionally to a recipient cell
and highlights the relative inefficiency, at least in the tested cells. It also highlights a fate
resulting in cargo retention in the endosomal pathway with eventual rerelease from the
same cell. This retention and re-release of delivered EVSs is another barrier to obtaining
functionally efficient EVs.

Before we could track the fate of EV cargo in recipient cells, it was necessary to

first demonstrate that EVs are, in fact, being isolated and that the protein of interest

is encapsulated within the vesicles. Conditioned medium from HEK293T (HEK) cells
transfected with an expression plasmid for Cox (Suzuki et al., 2016) was concentrated using
UFC9100 Amicon Ultra-15 centrifugal filters (100 kDa), and EVs were separated by size-
exclusion chromatography (SEC) (Guerreiro et al., 2018). For this project, the protein was
loaded into vesicles based on overexpression of the construct in the donor cell (Haney et al.,
2013; Wiklander et al., 2019). Although most of the overexpressed bioluminescent Cox was
released as protein into the medium in fractions 12-30 (Figure S1A), fractions 7-11 were
designated as containing EVs based on being the first peak evident, as described previously
(Benedikter et al., 2017; Pedersen et al., 2013). Isolated EVs were further concentrated by
filtration (30 kDa). To ensure that EV's were not damaged by the sheer force exerted upon
them by centrifugation filtration, samples were run through SEC again (Figure 1A). These
data show purification of the EV population and removal of the latter protein fractions.

To demonstrate that this signal was in EVs, fractions 7-11 were incubated with Proteinase
K to determine whether the protein was protected by a membrane; a protein fraction was
also included to demonstrate the efficacy of Proteinase K (Figure 1B). Although there

was a significant reduction in signal from protein fraction 19 incubated with the enzyme,
there was no difference in signal between treated and non-treated conditions of EVs. This
demonstrated that the EV membrane protected the cargo protein from degradation and that
there was not a detectable level of non-encapsulated protein in collected fractions 7-11.

It was possible to release this encapsulated signal when EVs were treated with 1% Triton
X-100, which permeabilizes the protective membrane, exposing the protein to the enzyme
Proteinase K (Figure 1C).

Protein incubation with Triton X-100 also confirmed that the detergent affected neither

the Cox substrate furimazine or the enzyme Proteinase K (Figure S1B). To characterize
EVs with typical markers, samples were incubated with CD63 and CD9 immunoaffinity
beads (Pedersen et al., 2013; Oksvold et al., 2015) to determine whether there was binding
of the signal to the beads. From the entire sample of isolated EVs, there was detectable
signal associated with CD9 (64.1%; Figure 1D) and CD63 (17.2%; Figure S1C), whereas
incubation of beads with protein fractions resulted in 1.1% and 1.4% retention, respectively
(Figures S1D and S1E). To demonstrate that signal associated with CD9 and CD63 beads
contained encapsulated proteins, samples were incubated with Triton X-100 and beads were
separated from the supernatant. This resulted in a reduction in CD9/63 bead-associated
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signal compared with the control (PBS) and an increase in signal present in the supernatant
(Figures 1E and S1F), confirming that the luminescent signal was in the EVs.

HEK cells were used as donor cells because they are relatively easy to transfect with DNA
at high efficiency. HeL a cells were used as recipients because they have been reported to
be effective recipient cells for EV transfer from a variety of cells (Svensson et al., 2013;
Costa Verdera et al., 2017). Knowing that the reporter and other proteins were in EVs, the
next step was to evaluate uptake of the EVs into recipient HeLa cells. EVs were isolated
by SEC and filtration from HEK cells and added to recipient HeL a cells, and uptake was
measured by bioluminescence of recipient cells. To ensure that the delivered protein was
internalized into the recipient cells, they were treated with 0.25% trypsin-EDTA for 30 min
at 37°C to remove any non-internalized EVs (Xiao et al., 2008; Ali et al., 2016) from the
cell surface and then washed and pelleted by centrifugation (2,000 x g for 5 min) in 1x
PBS twice. Recipient cells were incubated with EVs for 72 h, and during that time, there
was a continuous increase in internalization (Figure 2A). This suggests that, when EVs are
in excess, cells will continually internalize the vesicles, with the apparent increase resulting
from increased recipient cell numbers through proliferation (Figure S2A). Comparing the
efficiency of EVs with protein alone, uptake of EVs was significantly more efficient than
free protein after 24 h (Figure 2B). However, the uptake efficiency of EV cargo remained
below 1%.

Because protein content is evidently in EVs and internalized by the recipient cells, the next
step was to assess the presence and functionality of mMRNA delivered by EVs. For this, the
H2B construct was used because the protein expressed is preferentially incorporated into the
nucleus and would therefore be less likely to be packaged into EVs at a rate equivalent to

a cytosolic protein. This mRNA is 2.2 kb, a size that should not restrict its incorporation

into EVs (Wei et al., 2017). The assay design is outlined in Figure 2C; a population of

EVs does not carry detectable levels of the H2B protein but mRNA compared with EVs
isolated from another population of cells that carry mRNA and H2B protein, based on

the length of time after transfection with an expression plasmid. Primers specific to this
construct were designed, and the 5” section and 3" section were detected in EVs by gPCR
(Figure 2D). The 3" fragment was expressed at higher levels compared with the 5” fragment,
mirroring previous findings (Wei et al., 2017). HPRT1 was used as a housekeeping gene to
normalize for equivalent sample loading. To evaluate the functionality of the H2B mRNA,
EVs were isolated from non-transfected cells (control) and from cells transfected with the
H2B expression plasmid for 6 h and 24 h. The protein was not detectable in the 6-h EVs by
bioluminescence, whereas it was robustly present in the 24-h EVs (Figure 2E). Twenty-four
hours after transfer to cells treated with cycloheximide to block new protein synthesis or

left untreated, there was a significant increase in signal from cells exposed to 6-h EVs

in non-treated versus treated cells after 6 h (Figure 2F), whereas there was no significant
change evident in the conditioned medium of the same treated cells from time (T)0 to T24
(Figures S2B and S2C). It was also important to show that cycloheximide-treated cells could
still internalize EVs, as shown in Figure S2D. To ensure that the observed effects were not
derived from transfer of the expression construct (plasmid DNA) in the transfection medium,
the experiment was repeated in the absence of donor cells to show that the results were not
derived from transfection of recipient cells (Figures S2E and S2F).
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Functional delivery of the mRNA for the H2B construct was evident, but we also wanted to
show delivery of protein to recipient cells by its localization in a specific organelle. Cox has
a mitochondrial localization signal whereby fluorescent imaging could determine whether
the protein in the EVs entered the cytoplasm and moved to the mitochondria. To evaluate
this, HeLa cells stably expressing palmTdTomato, which labels all cell membranes (Lai et
al., 2014), were incubated with HEK-derived Cox EVs and imaged by confocal microscopy
(Figures 3A, 3B, S3A, S3B, S3D, and S3E). When the fluorescence profile of Cox and

a mitochondria label (Tom20) were analyzed, there was clearly a similar intensity profile
(Figures 3C, S3C, and S3F). These images point to the capacity of Cox to enter the recipient
cells via EVs and associate with the mitochondrial membrane. Although this may not be
evident for every delivered protein, the capacity for exit from the endosome was clearly
evident here. To analyze functional delivery, a cell fractionation assay was performed on
HeLa cells that were incubated with Cox EVs (Figure 3D). These results showed robust
signal in the cytosol and mitochondrial fractions. It was also important to determine whether
the relatively low signal detected in each cellular fraction was a consequence of signal
saturation for the cell or whether it was the limit of cell internalization. A “standard curve”
of EVs was added to recipient cells, and the cell fractionation assay was performed (Figures
3E and 3F). Although there was a significant reduction in EV signal in the medium, there
was no significant difference in the percentage of uptake between the 100% and 50%
groups, whereas there was no detectable uptake in the 25% group.

It appeared that some proteins were delivered in an active state by EVSs; it was also

clear that another subset of the internalized protein appeared to be retained in apparent
endosomal compartments. Because palmitoylated proteins label cell membranes (McCabe
and Berthiaume, 1999), they can be used as a surrogate for endosomal membranes. To
examine this, the same images as shown in Figure 3 were analyzed to evaluate whether

the Cox protein signal also appeared to align, in certain cases, with internal palmitoylated
membranes (Figures 4A, 4B, S4A, S4B, S4D, and S4E). In this case, these images were
captured after incubation of the cells in Cox EV-free medium for 24 h. Therefore, these
cells had not internalized the EVs within the last 24 h. The fluorescence intensity profile
showed co-localization of the EV and palmitoylated membrane profile, whereas there was
no co-localization with the mitochondrial marker (Tom20) (Figures 4C, SAC, and S4F). To
examine this, cell fractionation was again performed on cells that had external Cox-EVs
removed for 24 h prior to analysis (Figure 4D). There was localization of signal between
the palmTdTomato and the Cox protein, suggestive of localization of the Cox protein in the
endosomal compartment. Because this signal did not localize with the mitochondria, it is
suggestive of retention in the membrane dense endosome. This signal had not internalized
within the previous 24 h and was therefore being retained in the cell in a “non-functional”
manner. Next we used the Lyn construct, which is attached to the membrane of the vesicles,
and saw retention of this signal in the cells 24 h after removal of external EVs, suggesting
retention in EVs (Figure 4E). Although it may be possible that this signal is derived after
fusion of the EVs to the membrane of the cell or endosome, we do not believe this to have
occurred at such a rate that it would be detectable by our methods. Because the reporter was
tagged to the membrane of the vesicles and should not be targeted to any other locations in
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the recipient cell, detection of the protein in discrete structures suggests that vesicles were
retained in endosomes.

Because it seemed that some EVs were retained in the endosomes for a period of time

after uptake and others released functional cargo into the cytoplasm, we also analyzed the
possibility that the same EVs may be re-released intact from the cells. We added EVs from
cells transfected with Lyn to label the membranes of the vesicles. The EVs with labeled
membranes were incubated with the recipient cells for 48 h, the surface of these cells

was washed extensively by low-level trypsinization, and then cells were re-seeded in fresh
medium devoid of any Lyn EVs (Figure 5A). The purpose of this was to detect any signal in
the medium after incubation of the re-seeded cells. Any signal in the medium must originate
from the cells that had initially internalized the vesicles. There was a clear signal detected
in the medium of the cells previously exposed to EVs after 24 h that was not present at 0

h (Figure 5B). Concurrent with the increased signal in the medium, there was a decreased
signal in the cells (Figure 5C). To show that a portion of the re-released signal was in
vesicles, the medium was run through SEC, and the EV fractions (7-11) were analyzed,
revealing an increase in signal in the Lyn EV population versus the control (Figure 5D).

Although the Lyn construct was useful to track the fate of lipid membranes, it would also be
important to see whether EV-encapsulated cargo could also be re-released. This experiment
was designed similarly as that in Figure 5 but used EVs derived from cells transfected

with Cox (Figure 6A). When analyzing conditioned medium, signal was detected 24 h after
re-seeding, whereas there was no signal evident in the conditioned medium at 0 h (Figure
6B). To show that the Cox protein is primarily retained within the cell membrane, cells were
transfected with the Cox construct for 3 h, resulting in robust signal in the cells that was

not detected in the medium. This demonstrates that the protein, when not overexpressed,
remains in the cells, highlighting a unique mode of re-release in the cells that were exposed
to EVs (Figure S5A). Although the signal appeared to increase in the medium, there was a
decline of signal in the cells at 24 h (Figure 6C). When incubating at each time point with
CD9 beads, the signal was also detected, suggesting encapsulation of a portion of the signal
in CD9" EVs (Figure 6D), whereas there was still signal in the CD9~ medium (Figure S5B).
To ensure that the transfection reagent was not a source of this signal, a sample without cells
but with transfection reagent was treated as EVs and transferred to recipient cells but did
not produce any signal (Figure S5C). To remove an increase in cell death as a source of
re-release, an LDH (lactate dehydrogenase) assay was performed to show that experimental
handling did not increase cell death (Figures S5D and S5E). This, coupled with the data
from Lyn EVs, supports re-release of some EVs intact after cellular internalization.

DISCUSSION

This paper assesses and demonstrates functional delivery of proteins and mMRNAs by EVs, as
indicated by previous studies. In addition, we also demonstrate a process by which cells can
re-release EVs and their content after cellular internalization. These studies support use of
EVs as delivery vehicles, but with caveats regarding efficiency of functional delivery, at least
with respect to the EV source and tested recipient cells.
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When analyzing events that occur at a nanoscale level, such as EV fate, it is important

to have the appropriate tools for analysis. In this study, we adapted the use of reporter
constructs that have fluorescence and luminescence signals and also localize to specific
organelles in cells (Suzuki et al., 2016). Nluc is a highly sensitive luminescent protein

and allows robust detection in nanoparticles, EVs, and cells (Hall et al., 2012). Focused
fluorescence in subcellular locations can facilitate visualization of the fluorescent protein
after entry into or translation in the recipient cell cytoplasm. Delivery of a non-localized
fluorescent protein via EVs is more difficult to assess because, when it leaves the endosome,
the signal is diluted in the recipient cell cytoplasm (Selby et al., 2017), so adding a
localization signal serves to concentrate the signal in a specific subcellular region. When
evaluating mechanisms of action of EVs taken up by cells, it is critical to isolate a pure
population of vesicles with minimal damage to these nanoparticles. Although there are
many suggested methods of isolating EVs (Théry et al., 2018), there are positives and
negatives to each technique. For this study, SEC was used exclusively for the purpose of
separating “contaminating” non-encapsulated proteins from EVs (Benedikter et al., 2017),
and the enriched EV fraction was used “fresh” (i.e., immediately after collection with no
freezing). With the mitochondrially localized Nluc Cox, we showed that the fractions (7-11)
we identified as EVs contained a high amount of membrane-protected (EV encapsulated)
protein and non-detectable levels of free (non-encapsulated) protein. In this study, although
non-encapsulated protein does not enter recipient cells as efficiently as EV-encapsulated
protein, it can still be responsible for some signal seen in the EV preparation and subsequent
transfer studies (Ludwig et al., 2019). Handling techniques to isolate EVs often involve
centrifugation, whether for separation or concentration (Benedikter et al., 2017). Such force
on EVs can affect the collected isolates (Linares et al., 2015) and may affect the integrity

of the membrane, resulting in free protein in the preparation. In this study, we elucidate

a method by which the force exerted on the EVs by Amicon filter concentration does not
detectably introduce free protein into the final EV preparation. Although this method may
not be relevant for all studies related to EVs, it can at least isolate a population of highly
pure EVs that maintain functionality in an /n vitro context.

Although functional delivery of cargo via EVs has been reported for some time (Ratajczak
et al., 2006; Valadi et al., 2007; Skog et al., 2008), there is still a deficiency in robust

and quantitative demonstration of specific functional uptake of EV-encapsulated content. As
of now, the most prevalent mechanism of uptake for EVs appears to be via endocytosis;
thus, it would make sense for EVs to have a mechanism for releasing their cargo into

the cytosol. Some studies suggest that EVs can escape the endosome/lysosome via fusion/
permeabilization (Joshi et al., 2020; Polanco et al., 2021). At this point, we can assume
that it is likely to occur by several different mechanisms. Uptake of EV content without
functional analysis of cargo can simply refer to cellular internalization of cargo. Because
endocytosis is a commonly projected route of EV entry (Mathieu et al., 2019), uptake
does not equate to functionality because contents may be degraded through maturation of
endosomes to lysosomes. In this study, we initially demonstrated uptake/internalization

of EV-encapsulated proteins, but this is not sufficient to conclude that the content is
functional or has even entered the cytoplasm of the recipient cell. Although certain EVs
may have a functional effect on the recipient cell without entry into the cytoplasm (e.g.,
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activation of T cell receptors; Raposo et al., 1996; Tkach et al., 2017; O’Brien et al.,

2020), most therapeutic uses for EVs require delivery of encapsulated content into the
cytoplasm (Gurunathan et al., 2019). In this study, using a dual reporter Cox protein (Suzuki
et al., 2016), we showed, through fluorescence, that the encapsulated protein enters the
cytoplasm of the recipient cell and localizes to the mitochondrial membrane. There is
evidence suggesting that mitochondria may be transferred via EVs, and this may be a

factor in this study, but the overwhelming majority of the protein in this study appears

not to be associated with mitochondria because it is present in EV's and as free protein
whereas mitochondria generally are not (Qin et al., 2021). We confirmed functional uptake
by luminescence, highlighting the benefit of such a powerful reporter. This demonstration of
EV cargo delivery to the cell cytoplasm confirms that EVs have the capacity to deliver their
cargo to recipient cell cytoplasm, but we found this process to be inefficient with the donor
(HEK) and recipient (HeLa) cells we used.

When proving functional delivery of cargo, it became evident that some cargo was retained
in what appeared to be the endosomal compartment. Using the same strategies as for
functional delivery, we showed that some of the EVs remain within the cell in a “non-
functional” manner. Using the Nluc Lyn membrane construct (Suzuki et al., 2016), we
showed that a portion (roughly 17%) of the overall internalized signal is retained in the
cell 24 h after removing the external source of the signal. Combining these results suggests
a possible mechanism of retaining cargo in endosomes of the cell prior to degradation

or possible rerelease. The determining factor for this fate remains unclear, but it will be
important to elucidate this to improve the efficiency of EV-delivered cargo.

Endocytosis has been highlighted as a bottleneck for functional delivery (Hung and Leonard,
2016), but there may be other compounding factors that can affect the efficacy of EV
delivery. The recycling endosome is a potential route (Cullen and Steinberg, 2018) that acts
to release proteins and lipids that have entered via endocytosis and redistributes them to the
plasma membrane with subsequent exocytosis (van ljzendoorn, 2006). The Lyn construct
allowed tracking of membrane-associated EV lipids after internalization. Here we saw this
protein re-released into the medium from cells after uptake and, more importantly, could
detect it in released EVs. These results are suggestive of a mechanism whereby EVs can
enter a cell and subsequently be re-released intact from the same cell.

To build on this, it was important to evaluate whether EVs that carry proteins with a cell
organelle localization signal may subsequently be re-released with the protein contained in
the EVs. We demonstrated that this occurs at a detectable level, where the re-released protein
is readily detected in the conditioned medium 24 h after thorough trypsinization (0.25%
trypsin for 30 min), which would remove all non-internalized EVs, leaving cells intact. This
re-released protein was shown to be present in CD9* vesicles. This provides strong support
for the theory that the cargo in the EVs stayed in the vesicle during endocytosis and was
ultimately re-released in the same EVs by the cell.

Viruses have been shown to localize to the recycling endosomes upon entry and may
be re-released after receptor-mediated endocytosis (Grove and Marsh, 2011; Mainou and
Dermody, 2012; Zila et al., 2014). It makes sense that EVs may undergo similar trafficking.
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Such a mechanism has not been elucidated previously in relation to EV uptake and
internalization. The presence of such a process would suggest that some EVs are sorted into
different endosomal pathways, possibly based on the surface components of the vesicles.
Surface expression of proteins on an EV dictating its fate is not a novel discovery (Shukla
et al., 1999; Christianson et al., 2013; Antes et al., 2018; Hurwitz and Meckes, 2019),

but whether certain EVs are re-released because of this surface configuration is another
important aspect to consider. This may represent a response from a cell in an environment
exposed to an excess of EVs or EVs from a particular cell type and provide a mechanism

to prevent unwanted stress on the cell. Although functional delivery of EV content is

often the desired outcome, there is an acceptance that endosomal uptake often results in
lysosomal degradation with the purpose of recycling or eliminating molecules from the
recipient cell (Tian et al., 2010). Bacterial and viral proteins have evolved to adapt to the
low-pH environment in the endosomal pathway as a method of delivering cargo into the
cytoplasm (Geoffroy et al., 1987; Tweten, 2005; Schnell and Chou, 2008; Grove and Marsh,
2011). Although EVs may have similar mechanisms to deliver content, if there is potential
for re-release of content, then this would negate any such adaptive mechanisms. It will be
important to better understand how EVs are selected to be re-released so that it can be
avoided when using the vesicles for therapeutic delivery.

It is critical to understand all potential fates of EVs in a recipient cell before unleashing the
full therapeutic potential of these biologically membrane-enclosed nanoparticles. Although
re-release of delivered cargo may not be a desired discovery in relation to functionality

of EVs, it is nevertheless an important one to consider. Before designing EVs as efficient
delivery tools, it is imperative to fully understand how the vesicles can behave in a recipient
cell.

This paper shows that EVs can deliver a protein to the cytosol that subsequently localizes to
the mitochondria and that RNA cargo can be translated, although the mechanism of release
from the endosome is not fully understood. Re-release of internalized vesicles is just another
barrier to functional delivery of EV content. It is accepted that EV cargo reflects, for the
most part, the composition of the cell of origin (\Valadi et al., 2007; Skog et al., 2008;
Hessvik et al., 2012), but the capacity of a cell to re-release internalized cargo suggests that
some portion of EVs released from a cell may have been internalized from another source
cell. Whether this can occur at a rate to contaminate the overall pool of secreted EVSs is not
yet clear. It will be important to elucidate the specific factors that regulate functional uptake,
cargo degradation, or re-release. Whether these fates are determined by the EV surface
components, cell type of the EV source, and/or the recipient cells is not yet clear. All of

this new information opens up other avenues of research for determining mechanisms of EV
cargo fate after cellular internalization.

Limitations of the study

By addressing functional delivery, this paper defines functionality as localization of the
delivered protein to the mitochondria in recipient cell. Although this may not be considered
functional because the reporter proteins are not exerting a specific effect, for the purpose
of this study, the presence of these proteins in the recipient cell outside of the endosomal
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compartments is sufficient. The work in this paper suggests the possibility of cells retaining
internalized cargo in a “non-functional” format. Microscopy beyond the scope of this paper
could help to shed further light on the specific localization of the cargo and the duration for
which it can be retained. This study also highlights the possibility of a mechanism whereby
cells re-release previously internalized EVs and their cargo. The exact mechanism has not
been outlined in this study and would certainly be worthy of further investigation.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Xandra Breakefield
(breakefield@hms.harvard.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—All data generated and analyzed in this study are available
from the corresponding author on reasonable request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Human embryonic kidney 293 (HEK293T) and HelL a cells: Cells were obtained from
American Type Culture Collection (ATCC; Manassas, VA, USA) were cultured at 37°C
in a 5% CO2 humidified incubator. Culture media was Dulbecco’s modified essential
medium (Corning) with L-glutamine (Corning) supplemented with penicillin (100 units/
mL.), streptomycin (100 mg/mL) (P/S) (Corning) and 10% fetal bovine serum (Atlanta
Biologics). To generate stable fluorescent cell reporters for confocal-imaging, cells were
stably transduced with an expression cassette for a palmitoylation signal (McCabe and
Berthiaume, 1999) genetically fused in-frame to the N terminus of tdTomato (PalmtdTom)
(Lai et al., 2015) using a CSCW?2 lentiviral vector (Sena-Esteves et al., 2004). Cells were
routinely tested for mycoplasma contamination (Mycoplasma PCR Detection Kit, abm
G238) and found negative.

METHOD DETAILS

Plasmids—pcDNAS3-CoxVI1Ix2-eNano-lantern (Cox) and Lyn_OeNL_pcDNA3 (Lyn)
plasmids were kindly donated by Prof. Nagai, Osaka University (Suzuki et al., 2016) ReNL-
H2B_pcDNAS3 (H2B) was purchased from Addgene, also originally generated by Prof.
Nagai (Suzuki et al., 2016) (Addgene plasmid #89534). All plasmids were transformed into
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OneShot™TOP10 Chemically Competent £.coli (Thermofisher) with DNA purified using
Qiagen Plasmid Maxi kit. All next generation sequencing (NGS) analyses were performed
by the CCIB DNA Core Facility at Massachusetts General Hospital (Boston, MA).

Transfection—The plasmids were introduced into HEK293T cells by transfection with
polyethylenimine (PEI) (Polyscience, Warrington, PA USA). DNA (2.5 ug) and PEI (1
pg/mL) were mixed to a final volume of 250 puL Opti-MEM® (ThermoFIsher) for 5 min at
RT before being combined (500 pL) and let stand at RT for 20 min. This transfection reagent
was then added to the cells dropwise and incubated for 18 h.

EV isolation—EVs were isolated by size exclusion chromatography (SEC) using 1zon
gEVoriginal/70 nm columns as follows. Conditioned media was collected from HEK293T
cells seeded in two 150 mm dishes (seeding density ~2.5 x 106 cells) grown in vitro

for 48 h and concentrated using UFC9100 Amicon® Ultra-15 Centrifugal filters (100

kDa) centrifuged at 6,000 x g for 10 min at 4°C until all media was concentrated. The
concentrated sample (500 pL) was added to the 1zon column after washing it with 10 mL 1X
phosphate buffer saline, pH 7.4 (PBS; Boston Bioproducts). Then 15 mL PBS was added,
and 30 x 0.5 mL fractions were collected using an Izon automatic fraction collector (AFC).
Fractions 7 to 30 were collected for full profile analysis. For transfer of EVs, fractions 7-11
were concentrated using Amicon®UlItra-0.5 Centrifugal (30 kDa) to reduce the volume from
2.5 mL to 30-80 uL. For all functional analysis of EVs each step was performed in a sterile
manner (i.e. in fume hoods with UV irradiated filters). All functional experiments were
conducted using fresh EVs/protein samples and prior to RNA analysis EVs were stored at
4°C for no longer than 72 h.

Luminescent assays—NanoLuc luciferase (Nluc) expression was analyzed with the
addition of furimazine (Nano-Glo® Luciferase, Promega) diluted 1 in 500 in 1X PBS.
Samples were incubated with the reagent for at least 3 min prior to reading on the BioTek
luminometer (Synergy H1 Hybrid Multi-Mode Reader). For readings, samples were either
loaded onto translucent 96-well culture plates or 96-well white bottom Greiner Bio-one
plates.

EVs/protein analysis—EVs and protein samples, after collection and concentration in
PBS, were treated with: Triton X-100 (US Biologicals) made to a working concentration of
1% in PBS and incubated with samples for 30 min with gentle agitation on a HulaMixer™
Sample Mixer (Thermofisher) at RT. Proteinase K (Qiagen) treatment was performed at a
final concentration of 100 ug/mL at 56°C for 8 min. For RNaseA treatment of EVs, 1%
Triton X-100 was added and incubated for 30 min at RT. RNaseA (Applied Biosystems) was
added at a final concentration of 4 U/uL and incubated with EVs at 37°C for 30 min.

CD63/CD9 bead incubation—Ten ul of Exosome — Human CD63 Isolation/Detection
(Invitrogen) or Exosome — Human CD?9 (Invitrogen) were added to samples and incubated
on a HulaMixer™ sample mixer at 4°C overnight. The following day the beads were briefly
centrifuged, separated by a magnet from the supernatant, washed and resuspended in PBS.
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Transfer experiments (Protein)—HelLa cells were seeded in 96-well culture plates
(seeding density 5 x 103 cells/well). EVs and protein fractions were added to the cells

4 h after seeding. Nluc expression in medium and cells was analyzed at different times
(0/24/48/72 h). To remove any non-internalized particles the cells were treated with 0.25%
trypsin-EDTA (Thermofisher) for 30 min at 37°C and then washed in PBS twice (two
centrifugations at 2,000 x g for 5 min each), resuspended in 50 uL PBS and seeded into
96-well white bottom Greiner Bio-one plates.

Transfer experiments (RNA)—HeLa cells were seeded in 96-well culture plates
(seeding density 5 x 103 cells/well) and cycloheximide (1 pg/mL) was added 30 min before
addition of EVs. Nano luciferase expression in media and cells (TO and T24) was analyzed
at the same time.

RNA data generation—RNA was extracted from concentrated EVs using the miRNeasy
Mini Kit (Qiagen), according to the manufacturer’s protocol.

cDNA synthesis and qPCR—cDNA was synthesized from extracted RNA using the
RT Sensiscript kit (Qiagen) with Oligo dT Primer (Invitrogen) and RNase Inhibitor
(Applied Biosystems). Samples were incubated at 37°C for 1 h. Primers were designed as
follows for H2B: 5’ flanking primers: forward primer; 5"-3’, agcaagggcgaggaggtcatcaaag,
reverse primer; 5"-3", cggtgccggagetgecgetgeeggt, 3 Flanking primers: forward primer;
5’-3’, catcatcccgtatgaaggtctgage, reverse primer; 5'-3’, ttacttagcgctggtgtacttggtg. Primers
for HPRT1: forward primer; 5'-3’, tgacactggcaaaacaatg, reverse primer; 53,
ggtccttttcaccagcaaa. gPCR was performed using PowerUp™ SYBR™ Green Master Mix
(Applied Biosystems).

Confocal-imaging—COX-EVs from HEK293T cells were added to HeLa palmTdTom
cells and then incubated for 72 h in 96-well culture plates. Cells were trypsinised (0.25%,
30 min @ 37°C) and plated onto Millicell EZ SLIDE 4-well glass (seeding density 5 x 103
cells) overnight. The images were acquired using a Zeiss LSM 800 Airyscan microscope
(Oberkochen, Germany) using airyscan mode. 63x Objective with 1.4 NA lens was used
for image acquisition. Airyscan images were processed using Huygens software (Scientific
Volume Imaging B.V, Hilversum, The Netherlands). Microscopy Core of the Program in
Membrane Biology.

Image analysis—Images were analyzed using FI1JI (Schindelin et al., 2012). Regions of
interest within cell boundary were measured for fluorescence intensity whereby the signal
measured in control samples were designated as background. EV-exposed cells were then
quantified with threshold adapted from control images. A line was graphed through points of
interest and fluorescence intensity was plotted using F1JI.

Immunocytochemistry—Cells were rinsed in PBS and fixed in 4% paraformaldehyde
(PFA; Electron Microscopy Sciences) for 10 min at RT. Cells were blocked and
permeabilized in 3% Bovine Serum Albumin (BSA) in PBS with),1% Tween-20. Samples
were incubated with primary antibody (TOM20 D8T4N, Rabbit mAb, 42406, Cell
Signalling) overnight at 4°C. Samples were washed with PBS and secondary antibody
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(Alexa Fluor 647, A31573, Donkey anti rabbit, Invitrogen) was incubated at RT for 1 h.
Samples were mounted in Vectashield® Antifade (Vector Laboratories).

Cell fractionation—Fractionation of recipient cells was performed using the “Cell
Fractionation Kit — High throughput’ (ab109718, Abcam, Cambridge, UK). Recipient cells
were trypsinized for 30 min (0.25% trypsin). This method was performed in wells of a
96-well plate as per manufacturer guidelines (Lian et al., 2020). Bioluminescent signal was
measured in samples following fractionation.

Re-release of free and EV-encapsulated Protein—EVs from HEK293T cells were
added to HeLa cells seeded in 96-well culture plates (seeding density 5 x 103 cells/well) and
incubated for 24/48 h. The recipient cells were trypsinized for 30 min with 0.25% trypsin in
PBS and washed twice in PBS (two centrifugations at 2,000 x g for 5 min each). Cells were
re-seeded in 96-well culture plates and after 48 h media (an aliquot) and cells were analyzed
after incubation with CD63/CD9 beads (see above).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism 6, version 6.04 (GraphPad Software Inc., La
Jolla, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Size-exclusion chromatography isolates a highly purified population of
vesicles

Extracellular vesicles (EVs) can be internalized in a “non-functional” manner
Functional release of EV cargo into the cytosol is inefficient in tested cells

EVs can be re-released intact from recipient cells

Cell Rep. Author manuscript; available in PMC 2022 May 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

O’Brien et al. Page 20

A B EVs/Protein + ProteinaseK
1.5%10%= .
rm
15x100- @ O ees
O ProteinaseK
1oxto] | ® —
1.0x10%= ﬂ o« =
: 3 5.0x105— F-Eq E—i
- & 15010t
['4
5.0x103_ 1.0%10¢
o Protein EVs
T T T T T T T T T T T T T T T T T T T T T 11
7 8 9101112131415161718192021222324252627 282930
Fractions
(o D CD9 EVs

EVs + Triton + ProteinaseK

Il 64.07% Beads
[ 35.93% Supernatant

1.4x105—
1.2x10%+
1.0x10%—
o 8.0x10%
g 300
200+
100
E CD9
8x10°—
- PBS
~a- Triton X-100
6x10°]
2 4x10°

2x10°

T T
EVs(CD9+) Supernatant

Figure 1. Isolation and characterization of EVs
(A) Full bioluminescence profile analysis of EVs (fractions 7-11) that were isolated,

concentrated, and run through SEC to show the purity of the isolate analyzed by
bioluminescence (n = 3, SEM).

(B) Treatment of isolated protein (fraction 19) and EVs (fractions 7-11) from initial SEC
resolution (Figure S1A) with Proteinase K to demonstrate protection of encapsulated protein
in EVs (n =3, SEM).

(C) Treatment of isolated EVs (7-11) with 1% Triton X-100 and then Proteinase K to

show that it is possible to degrade the initially protected cargo when the membrane is
permeabilized (n = 3, SEM).
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(D) Incubation of isolated EVs with magnetic CD9 beads and subsequent pull-down and
analysis to demonstrate the proportion of CD9™ vesicles in whole isolate (n = 3, SEM).
(E) Incubation of vesicles with PBS or 1% Triton X-100 and subsequent incubation

with CD9 beads to demonstrate the association of the protein with CD9* vesicles before
disruption of the membrane and after disruption, where the signal is not pulled down with
CD9" beads (n = 3, SEM).

ns, no significance; *p < 0.05.
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Figure 2. Internalization of EV cargo and translation of EV mRNA
(A) Analysis of internalization of HEK EVs into recipient HelLa cells as analyzed at TO and

T24 by bioluminescence imaging (n = 3, SEM).
(B) Efficiency of internalization of EVs versus protein. The luminescent signal in the cells
was divided by the total signal in the medium plus signal in the cell to estimate efficiency
of uptake. Although the efficiencies were relatively low (<1%), EVs demonstrated greater
efficiency over time compared with protein by 3- to 10-fold (n = 3, SEM).
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(C) Schematic of the strategy to evaluate mRNA translation in recipient cells by harvesting
EVs before (6 h) or after (24 h) detectable translation in donor cells.

(D) gRT-PCR analysis of RNA in isolated EVs with primers of HPRT mRNA and 5" and
-3’ prime ends of H2B mRNA. The lack of a data point relates to non-detection below a Ct
(Cycle threshold) of 35 Ct (n = 3, SEM).

(E) Analysis of isolated EVs for the presence of the H2B protein by bioluminescence (n = 3,
SEM).

(F) Transfer of isolated 6-h EVs to recipient cells treated with cycloheximide versus control
to evaluate translation of mMRNA to detectable levels of the protein by bioluminescence of
cells (n = 3, SEM).

*p <0.05.
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Figure 3. Functional delivery of bioluminescent Cox protein
(A and B) Representative images of recipient HeLa cells incubated with Cox EVs and

stained with the mitochondrial marker Tom20 (n = 3, scale bars, 5 pm).

(C) Fluorescence intensity profile of selected regions, demonstrating co-localization of
Cox protein with mitochondria, with the fluorescent intensity profile showing little to no
colocalization of Cox protein and membrane signal.

(D) Cell fractions analyzed by luminescence detection of the Cox protein in cytosol and
mitochondrial fractions, with no detection of signal in the nuclear fraction (n = 3, SEM).
</p/>(E and F) A sequential dilution of isolated EVs (100%, 50%, and 25%) was added to
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recipient HeLa cells for 72 h; they were then fractionated to determine the percentage of
uptake into mitochondria (signal in mitochondrial fraction/total signal in media x 100) (n =
3, SEM). </p/>*p < 0.05.
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Figure 4. Retention of EV cargo in a non-functional manner
(A and B) Images of cells exposed to EVs and subsequently re-seeded in EV-free medium

for 24 h to show that the Cox signal localized with the palmTdTomato signal, showing
retention of the signal in the endosomal compartment (n = 3; scale bars, 5 um).

(C) Fluorescence intensity profile of palmTdTomato, Cox EVs, and Tom20.

(D) Luminescence analysis of fractionated recipient cells that had external EVs removed 24
h after exposure, showing strong signal in the cytosol (n = 3, SEM).
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(E) Luminescence analysis of HeLa cells exposed to Lyn EVs with external signal removed,
showing retention of signal in the recipient cells (n = 3, SEM).
*p <0.05.
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Figure 5. Re-release of membrane-bound protein
(A) Schematic overview of the experimental design, showing membrane-bound Nluc/GFP

added to recipient HeLa cells and incubated for 48 h before 30-min trypsin (0.25%)
treatment and washing, then re-seeding.

(B) Medium collected and analyzed over the course of the experiment, showing re-
introduction of signal from the recipient cells 24 h after re-seeding (T24) (n = 3, SEM).

(C) Analysis of the EVs in the recipient cell 24 h after removal of external signal, showing a
significant reduction in signal (n = 3, SEM).

(D) T24 Medium from a re-release experiment as shown was collected and run through SEC,
where fractions 7-11 were collected and concentrated, and luminescent analysis showed a
significant increase in Lyn EVs compared with non-treated EVs (n = 3, SEM).

*p <0.05.
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Figure 6. Re-release of EV cargo
(A) Schematic overview of the experimental design with final analysis by incubation with

CD9-magnetic beads to confirm re-release of vesicles.

(B) Luminescence analysis of medium over the course of the experiment, showing
significant re-introduction of signal into the medium derived from recipient cells (h = 3,
SEM).

(C) Signal in cells showed a significant reduction over the 24 h after removal of external
signal (n = 3, SEM).
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(D) Incubation of the medium from (A), with CD9 magnetic beads showing localization of
protein signal with CD9* vesicles after re-release (n = 3, SEM).
*p <0.05.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

TOM20 Rabbit monoclonal Ab

Cell Signalling Technology

Cat# 42406; RRID:AB_2687663

Critical commercial assays

Cell Fractionation Kit — High throughput Abcam ab109718

Nano-Glo® Luciferase Promega N1110

Human CD63 Isolation/Detection Invitrogen 10606D

Exosome — Human CD9 Invitrogen 10614D

Experimental models: Cell lines

Human embryonic kidney 293 (HEK293T) ATCC CRL-3216; RRID:CVCL_0063

HelLa cells ATCC CLS Cat# 300194/p772_HeLa; RRID:CVCL_0030
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