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Transfection reagent artefact likely accounts for some reports of
extracellular vesicle function

Russell E. McConnell Madeleine Youniss Bhargavee Gnanasambandam Palak Shah
Wei Zhang Jonathan D. Finn

Codiak BioSciences, Cambridge, Massachusetts,
USA

Correspondence
Codiak BioSciences, Cambridge, MA, USA.
Email: russell.mcconnell@codiakbio.com

Abstract
Extracellular vesicles (EV) are important mediators of cell communication and phys-
iology. EVs are frequently investigated by transiently transfecting cells with plasmid
DNA to produce EVs modified with protein(s) or nucleic acid(s) of interest. DNA-
transfection reagent complexes (DTC) are approximately the same size as EVs, raising
the possibility that some purification procedures may fail to separate these two
species and activity arising from carryover DTC may be improperly attributed to
EVs.We find that differential ultracentrifugation, a commonly employed EV isolation
procedure, does not separate EVs from DTC present in the cell culture super-
natant of transiently transfected cells. We demonstrate that the biological activity
of an EV-directed Cre recombinase is due to contaminating plasmid DNA and not
EV-mediated delivery of Cre protein. Moreover, steps commonly taken to remove
plasmid DNA from EV samples, such as media exchanges and treatment with nucle-
ases, are ineffective at avoiding this artefact. Due to the pernicious nature of plasmid
DNA in these cellular assays, some reports of EV function are likely artefacts pro-
duced by contaminating DTC. EVs and DTC can be separated by density gradient
ultracentrifugation, highlighting the importance of validating elimination of DTC
when using transient transfection of EV-producing cells to interrogate EV function.
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 INTRODUCTION

Extracellular vesicles (EVs) are released by all cells examined to date (An et al., 2007; Brown et al., 2015; Colombo et al., 2014;
Schwechheimer & Kuehn, 2015; Stanly et al., 2016) and have been implicated in a variety of physiological and pathological pro-
cesses [reviewed in (Stoorvogel et al., 2002; Tkach &Théry, 2016; VanNiel et al., 2018)]. EVs canmediate their effects on recipient
cells through the interaction of molecules on the EV surface (proteins, glycans, or lipids) with receptors on recipient cells or by
delivering cargo to recipient cells (Pegtel et al., 2010; Prada & Meldolesi, 2016). While the exact mechanisms responsible for
EV cargo delivery are unclear, harnessing the natural communication network employed by EVs is of particular interest for
developing EV-based therapeutics (Madhusoodanan, 2020; Sabanovic et al., 2021; Witwer &Wolfram, 2021).
Previous reports have demonstrated the ability of EVs to deliver a range of cargo types, including DNA, RNA and protein

(Didiot et al., 2016; Hung & Leonard, 2016; Pan et al., 2012; Pegtel et al., 2010; Sterzenbach et al., 2017; Segel et al., 2021; Ye et al.,
2020; Yim et al., 2016). However, the degree of functional delivery varies significantly across reports and may be due to the
variety of EV sources, production methods, isolation procedures, and reporter systems used. Reports of the ability of EVs to
deliver nucleotides vary widely, with some reporting robust EV-mediated RNA knockdown (Didiot et al., 2016; Pan et al., 2012;
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Pegtel et al., 2010), while others report no discernible functional delivery (Hung & Leonard, 2016). Similarly, reported efficiencies
for protein delivery range from high levels for Cre (Yim et al., 2016) to low amounts for Cre, Cas9, and curcumin (Sterzenbach
et al., 2017; Ye et al., 2020; Yim et al., 2016). In many cases, reported EV effects are modest and require sensitive reporter systems
to detect; however, the sensitivity of these reporter systems can make them prone to artefacts and it is important to ensure that
proper controls are included to rule out non-EV sources of activity (Kooijmans et al., 2013).
It was recently reported that EVs loaded with Cre recombinase edited a reporter cell line and that this activity was significantly

increased in the presence of drugs traditionally used to enhance endosomal escape of DNA-transfection reagent complexes,
such as chloroquine (Heath et al., 2019). We sought to replicate this finding by following the same procedures: transfecting EV-
producing cells with an EV-targeted Cre, purifying EVs by differential ultracentrifugation, and treating reporter cells with the
resuspended ultracentrifuge pellet (UCP).While we were able to detect Cre activity in EV-containing UCP samples, we observed
that the level of Cre protein did not correlate with the level of Cre activity, similar to what was observed by Heath et al. (2019).
Here we report that when using transient transfection and standard EV purificationmethods, that EVs are dispensable for editing
reporter cells; instead, Cre activity is due to DNA-transfection reagent complexes (DTC) that co-purify with EVs in the UCP.
Although DTC are biophysically distinct from EVs in terms of charge and density, they are similar in size (Almofti et al., 2003;
Ma et al., 2007), making it unlikely that some purification methods, such as differential ultracentrifugation, are able to separate
these two species. Here, our data suggest that reported activity of some EV studies may be due to a transfection reagent artefact,
rather than EV-mediated cargo delivery and highlights the need for rigorous purification and characterization of EV samples.

 MATERIALS ANDMETHODS

. Cell culture and transfection conditions

Expi293F cells (ThermoFisher Scientific) were maintained in Expi293 Expression Medium (ThermoFisher Scientific) at 37◦C in
8% CO2, 80% humidity, at 150 RPM in aMultitron incubator (Infors HT); all components required for cell growth are present in
the media without the addition of serum. On the day of transfection, cells were counted on a Vi-CELL XR cell counter (Beckman
Coulter), seeded at 2.5 million cells/mL, and transfected with DNA complexed with transfection reagents according to manu-
facturers’ protocols (see Table S1) or as indicated in specific figures. Expifectamine (ThermoFisher Scientific) was used for all
experiments, unless noted otherwise. To generate the stable Cre reporter cell line, media was changed 24 h after transfection into
media with HygromycinB (200 µg/mL) for selection; cells typically required 3 weeks of selection, at which point viability recov-
ered to> 95%. Transiently transfected cells were cultured for 4 days post transfection before harvesting cell culture supernatant.
Cells were above 95% viability at the time of seeding and transfection, and above 90% viability at the time of cell culture harvest.

. EV purification by differential and density gradient ultracentrifugation

Upon culture termination, cells were removed by centrifugation at 6000× g for 20min at room temperature, the supernatant was
collected and then centrifuged at 16,000 × g for 30 min to remove large cell debris. Supernatant was collected and 1 mMMgCl2
and benzonase (20 U/mL, Millipore) were added and incubated at 37◦C for 2–3 h. Media was transferred to 100 mL Quick-Seal
Ultra-Clear tubes (Beckman Coulter) and centrifuged for 60 min at 133,900 × g at 4◦C in a 45 Ti fixed-angle rotor (Beckman
Coulter, k-factor 133). Supernatant was discarded, and the ultracentrifuge pellet (UCP) was resuspended in PBS.
For fractionation experiments, UCP was diluted to 1 mL with PBS and mixed with 3 mL of 60% iodixanol solution (OptiPrep,

Sigma), and pipetted into the bottom of a 13-mL Ultra-Clear tube (Beckman Coulter). Lower-density solutions were prepared
by diluting 60% iodixanol with homogenization buffer (250 mM sucrose, 10 mM TrisHCl, 1 mM EDTA, pH 7.4) and successive
layers of 30% (3 mL), 23% (2 mL), and 18% (2 mL) iodixanol were layered on top of samples, with a final layer of 1 mL PBS added
to the top. Gradients were spun at 150,000 × g for 16 h at 4◦C in a SW 41 Ti swinging-bucket rotor (Beckman Coulter, k-factor
124). The interfaces between each layer were collected, transferred to a 13-mL Ultra-Clear tube (Beckman Coulter), mixed with
PBS to a final volume of 13 mL, and spun for 3 h at 133,900 × g at 4◦C in an SW 41 Ti rotor. Resulting pellets were resuspended
in 100 µL of PBS and stored at 4◦C for less than 1 week before analysis.

. Western blot analysis

Samples were diluted with an equal volume of 2× Laemmli buffer (Bio-Rad) and heated at 95◦C for 10 min prior to loading into
4–20% TGX stain-free precast gels (Bio-Rad). Gels were imaged on a ChemiDoc imaging system (Bio-Rad) prior to transfer to a
PVDFmembrane using a Trans-Blot Turbo semi-dry transfer system (Bio-Rad). Blots were blocked in 1% casein for 1 h, incubated
with primary antibodies (diluted 1:1000 in blocking buffer) for 1–3 h, washed three times with PBST (0.05% Tween20), incubated
with HRP-conjugated secondary antibodies (diluted 1:5000 in blocking buffer) for 1 h, washed three times in PBST, and imaged
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following incubation with chemiluminescent substrate (see Table S1 for additional information). Densitometric quantitation of
band intensity was performed using FIJI software (Schindelin et al., 2012).

. Reporter cell activity assay

Reporter cells were plated at 100,000 cells per well in a 24-well plate or 20,000 cells per well in a 96-well plate. Samples were
added to cells with or without 50 µM chloroquine (Heath et al., 2019), as indicated; significant reduction in cell viability was
observed for chloroquine concentrations above 50 µΜ (Figure S2), so this dose was used for all subsequent experiments. Cells
were incubated at 37◦C and 5% CO2 in a static cell culture incubator for 24 h, washed with PBS, and fresh media was added.
48 h after media exchange, cells were resuspended by gentle pipetting, pelleted (500 × g for 3 min), washed once with PBS, and
resuspended in 100 µL PBS. Flow cytometry was performed using a CytoFlex LX (Beckman Coulter) and gating and data analysis
performed using FCS Express 7 (De Novo Software).

. Nanoparticle tracking analysis

Size distributions and particle concentrations were measured by nanoparticle tracking analysis using a NanoSight NS300
(Malvern). Samples were analysed immediately after diluting 1000−10,000× in 0.22-µm filtered PBS. Three 30-s acquisitions
were made for each sample under continuous flow and analysed with NanoSight NTA software (v.3.4, Malvern).

. Quantification and statistical analysis

Experimental replicates are defined in the figure legends for each experiment. Statistical analyses were performed in GraphPad
Prism 9 using the statistical tests indicated in figure legends. Values are expressed as mean± standard deviation (SD); differences
with a P value < 0.05 were considered significant.

. PCR analysis

Prior to PCR analysis, samples were either untreated or extracted with phenol-chloroform. Extracted samples were mixed with
one volume of phenol:chloroform:isoamyl alcohol (25:24:1), vortexed for 20 s, and then centrifuged in a benchtop centrifuge
(Beckman 5424) at 16,000 × g for 5 min. The upper aqueous phase was removed, transferred to a fresh 1.5 mL tube, to which
was added (in order): sodium acetate (0.1 volume of 3 M sodium acetate pH 5.2), ethanol (4 volumes of 100%), after which
samples were placed at −20◦C overnight. Samples were then centrifuged at 4◦C for 10 min. at 16,000 × g (Beckman 5424) to
pellet DNA, supernatant was removed, and the pellet washed with ice cold 70% ethanol. The DNA pellet was air dried for 10 min
before dissolving in 30 µL of sterile water. Standard PCR conditions were used employing Cre-specific primers: Forward (5′-
gagctcggatcgatatctg −3′) and Reverse (5′- ctggatcagttatctatgcg −3′). PCR was performed using an Eppendorf Master Cycler Pro
(Eppendorf). PCR samples were analysed on 2% agarose gels with SYBR Safe DNAGel Stain, (E-Gel 48 Agarose, Thermo Fisher)
and visualized using a ChemiDoc imaging system (Bio-Rad).

. EVtrack

Experimental details have been submitted to the EV-TRACKknowledgebase (evtrack.org; EV-TRACK ID: EV210301) (VanDeun
et al., 2017).

 RESULTS

. Cre reporter cells and Cre-loaded EVs

We sought to determine if adding EVs loaded with Cre recombinase to cells stably expressing a Cre reporter would result in
functional protein delivery, as has recently been reported (Heath et al., 2019). To this end, we generated an Expi293F cell line
stably expressing a “stoplight” reporter cassette consisting of mCherry in-frame with a 3′ Stop codon flanked by LoxP sites,
upstream of a GFP transgene (Figure 1a). This construct results in stable expression of mCherry, but not GFP, in the absence of
Cre (Figure 1a); upon Cre-mediated recombination the region encoding mCherry and the stop codon are excised, resulting in
GFP expression (Figure 1a). Both mCherry and GFP are fused with N-terminal nuclear localization sequences to concentrate
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F IGURE  Ultracentrifuge pellets contain Cre activity that is enhanced by an endosome escaping agent. (A) Schematic of Cre “stoplight” reporter system.
GFP is expressed only after Cre-mediated excision of the mCherry and Stop codon. Flow cytometry and microscopy of stable reporter cells either untreated or
transiently transfected with BASP1-Cre plasmid. Scale Bar = 20 µm. (B) Schematic of Cre protein fused to Basp1 N-terminal peptide (amino acids 1–10) for
localization to the EV lumen. (C) Schematic of EV purification procedure. (E) Representative images and flow cytometry plots of reporter cells 3 and 7 days
after addition of UCP isolated from cells transfected with Expifectamine +/- 50 µM chloroquine. Plot axes are the same as in (A). (E) Bar graph showing the
percentage of GFP+ reporter cells on day 3 from nine independent experiments (N = 9, ***P < 0.001, n.s. not significant: P > 0.05, Mann-Whitney U-test)

fluorescent signal in the nucleus (Figure 1a). To load EVs with Cre protein, we utilized an EV-localizing peptide derived from
BASP-1 (MGGKLSKKKK) (Dooley et al., 2021) fused to the amino-terminus of Cre (Figure 1b). Transient transfection with
BASP1-Cre plasmid resulted in expression of GFP in > 40% of reporter cells, demonstrating that Cre was functional with an
N-terminal fusion (Figure 1a). To generate EVs carrying Cre protein, we transiently transfected Expi293F cells with BASP1-
Cre plasmid, and cell culture supernatant was processed by differential ultracentrifugation to generate an EV-enriched UCP
(Figure 1c). Adding the UCP from BASP1-Cre transfected cells to reporter cells resulted in GFP expression in a subset of cells,
indicatingCre-mediated recombination (Figure 1d-e). Consistentwith previous reports (Heath et al., 2019),the levels of functional
Cre delivery was low (∼1%) in the absence of endosomal escape enhancing compounds, and was significantly enhanced (∼5 fold)
by 50 µM chloroquine treatment (Figure 1e).

. Cre activity is not associated with EVs

While our results demonstrate that theUCP fromCre-transfected cells can edit a reporter cell line (Figure 1d-e), theUCP contains
both EVs and many types of non-EV material (Dooley et al., 2021; Jeppesen et al., 2019), opening up the possibility that the
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Mann-Whitney U test). (D-F) Agarose gels stained with SYBR safe DNA dye showing PCR amplification from the indicated samples. (D) Control plasmid
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exchange for either condition (*, P < 0.05; **, P < 0.005; ****, P < 0.0001; n.s., not significant: P > 0.05; two-way ANOVA)

observed Cre activity may come from non-EV sources. To determine if Cre protein had been successfully loaded into EVs using
the BASP1 fusion, we used an iodixanol density gradient (Figure 2a) to separate the UCP into EV-enriched and EV-depleted
fractions (Dooley et al., 2021). Cre and the EV markers CD9 and CD81 were detected in the UCP and after density fractionation
were primarily found in the low-density fraction F1 (Figure 2b, Figure S1c). As the majority of Cre protein co-purifies with CD9
and CD81 in F1, we conclude that the Cre protein in the UCP is associated with bona fide EVs (Figure 2b).
To our surprise, reporter cells showed evidence of Cre activity when treated with density gradient fractions F2 and F3 but

not F1, the EV-enriched fraction containing most of the Cre protein (Figure 2b-c). The observation that Cre activity was not
correlated with Cre protein levels in the iodixanol density gradient fractions led us to question if Cre plasmid DNA from the
transient transfection may carry over through our purification process, despite the inclusion of a nuclease treatment step in
our purification protocol (Figure 1c, Figure 2a). To test this possibility, we sought to determine if we could detect DNA in the
gradient fractions using PCR. We first validated that our Cre-specific primers were functional and that we could detect DNA
complexed with transfection reagent. We found that our primers amplified a single DNA band of the expected size (∼1300 b.p.)
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when used on BASP1-Cre plasmid DNA (Figure 2d). To mimic our transfection and UCP purification conditions, plasmid DNA
was complexedwith Expifectamine transfection reagent and then treatedwith benzonase (seeMethods) to digest non-complexed
DNA. Without further processing we were unable to detect plasmid DNA by PCR; however, phenol-chloroform extraction of
this sample enabled detection of the plasmid DNA (Figure 2d). When we examined fractions F1-4 with PCR, we were surprised
to observe the presence of DNA in all density gradient fractions (Figure 2e).
We noted that DNA in F1 was detectable without phenol-chloroform extraction, while this step was required to detect DNA in

fractions F2-4 (Figure 2e). This suggests that DNA in F1 is biochemically distinct from that found in F2-4 and from purifiedDNA
complexed with transfection reagent, which require phenol-chloroform extraction to be detected by PCR (Figure 2d-e). DNA
detected in F1 is unlikely to be free plasmid DNA because cell culture harvest is treated with nuclease prior to ultracentrifugation
(Figure 2a). To determine if F1 DNA was still resistant to nuclease digestion, we incubated F1 with DNase I and observed similar
DNA levels as untreated F1 (Figure 2f).We reasoned that the factor protecting F1 DNA from nuclease digestion was unlikely to be
transfection reagent, as this prevents detection by PCR without phenol-chloroform extraction (Figure 2d) which is not required
to detect F1 DNA (Figure 2e-f). Another possibility is that DNA could be containedwithin EVs found in F1 (Figure 2b); consistent
with this hypothesis, F1 treated with detergent (1% TritonX-100) is no longer resistant to nuclease digestion (Figure 2f).
The observation that DNA was present in density gradient fractions lead us to examine if DTC were sufficient to explain the

observed Cre activity, or if a cellular contribution (EVs or other factor) were required. To test this, we performed a matched
transfection and mock transfection where DTC were added to cell culture media in either the presence or absence of cells.
Cultureswith andwithout cells were incubated under the same conditions for 3 days, and then processed identically by differential
and density gradient ultracentrifugation (Figure 2a). Once added to reporter cells, the UCP from the no-cell condition contained
twice the Cre activity of the UCP from the cell supernatant (Figure 2g); moreover, both samples showed the highest Cre activity
in F2/3, with little to no activity present in F1 (Figure 2g). The observation that Cre activity is observed in the UCP and density
gradient fractions F2-4 in the absence of cells, and therefore in the absence of EVs, suggests that plasmid DNA polyplexes survive
the cell culture conditions and differential ultracentrifugation EVpurification protocol and are sufficient to edit Cre reporter cells.

. Transfection reagents co-sediment with EVs

Our experiments up to this point had been conducted using only one transfection reagent (Expifectamine) so it was possible
that the artefact we had observed was specific to this reagent. We therefore sought to determine if other common transfection
reagents including cationic lipids (Lipofectamine 2000 and Lipofectamine 3000) and polymers (polyethyleneimine and PEIMax)
also co-purifiedwith EVs in theUCP.An equal number of cells were transfectedwith equivalent amounts ofDNAcomplexedwith
transfection reagent (Table S1), and UCP material was harvested after 4 days using differential ultracentrifugation (Figure 1c).
WhenUCPswere added to reporter cells we observed a range of Cre activity with all reagents across six independent experiments
(Figure 3a). While Expifectamine gave the most reproducibly high level of editing, all tested transfection reagents yielded UCPs
that produced significant numbers of GFP+ reporter cells when compared to untreated controls (Figure 3a). Of note, there
existed significant variability in the amount of Cre activity present within each group across experiments: some experiments
showed levels of activity barely above background whereas other experiments yielded responses in the 5–15% range (Figure 3a).
The underlying cause of this variability is not immediately clear but underscores the need for proper negative controls to be run
with every experiment to rule out potentially confounding background activity derived from non-EV material.

. Transfection reagent complexes persist through media exchange

As carryover DTC appeared to be responsible for the Cre activity observed in UCP samples (Figures 2 and 3), we soughtmethods
to remediate this artefact. Two commonly used approaches are nuclease treatment to digest extracellular nucleic acids andmedia
exchange to remove free transfection reagent complexes. Our EV purification strategy includes a step in which clarified cell
culture supernatant is treated with the DNA/RNA endonuclease benzonase (Figure 1a), which was not effective in removing
plasmid DNA complexed with transfection reagents (Figure 2d), as has been reported by others (Tros De Ilarduya et al., 2002).
We therefore sought to determine if exchanging the cell culture media post-transfection would remove enough transfection-
reagent-DNA complexes to eliminate or reduce levels of Cre activity in the UCP. Following transient transfection, cells were
either left in media containing DNA complexes or moved to fresh media 1 day after transfection. Four days post-transfection,
cell culture supernatant was harvested and processed by differential centrifugation (Figure 1c). Surprisingly, the UCP from cells
that had undergone a media exchange after transfection contained approximately the same levels of Cre activity (Figure 3b),
indicating that a complete media exchange did not eliminate DTC present in the UCP.



MCCONNELL et al.  of 

71% 5%

24% <1%

a b

0

2

4

6

8

G
F

P
+

 C
el

ls
 (

%
) **

n.s.

UCP:
Media
Exchange:

-
-

++
- +GFPm

C
he

rr
y

1

80% <1%

<1%19%

4%76%

<1%20%

Untreated UCP

Media Exchange UCP

Exp
ife

ct
am

in
e

PEI

PEI M
ax

LF2K
LF3K

Untre
at

ed

0

5

10

15

20

G
F

P
+

 C
el

ls
 (

%
)

**

** **

**
*

F IGURE  Transfection reagent-DNA complexes are resistant to removal techniques. (A) Quantification of GFP+ reporter cells treated with 50 µM
chloroquine and UCP from cells transfected using one of five different transfection reagents. Cells analysed 3 days post addition and compared to untreated
controls (N = 6, *P < 0.05, **P < 0.01, Mann-Whitney U-test). (B) Flow cytometry data of reporter cells treated with 50 µM chloroquine and UCP isolated
from cells following a media exchange 24 h post-transfection with Expifectamine. Bar graph shows percentage of GFP+ reporter cells (N = 3; **, P < 0.01; n.s.,
not significant: P > 0.5; Welch’s unequal variances t-test). Cells analysed 3 days post addition by flow cytometry

 DISCUSSION

The lack of correlation between the abundance of Cre protein and Cre activity in iodixanol density gradient fractions first alerted
us to a potential issue with a non-EV source of Cre activity in our experiments. We subsequently found that Cre activity was not
associated with EVs loaded with Cre protein, but in fact was associated with DTC that co-purified with EVs by differential ultra-
centrifugation. We confirmed these results by demonstrating that even in the absence of cells (and therefore EVs), DTC can
survive in media for extended periods of time and can be isolated using standard EV purification methods. Moreover, all trans-
fection reagents examined showed detectable levels of this artefact, and steps commonly taken to remediate potential plasmid
DNA contamination, such as nuclease treatment or media exchanges following transfection, were ineffective. Taken together,
our data show that differential ultracentrifugation, the most commonly employed EV purification method (Théry et al., 2018),
co-purifies a mix of DTC and EVs which can lead to incorrectly attributing activity to EVs. In this particular case, an iodixanol
density gradient was able to separate EVs from contaminating DTC, but appropriate tests should be run to rule out this potential
artefact when testing EV activity from transiently transfected cells.
Wewere initially surprised that exchangingmedia the day after transfectionwas not sufficient to eliminate Cre activity from the

cell culture supernatant (Figure 3). A possible explanation is that DTC are released from transfected cells after media exchange,
as has been reported for lipid nanoparticles (LNPs) (Sahay et al., 2013). Another possibility is that DTC could be released in a
complex with EVs, as has been suggested for LNPs (Maugeri et al., 2019). Here we show that plasmid DNA is detected in an
EV-enriched iodixanol density gradient fraction by PCR (F1) following transient transfection of EV-producing cells (Figure 2e).
Although not dispositive, DNA in F1 is rendered sensitive to nuclease digestion following detergent treatment, consistent with
the DNA being packaged inside of vesicles (Figure 2f). We do not believe that DNA in F1 is complexed with transfection reagent
for two reasons: (1) DNA in F1 can be amplified by PCR without phenol-chloroform extraction (Figure 2e-f) and (2) Cre activity
is absent in F1 (Figure 2c, g). Higher-density iodixanol gradient fractions that contain significant Cre activity (F2-4, Figure 2c, g)
all require phenol-chloroform extraction for detection of DNA by PCR (Figure 2e), similar to what is seen with purified plasmid
DNA complexed with transfection reagent (Figure 2d). The density gradient fractions that exhibit Cre activity when added to
reporter cells lack significant levels of Cre protein (Figure 2b) but containCreDNA that biochemically resemblesDNAcomplexed
with transfection reagent (Figure 2d-f). While the EV-enriched fraction F1 also contains DNA, it appears to be localized inside
vesicles and not associated with transfection reagent (Figure 2e-f).
Why then would chloroquine enhance delivery of Cre DNA contained in DTC (Figure 1e) but not Cre protein in EVs

(Figure 2c)? A possible explanation is that chloroquine is thought to enhance delivery of nucleic acids through the “proton
sponge effect”, essentially causing rupture of endolysosomal membranes and release of their contents into the cytosol (Varkouhi
et al., 2011). This type of release would present a topological problem for EV-mediated delivery as the cargo would still be located
within the intact vesicle, whereas DTC would be able to transfect the cell; this would explain why DNA located inside EVs was
unable to transduce recipient cells while the same plasmid in DTC was effective (Figure 2). A productive method of EV cargo
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delivery would entail either disruption of both the endosomal and EV membranes, or fusion of the EV membrane with the
endosomal or plasma membrane of the recipient cell. Evidence for the latter mechanism has been recently demonstrated in the
context of engineered EVs by the functional delivery of mRNA only when the EVs carry a fusogenic protein such as VSVg or
Syncytin (Segel et al., 2021).
Several artefacts that can confound EV studies have been reported, and inmost cases arise from contaminating factors that are

not adequately separated fromEVs. Examples include the co-purification of soluble proteins (Whittaker et al., 2020), lipoproteins
(Karimi et al., 2018; Coumans et al., 2017), or nucleic acid precipitates (Kooijmans et al., 2013). Although the artefact described
here was resistant to techniques commonly employed to reduce plasmid DNA contamination (nuclease treatment and media
exchanges), other approaches canmitigate this issue. Oneway to avoid this problem entirely is to generate cell lines stably express-
ing constructs of interest so that no transfection reagent can carry over to purified EVs. In cases where stable cell line generation
is not feasible, methods that isolate EVs from cell culture supernatants based primarily on size (differential centrifugation, filtra-
tion, size exclusion chromatography) may be particularly prone to the artefact described here. Ideally these approaches would be
coupled with orthogonal techniques that select for EVs based on a different property such as density (gradient centrifugation),
charge (ion exchange chromatography), ormolecularmarkers (immunoaffinity) to eliminate unwantedDTC.Once a purification
strategy has been employed, proper controls to rule out activity arising from this artefact should be included, such as employing
a construct that should be functional but not enriched in EVs (e.g., molecule of interest without an EV-localizing fusion).
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