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elucidate limiting steps in EV-mediated delivery
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Extracellular vesicles (EVs) mediate intercellular communication through transferof RNA and protein between cells.

Thus, understanding how cargo molecules are loaded and delivered by EVs is of central importance for elucidating

the biological roles of EVs and developing EV-based therapeutics. While some motifs modulating the loading of

biomolecular cargo into EVs have been elucidated, the general rules governing cargo loading and delivery remain

poorly understood. To investigate how general biophysical properties impact loading and delivery of RNA by

EVs, we developed a platform for actively loading engineered cargo RNAs into EVs. In our system, the MS2

bacteriophage coat protein was fused to EV-associated proteins, and the cognate MS2 stem loop was engineered into

cargo RNAs. Using this Targeted and Modular EV Loading (TAMEL) approach, we identified a configuration that

substantially enhanced cargo RNA loading (up to 6-fold) into EVs. When applied to vesicles expressing the vesicular

stomatitis virus glycoprotein (VSVG) � gesicles � we observed a 40-fold enrichment in cargo RNA loading. While

active loading of mRNA-length (�1.5 kb) cargo molecules was possible, active loading was much more efficient for

smaller (�0.5 kb) RNA molecules. We next leveraged the TAMEL platform to elucidate the limiting steps in

EV-mediated delivery of mRNA and protein to prostate cancer cells, as a model system. Overall, most cargo was

rapidly degraded in recipient cells, despite high EV-loading efficiencies and substantial EV uptake by recipient cells.

While gesicles were efficiently internalized via a VSVG-mediated mechanism, most cargo molecules were rapidly

degraded. Thus, in this model system, inefficient endosomal fusion or escape likely represents a limiting barrier

to EV-mediated transfer. Altogether, the TAMEL platform enabled a comparative analysis elucidating a key

opportunity for enhancing EV-mediated delivery to prostate cancer cells, and this technology should be of general

utility for investigations and applications of EV-mediated transfer in other systems.
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S
ince the discovery that extracellular vesicles (EVs),

including exosomes and microvesicles, can transfer

functional RNA and protein between cells (1�3),

there has been much interest in understanding the rules

that govern the loading of biomolecular cargo into EVs

and subsequent EV-mediated delivery of such cargo to

recipient cells. While miRNA loading and functional

delivery is now relatively well-studied (1,4�10), mRNA

and protein delivery has been less thoroughly explored.

Open questions thus include: Why are EVs enriched in

small RNAs compared to EV-producing cells (1,11,12)?

How does RNA-loading efficiency depend on the size

of the RNA molecule? What factors impact the degree

to which RNA and protein cargo are delivered to the

cytoplasm of recipient cells?

EVs are generally enriched in small RNAs, when com-

pared to the RNA pools in the cells from which EVs are

derived, but our understanding of this phenomenon is

incomplete (1,11�13). One potential explanation for this

observation is the existence of sorting mechanisms that

actively incorporate small RNAs into EVs. For example,

Villarroya-Beltri et al. discovered sequence motifs that are

�
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highly enriched in EV-associated miRNAs, compared to

cell-associated miRNAs, and determined that sumoylated

hnRNAPA2B1 binds to these ‘‘EXOmotifs’’ to mediate

loading of bound RNAs into EVs (8). Annexin A2 was also

shown to play a role in loading a subset of miRNAs into

EVs, though no sequence dependence was observed (14). A

process for actively loading miRNAs into EVs could bias

the EV RNA population towards smaller RNAs. However,

there seem to be active processes for loading some mRNAs

into EVs as well. Bolukbasi et al. discovered sequence

motifs that lead to enhanced loading of mRNAs into EVs,

via a mechanism that involves sequence-specific interac-

tions between mRNA and specific miRNA (15). EVs are

also enriched in other small RNAs, including yRNAs,

tRNAs and mRNA fragments (13), although no active

loading mechanism has yet been identified for these cargo

molecules. Altogether, these observations suggest that while

some specific active loading mechanisms may exist, it

is possible that RNA size directly impacts EV-loading

efficiency as well, although this hypothesis has not been

directly tested. Thus, the general rules governing RNA-

loading efficiency remain rather poorly understood.

Although EV-mediated delivery of mRNA and pro-

tein products has been reported for several systems,

there remains substantial uncertainty as to whether the

cargo molecules were delivered to the cytoplasm and to

what extent, if any, post-delivery translation of cargo

mRNA may have occurred. Mizrak et al. found that

overexpressing an exogenous cargo protein (CD-UPRT,

a prodrug-converting enzyme) in EV-producing cells was

sufficient to load both CD-URPT mRNA and protein into

EVs (16). EV-receiving cells treated with the cognate prodrug

experienced toxicity, whereas control EV-receiving cells

did not. While this observation confirmed that CD-UPRT

enzyme was functional in recipient cells, such activity

could be mediated from either endosomal or cytoplasmic

locations. Whether CD-UPRT mRNA was translated in

recipient cells was not investigated, such that it is not clear

whether endosomal escape (e.g. via intermembrane fusion

between EVs and endosomes) and cytoplasmic delivery

occurred in this system. Kanada et al. observed that

exosomes and microvesicles delivered a luciferase-RFP

fusion protein to recipient cells (17). Delivered protein was

observed in punctae within recipient cells, again suggesting

accumulation of EV cargo in endosomes. The luciferase-

RFP mRNA could be detected in recipient cells 24 h post

EV-delivery, and by 48 h this mRNA could no longer be

detected � such degradation could have occurred via either

lysosomal or cytoplasmic routes. Perhaps, the strongest

evidence for cytoplasmic delivery of mRNA or protein EV

cargo was reported by Zomer et al. and Ridder et al., who

observed that EV-mediated transfer of nuclear-targeted

Cre protein could catalyze recombination in recipient

cells (18,19). Since Cre mRNA but not protein was

detected in EVs, both studies concluded that post-delivery

translation of Cre mRNA conferred the observed recom-

bination. Finally, it is possible that the relative rates at

which mRNA and protein are loaded into EVs and

delivered by EVs to recipient cells depend on both

mRNA and protein abundance as well as the cell types

serving as EV senders and EV receivers. Resolving these

important questions, and elucidating which steps limit EV-

mediated delivery in any one system, thus requires a

comparative approach.

The above questions and phenomena have proven

challenging to investigate quantitatively, in part because

we lack tools for modulating the efficiency with which

RNA cargo is loaded into EVs. For example, a general-

izable method for actively loading RNAs into EVs would

enable a direct comparison of loading efficiency between

RNAs by testing what can be loaded. Importantly, such a

method would facilitate direct comparison within a single

EV producer cell type. Furthermore, the ability to tune

RNA cargo loading into EVs would enable an evaluation

of the effects of RNA cargo abundance on functional cargo

delivery to the cytoplasm of recipient cells. To meet these

needs, in this study we developed a general platform for

actively loading RNA into EVs, which we term the Targeted

and Modular EV Loading (TAMEL) platform, and we

used this technology to investigate the important open

questions posed above.

Methods

Plasmid construction
Human Lamp2b cDNA clone 3543019 was purchased

from Open Biosystems (now sold by Dharmacon) and

inserted into pcDNA3.1� Hygro (Clontech). A C-terminal

GSG spacer and an HA peptide tag (YPYDVPDYA) were

added by PCR to create plasmid pMEH31. The pMS2-

GFP plasmid, which encodes the MS2 bacteriophage coat

protein tandem dimer (mutant d1FG and V29I (20,21)),

was obtained from Addgene (plasmid #27121), deposited

by Robert Singer (22). The MS2 dimer was amplified from

this plasmid and inserted into pMEH31 with a 7-amino-acid

peptide spacer (GASGSGS) downstream of Lamp2b and

upstream of HA by PCR and restriction digest to create

plasmid pMEH60. Human CD63 cDNA was amplified

from HEK293FT cell lysate using F: ATCATCGGTAC

CATGGCGGTGGAAGGAGGAATG and R: GGCTG

GGCTAGCCATCACCTCGTAGCCACTTCTGATACT

CTTCAC and substituted in place of Lamp2b; CD63 was

inserted with or without a C-terminal fusion to the MS2

dimer (� MS2: pMEH343, �MS2: pMEH371). The same

method was used for human Hspa8 (isoform 1), obtained

via amplification from HEK293FT cDNA using F: ATCA

TTGGTACCATGTCCAAGGGACCTGCAG, and R: AC

CAACGCTAGCATCAACCTCTTCAATGGTGGGCC

CTG(�MS2: pMEH361, -MS2: pMEH365). This method

was also used for vesicular stomatitis virus glycoprotein
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(VSVG, Clontech) �MS2: pMEH381, �MS2: pMEH380.

A plasmid encoding tandem dTomato was purchased from

Addgene (plasmid 18917), deposited by Scott Sternson (23).

A sequence encoding the dTomato monomer was amplified

and inserted with (pMEH275) or without (pMEH373) an

N-terminal SV40 nuclear localization sequence (NLS) (24)

into pGIPZ (obtained from Northwestern High Throughput

Analysis Core Facility) in place of GFP by PCR and

restriction digest. Single MS2 loops in the 3? UTR were

added by PCR to pMEH275 to create pMEH294 (high-

affinity MS2 loop) and pMEH295 (wild-type MS2 loop).

DNA sequences encoding tandem repeats of MS2 loops

were synthesized (ThermoFisher Scientific) and inserted

downstream of dTomato into pMEH275 by restriction

digest to create pMEH280 (3� high-affinity MS2 loops)

and pMEH303 (6� high-affinity MS2 loops). Plasmid

pXX30 containing Cas9 was a generous gift from Erik Son-

theimer (UMass). Cas9 was amplified from this plasmid and

inserted in place of dTomato with 3 high-affinity MS2 loops

(pMEH305). The gene encoding mTFP1 was synthesized

(ThermoFisher Scientific) and inserted into pGIPZ in place

of GFP to create pMEH286 (used as a transfection control

plasmid in EV production experiments, below). Plasmid

maps are included as supplementary information.

Cell culture and transfection
HEK293FT cells (ThermoFisher Scientific) and PC-3 cells

(gifted by Chung Lee, Northwestern University) were

maintained at 378C in 5% CO2 in Dulbecco’s Modified Eagle

Medium (DMEM) supplemented with 10% FBS, 1%

penicillin�streptomycin and 4 mM L-glutamine. Sublines

generated from these cells (see Cell Line Generation

section) were cultured in the same way. HEK293FT cells

and sublines were plated at �106 cells/mL in 15 cm dishes

(20 mL medium). After 6�8 h, when cells were �70�80%

confluent and well attached to the plate, 30 mg of DNAwas

transfected using the CaCl2�HEPES-buffered saline

(HeBS) method. For EV production, cells were transfected

with 10 mg of plasmid encoding Lamp2b, Hspa8 or CD63

fusion protein, 15 mg of pcDNA 3.1� Hygro and 5 mg of

pMEH 286 as a transfection control. Transfection efficien-

cieswere estimated by visualization of mTFP1 fluorescence

and EVs were harvested so long as visual transfection

efficiencies exceeded �60% (typical efficiencies were

�60�80%). For gesicle production, cells were transfected

with 15 mg of pMEH380 or pMEH381, 10 mg of pcDNA

3.1� Hygro and 5 mg of pMEH286 as a transfection

control. Transfection efficiency was evaluated as with EV

production. And 12�16 h after transfection, medium was

changed to EV-depleted medium (see EV Isolation and

Characterization section).

Cell line generation
To package lentiviral vectors, HEK293FT cells were plated

at � 8�105 cells/mL in 10 cm dishes (8 mL). Six to eight

hours later, when cells were �60�70% confluent and

well attached to the plate, cells were transfected with 3 mg

of pMD2G, 8 mg of pspax (gifted by William Miller,

Northwestern University), 10 mg of viral vector (pGIPZ

backbones) and 1 mg of pDsRedExpress2 (Clontech).

Twelve to fourteen hours later, medium was changed.

Twenty-eight hours after the medium change, conditioned

medium was harvested, cleared of cells by centrifugation

at 500 g for 2 min and filtered through a 0.4-mm pore

filter (VWR, Radnor, PA, USA). Cleared supernatant was

then concentrated by ultracentrifugation at 24,200 rpm

using an SW41 Ti rotor in an L-80 Optima XP ultracen-

trifuge for 90 min. The pellet was harvested and added to

HEK293FT cells (for dTomato and Cas9 viruses), trans-

duced at an estimated multiplicity of infection of 3. All cell

lines generated in this study are described in Table I.

EV isolation and characterization
EV-depleted medium was generated by pelleting FBS-

derived EVs from DMEM containing 20% FBS by

ultracentrifugation at 26,500 rpm in an Optima XP

ultracentrifuge (Beckman Coulter) with the SW41Ti rotor

for 135 min at 48C. The cleared supernatant was mixed

with serum-free supplemented DMEM to achieve a final

concentration of 10% FBS in ‘‘EV-depleted medium.’’

For EV production, cells were incubated for 24 h before

conditioned medium harvest, since EV concentration in

conditioned medium was not observed to differ signifi-

cantly at 24, 36 or 48 h of incubation, indicating that a

steady state of EV production and uptake was reached by

24 h (Michelle Hung and Joshua Leonard, unpublished

observations). For gesicle production, cells were incubated

Table I. Cell lines generated in this studya

Cell line

name Cell line description

MH 94 293FT�NLS dTomato � no loops

MH 97 293FT�NLS dTomato � 3� high-affinity loops (HAL)

MH 99 293FT�NLS dTomato � 1� high-affinity loop (HAL)

MH 100 293FT�NLS dTomato � 1� wild-type loop (WTL)

MH 103 293FT�NLS dTomato � 6� high-affinity loops (HAL)

MH 111 293FT�Cas9 � 3� high-affinity loops (HAL)

MH 129 293FT�cytosolic dTomato

aCell lines created for this study. MH 94, 97, 99, 100 and 103

express cargo RNA encoding NLS dTomato (�1.8 kb, including

a WPRE inserted immediately downstream of the coding
sequence) in which different numbers and affinities of MS2-

binding loops were inserted into the 3? UTR (downstream from

the WPRE). MH 103 contains the long cargo RNA, encoding Cas9
(�5.4 kb, again including a WPRE) with 3 high-affinity MS2 loops

(HAL) in the 3? UTR. These cell lines were used to stably express

cargo RNA for evaluating active and passive loading into EVs.

MH 129 constitutively expresses cytosolic dTomato and was
used for comparison with MH 97 to evaluate delivery of dTomato

mRNA and protein.
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for 48 h before conditioned medium harvest, as previ-

ously described (25). EVs were isolated from conditioned

medium by differential centrifugation at 48C. Conditioned

medium was centrifuged at 300 g for 10 min, 2,000 g for

10 min and then 10,000 g for 30 min; the supernatant was

retrieved at each step to remove cells, cell debris and

apoptotic bodies, respectively (26). From this clarified

supernatant, EVs were pelleted by ultracentrifugation as

described above. Gesicles were isolated from conditioned

medium as previously described (25). Briefly, conditioned

medium was centrifuged at 300 g for 10 min to remove cells,

filtered through a 0.4-mm pore filter and gesicles were

pelleted by ultracentrifugation at 30,000 rpm for 1 h at 48C.

EVand gesicle morphology was evaluated by transmission

electron microscopy using a 4% uranyl acetate negative

stain (Supplementary Fig. 1a and b, respectively). EVs and

gesicles displayed round, membrane-bound morphologies

and appeared to be 50�200 nm in diameter, as expected.

EV and gesicle size distributions and concentrations were

profiled by NTA (Supplementary Fig. 1c and d, respec-

tively) using a NanoSight LM10-HS (Malvern) with a laser

wavelength of 405 nm and NanoSight NTA software v2.3.

Videos were acquired at camera level 14. Ambient tem-

perature (228C) was used and 100 nm calibration beads

(Malvern) were used to check that sizing was accurate.

Samples were introduced manually. Three 30 s videos were

analysed per sample. EVs were diluted 1:50 and gesicles

were diluted 1:100 in PBS to keep concentration between

2 and 9�106 vesicles/mL. Vesicle concentration was defined

as the mean of the concentrations determined from each of

the 3 videos. Videos were analysed at a detection threshold

of 7. The blur, minimum track length and minimum

expected particle size were set automatically by the soft-

ware. EV and gesicle size distributions were approximately

normal, with means between 100 and 200 nm, as expected.

Immunoblotting and densitometry
For western blot analysis, EVs and gesicles were heated

in Laemmli buffer at 708C. Protein concentration was

measured by BCA assay (Pierce), and several concentra-

tions of each protein were loaded in each lane of a 4�15%

gradient polyacrylamide gel (Bio-Rad). After transfer

to a PVDF membrane (Bio-Rad) at 100 V for 1 h,

membranes were blocked for 1 h in 5% milk at room

temperature and blotted with rabbit anti-HA antibody

(Cell Signaling Technology C29F4) diluted 1:1,000 and

incubated overnight at 48C. Primary antibodies were

detected with horseradish peroxidase-conjugated goat�
antirabbit immunoglobulin G secondary antibody (Ther-

mofisher Scientific). Densitometry analysis was performed

using ImageJ software (NIH) according to the user guide.

Analysis of RNA in EVs
EVs and gesicles were lysed with Trizol (ThermoFisher

Scientific), and RNA was isolated according to the manu-

facturer’s protocol. cDNA synthesis was performed with

the M-MuLV reverse transcription kit (NEB) using the

included oligo dT primer. The following qPCR primers were

used to amplify full-length dTomato: F: TGTCCCGGGG

AATGGTGAGCA, R: TCGCCCTCGCCCTCGATCTC;

full-length Cas9: F: AGTAGCGGTGGGCCAAAGAAG,

R: ACAGAGTTGGTGCCGATGTCC; dTomato and Cas9

3? fragments: F: TCCCTTCGGCCCTCAATCCA, R: TGA

ACCCGGGAAGGTACCGA; and GAPDH: F: TGAGC

TGAACGGGAAGCTCACTGGC, R: GCAATGCCAG

CCCCAGCGTCAAAG. GAPDH-normalized mRNA ra-

tios were statistically tested using a 2-sided Student’s t-test

and considered significant at pB0.05.

EV and gesicle delivery experiments
Recipient PC-3 cells were plated 24�36 h before EV or

gesicle delivery at �1.5�105 cells/mL in 48-well plates

(0.4 mL medium). EV or gesicles were counted by Nano-

Sight, and equal numbers of vesicles were added to each

well. Between 6�109 and 2�1010 vesicles were added

per well for dTomato delivery. Fluorescence of PC-3 cells

after vesicle delivery was analysed on a BDLSRII flow

cytometer. FCS files were analysed using FlowJo (TreeStar).

Mean fluorescence intensity (MFI) of vesicle-receiving

cells was normalized by the MFI of cells receiving only a

medium change (i.e. autofluorescence) to facilitate com-

parisons across different points in a time course. Differ-

ences in normalized MFI were statistically evaluated using

a 2-sided Student’s t-test and considered significant at

pB0.05. Where indicated, PC-3 cells were treated with

cycloheximide (CHX; Sigma) dissolved in Dimethyl sulf-

oxide (DMSO) and used at a final concentration of

20 mg/mL. For visualization of dTomato delivery, PC-3

cells cultured in 48-well plates were imaged using an

inverted fluorescent Leica DM-IL LED microscope with

a Leica N plan 10�/0.25 PH1 objective lens, and images

were captured with a high-resolution cooled Q-imaging

CCD using an exposure time of 150 ms. Micrographs and

overlays presented in Supplementary Fig. 4b were created

using ImageJ software (NIH). The brightness and contrast

of the brightfield and dTomato channel images were

adjusted to facilitate visualization of delivered dTomato

in the overlays. Identical adjustments were applied across

each corresponding set of images.

Results

Active loading enhances cargo RNA incorporation
into EVs
To help elucidate the general rules governing EV-

mediated loading and delivery of RNA, we first sought

to develop a technology for actively loading any RNA of

interest into EVs. To this end, we designed a TAMEL

platform, comprising an engineered EV-loading protein

and a cargo RNA. The EV-loading protein is a fusion

protein between an EV-enriched protein (EEP) and an
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RNA-binding domain (RBD). The cargo RNA displays

the binding motif recognized by the RBD (Fig. 1a). To

investigate the TAMEL strategy, we first selected the

exosomal protein, Lamp2b (27�29), as a candidate EEP,

and the MS2 bacteriophage coat protein dimer (a well-

characterized RNA-binding protein (21)) as the RBD.

The MS2 dimer was fused to the EV-luminal C-terminus

of Lamp2b, such that RNA bound to the MS2 dimer

would be incorporated into the EV interior. An HA

affinity tag was also added to the C-terminus of the MS2

dimer, resulting in the candidate EV-loading protein

Lamp2b�MS2�HA.

We next investigated whether the candidate-loading

protein could facilitate active, specific loading of a cargo

RNA into EVs. To this end, a series of HEK293FT cell

lines was lentivirally transduced to stably express variants

of a model cargo RNA encoding nuclear-targeted dTo-

mato (NLS dTomato) (Table I). Each cargo RNA was

engineered to include 0, 1, 3 or 6 MS2 loops in the 3?UTR,

and both the wild-type MS2 loop (WTL, Kd�1 nM) and

a mutated high-affinity loop (HAL, Kd�0.2 nM) (21)

were tested. Each line was transfected with plasmids

encoding Lamp2b�MS2�HA, or Lamp2b�HA as a con-

trol for the effects of Lamp2b overexpression on EV

production and loading. There was no difference in the

number of EVs produced by HEK293FT cells transfected

with Lamp2b�HA or Lamp2b�MS2�HA (Supplementary

Fig. 2a). Cargo RNA levels were quantified in both cell

lysates and EVs isolated from these cells. Transfection of

Lamp2b�HA into the EV-producing cells did not sig-

nificantly impact cargo RNA/GAPDH ratios in EVs

or cells relative to non-transfected cells (tested in cell line

MH97, expressing cargo RNA with 3 high-affinity MS2

loops) (Supplementary Fig. 2b).

To quantify the effect of active loading, we defined the

‘‘fold enrichment of cargo RNA �/�MS2’’ as the ratio of

cargo RNA/GAPDH mRNA in EVs derived from cells

expressing Lamp2b�MS2�HA divided by the same RNA

ratio in EVs derived from cells expressing Lamp2b�HA.

Cargo RNA bearing a single copy of either MS2 loop did

not exhibit active loading (Fig. 1b). However, cargo RNA

bearing 3 or 6 HAL motifs exhibited similar significant

degrees of active loading. This indicated that active

loading required a high-affinity and high avidity interac-

tion between the EV-loading protein and the cargo RNA,

with 3 loops being sufficient to mediate active loading.

In most cases, expression of Lamp2b�MS2�HA did not

result in any change in the level of the cargo RNA in

cells, as expected. Thus, the observed enrichment of

cargo RNA in EVs was due to active RNA loading rather

than increased concentration-driven passive loading. Sur-

prisingly, expression of Lamp2b�MS2�HA significantly

(but modestly) also enhanced levels of 6� HAL cargo

RNA in cells, potentially via Lamp2b�MS2�HA-binding

induced stabilization of the cargo RNA. Based on these

observations, 3� HAL cargo RNAs were used for all

subsequent active loading experiments.

Small RNAs are actively loaded more efficiently than
are long RNAs
Given the observation that EV contents are enriched in

small RNA fragments (1,12), we next investigated whether

RNA size also impacts the efficiency of active RNA

loading, using the TAMEL system. We first hypothesized

that if some cargo RNA were partially degraded in EV-

producing cells, then some smaller cargo RNA fragments

may still bear HAL motifs and exhibit active loading. To

test this question, we used qPCR to compare the levels of

full-length cargo RNA (�1.8 kb, as quantified in Fig. 1b)

to the levels of 3? cargo RNA domains (i.e. the terminal

500 bases including the 3� HAL motif, which is present

in both 3? RNA fragments of various lengths and full-

length cargo RNA, as illustrated in Fig. 1c) in both cells

and EVs (Fig. 1d, upper row). While most cargo RNAs in

cells appeared to be full length, EVs were vastly enriched

in 3? RNA fragments compared to full-length cargo RNA.

Such 3? RNA fragments also exhibited significant active

loading when EV-producing cells expressed Lamp2b�
MS2�HA. Note that the 3? RNA fragment pool actually

represents a distribution of RNA sizes spanning 500 bases

up to full cargo RNA length. To further investigate the

impact of cargo RNA size, we conducted similar experi-

ments using a longer cargo RNA encoding the Cas9

protein (�5.4 kb) (Fig. 1d, lower row). In this case of

longer cargo RNA, some 3? fragments were observed

in EV-producing cells. However, EVs were enriched in

3? cargo RNA fragments, compared to full-length cargo

RNA, to an extent greater than can be explained by

this moderate difference in concentration driving force.

Active loading also resulted in a greater ratio of 3? Cas9

fragments to full-length RNA than 3? dTomato fragments

to full-length RNA. To investigate whether cargo RNA

fragments were generated in cells, prior to EV production,

or via degradation of full-length cargo RNA in secreted

EVs, we incubated EVs at 378C and monitored levels

of both full-length cargo RNA and 3? fragments (Fig. 1e

and Supplementary Fig. 2c). Levels of both RNA species

held constant over 8 h of incubation, suggesting that

fragmentation occurred prior to loading cargo RNA into

EVs. Altogether, these observations indicate that (1) smaller

RNAs were loaded into EVs at much greater efficiency than

were longer RNA, via either passive or active mechanisms,

and (2) active loading had a greater effect on the loading

efficiency of longer cargo RNA compared to that of smaller

cargo RNA.

Choice of EEP strongly impacts RNA-loading
efficiency
We next investigated whether our choice of EEP (Lamp2b

in the above experiments) impacts the degree to

which the TAMEL mechanism confers active loading of
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cargo RNA. We hypothesized that EEP choice could

impact loading efficiency if different EEPs are expressed in

cells and loaded into EVs to different extents. To test this

hypothesis, we investigated the use of alternative EEPs

CD63, an exosome-enriched tetraspanin (30,31), and

Hspa8, an EV-enriched cytosolic protein (31). We also

investigated a modified version of Lamp2b bearing an

N-terminal glycosylation motif (GNSTM), which we pre-

viously showed to accumulate in EVs at higher levels than

does unmodified Lamp2b (28). MS2 fusions of GNSTM�
Lamp2b and CD63 conferred greater active loading of

full-length (�1.8 kb) cargo RNA than did Lamp2b,

resulting in an average of �4-fold and �6-fold cargo

RNA enrichment in EVs for GNSTM�Lamp2b and

CD63, respectively (Fig. 2a). In contrast, Hspa8 fusions

conferred no cargo RNA enrichment in EVs. None of

these EEPs modulated cargo RNA levels in EV-producing

cells. Transfection of EV-producing cells with the different

EEPs did not significantly impact the number of EVs

generated (Supplementary Fig. 2d).

To further elucidate the impact of EEP choice, we next

investigated whether the TAMEL approach could confer

active loading of cargo RNA into gesicles, which are

vesicles produced from cells expressing the VSVG (25).

Since Hspa8, but not Lamp2b or CD63, is enriched in

gesicles (25), both VSVG and Hspa8 were investigated as

MS2 fusion EEPs in gesicles. Notably, VSVG�MS2�HA

was a highly effective EEP, mediating an average of 42-fold

enrichment of full-length cargo RNA (�1.8 kb) in gesicles

(Fig. 2b). As was observed in EVs, however, Hspa8�MS2�
HA did not mediate active loading of cargo RNA

in gesicles. Also as observed in EVs, EEP choice did not

impact the number of gesicles produced (Supplementary

Fig. 2d). Why EEP choice so dramatically impacted loading

efficiency in both EVs and gesicles was not yet clear.

We hypothesized that if the efficiency with which EEP�
MS2 fusion proteins are incorporated into EVs limits the

degree of active cargo RNA loading, then EEP protein

abundance in EVs would correlate with the observed

extents of active loading. Since the TAMEL approach

specifically enables such direct comparisons, we quantified

the extent to which each engineered EEP protein was in-

corporated into EVs or gesicles (Fig. 2c; primary western

blot images and corresponding densitometry analyses

are presented in Supplementary Fig. 3a�c). As predicted,

the rate of engineered EEP incorporation into EVs cor-

related well with the extent to which these proteins con-

ferred active cargo RNA loading, with CD63�MS2�HA

and VSVG�MS2�HA being both most efficiently incor-

porated and most effective for loading RNA into EVs and
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gesicles, respectively. Altogether, these results indicate that

active cargo RNA loading via the TAMEL approach is

a robust strategy that is adaptable to multiple EEPs.

Fate of EV cargo RNA upon delivery to recipient cells
EVs are capable of delivering mRNA and protein cargo to

recipient cells, yet as discussed above, the extent to which

this cargo is released into the cytoplasm in recipient cells

is generally less clear and requires further study. To this

end, we next leveraged the TAMEL system as a novel

experimental method for investigating this question by

selectively enhancing the loading of cargo mRNA. Since

such delivery phenomena may well be system-specific,

we chose to investigate this question in the context of a

clinically motivated model system � delivery of mRNA to

prostate cancer cells (PC-3), which we previously observed

to robustly internalize EVs from HEK293FT cells (Sup-

plementary Fig. 4a). To help distinguish between delivery

of cargo protein and delivery of cargo mRNA, we built a

cargo RNA encoding a nuclear-targeted protein (NLS�
dTomato) as well as a 3? 3�HAL motif to facilitate active

loading. We hypothesized that minimal NLS�dTomato

protein from EV-producing cells would be loaded into EVs,

such that this strategy should facilitate the observation of

any cargo mRNA translated after delivery to recipient

cells. To test whether vesicles from cells expressing NLS�
dTomato�3� HAL contain dTomato protein, 5�109

EVs or gesicles were bound to latex beads and analysed by

flow cytometry (Fig. 3a). Both EVs and gesicles exhibited

some protein loading, with gesicles appearing to be more

enriched in dTomato protein than were EVs. We next

evaluated whether these vesicles could confer fluorescence

upon recipient PC-3 cells (Fig. 3b and Supplementary

Fig. 4b and c). As a control, we also evaluated vesicles from

cells expressing dTomato (no NLS), since this modification

was expected to enhance passive loading of protein (but

not mRNA) into EVs. As expected, delivery of EVs

containing cytoplasmically targeted dTomato conferred

much greater fluorescence than did delivery of EVs

containing NLS�dTomato. Thus, we concluded that while

EV-mediated delivery of some NLS�dTomato protein

could be possible, protein loading into EVs was indeed

substantially reduced by engineered subcellular localization.

We next investigated the fate of NLS�dTomato pro-

tein and cargo RNA following EV-mediated delivery

to recipient cells. First, we evaluated dTomato delivery

by EVs in which cargo RNA was loaded either actively

or passively by expression of CD63�MS2�HA or CD63�
HA, respectively. To initially investigate whether cargo

molecules were delivered to the cytoplasm of recipient

cells, we quantified EV-mediated dTomato delivery after

4 h, changed medium in some groups and evaluated

fluorescence again 12 h later (Fig. 4a and Supplementary

Fig. 3a). We hypothesized that if mRNA and/or protein

were delivered to the cytoplasm, then fluorescence would

persist or increase due to evasion of lysosomal degrada-

tion and, potentially, new translation of delivered mRNA.

Moreover, if mRNA escape were possible, then actively

loaded EVs may confer a greater persistent signal than

would passively loaded EVs. If recipient cells were con-

tinuously incubated with EVs across this interval, con-

ferred fluorescence was relatively constant between 4 and

16 h post-delivery (Fig. 4a and Supplementary Fig. 5a),

and in subsequent experiments this pattern extended to

at least 24 h post-delivery (Supplementary Fig. 5b). Several

observations suggested that cargo delivery to the cyto-

plasm was minimal. First, for cells in which medium

was changed at 4 h post-delivery, conferred fluorescence
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diminished substantially in the following 12 h (Fig. 4a

and Supplementary Fig. 5a). This loss is not readily

attributable to cell division [PC-3 cell doubling time is

�38 h (32)] or protein degradation in the cytoplasm,

where dTomato half-life is expected to be at least 24 h (33).

Moreover, active cargo mRNA loading conferred no

enhancement in persistent dTomato fluorescence in reci-

pient cells. Thus, it is likely that sustained incubation of
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recipient cells with EVs represents a steady state between

continuous uptake and degradation of EV contents, with

this particular model system exhibiting no evidence of

endosomal escape.

We next performed a parallel analysis to investigate

the fate of cargo molecules when delivered by gesicles,

which express the fusogenic protein VSVG. As with EVs,

cargo mRNAs were loaded into gesicles by active (VSVG�
MS2�HA) or passive (VSVG�HA) means, and a medium

change strategy was applied to investigate whether dTomato-

associated fluorescence would persist (Fig. 4b and

Supplementary Fig. 5c). As was observed with EVs, gesicle-

mediated dTomato fluorescence was relatively constant

when cells were incubated continuously with vesicles over

24 h, and this fluorescence decreased substantially upon

medium change. Surprisingly, PC-3 cells receiving pas-

sively loaded gesicles were consistently more fluorescent

than actively loaded gesicles. This effect was independent

of the interaction between the MS2 protein and the cargo

RNA, since a similar difference was observed between

VSVG�MS2�HA and VSVG�HA gesicles from cells

expressing cargo RNA including no loops (Supplementary

Fig. 5d). Thus, VSVG appeared to play a role in gesicle

uptake, but not necessarily in endosomal escape. One likely

explanation is that VSVG generally mediates uptake via

binding the low-density lipoprotein (LDL) receptor, which

is expressed in PC-3 cells (34); this mechanism was recently

identified to confer VSVG-mediated lentiviral delivery

to many cells (35). Since fusing VSVG to a second protein

(e.g. VSVG�GFP) impairs the formation of VSVG�GFP

trimers (but not VSVG�GFP/VSVG heterotrimers) (36),

we hypothesized that VSVG�MS2�HA may inefficiently

form trimers and thus mediate reduced binding to the LDL

receptor. Moreover, we hypothesized that VSVG�HA and

VSVG�MS2�HA might be able to form heterotrimers,

recovering the delivery effect mediated by VSVG�HA,

and this was tested by generating ‘‘hybrid’’ gesicles from

cells expressing both VSVG�HA and VSVG�MS2�HA

(Fig. 4c). As anticipated, hybrid gesicles conferred dTomato

delivery comparable to that conferred by VSVG�HA

gesicles. Moreover, active loading of cargo RNA into

hybrid gesicles was just as robust as was active loading into

VSVG�MS2�HA gesicles (Fig. 4d). Thus, while the hybrid

gesicle approach achieved both active mRNA loading

(�40� enhanced cargo RNA loading) and enhanced

VSVG-mediated uptake, no additional dTomato fluores-

cence was observed by actively loaded versus passively

loaded gesicles. Altogether then, in this model system,

endosomal escape appears to limit gesicle-mediated deliv-

ery as was observed for EV-mediated delivery.

Given the substantial evidence suggesting that cargo

mRNA was not translated in recipient cells, we performed

one final investigation to rule out the possibility that

cargo mRNA translation in recipient cells contributed to

the steady-state fluorescence observed in recipient cells

cultured continuously with EVs. To address this possibi-

lity, cells were treated with 20 mg/mL of the translation

inhibitor CHX at 4 h after vesicle delivery was initiated,

and fluorescence was reassessed after another 4 h had

elapsed (Fig. 5a and Supplementary Fig. 5e). This time

scale is relevant because significant accumulation of

dTomato protein occurs within 4 h of inducing transcrip-

tion (37) and because CHX concentrations greater than

104 nM (�3 mg/mL) completely inhibit protein synthesis

in mammalian cells within at least 2 h (38). Overall, there

was no significant difference in fluorescence between

CHX-treated and control cells, indicating that translation

of mRNA into dTomato protein in recipient cells was

not significant. Altogether, our observations indicate

that in this model system (delivery of cargo molecules
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via HEK293FT-derived EVs and gesicles to PC-3 cells),

robust cargo delivery to the endosomal compartment may

be achieved, but escape from the endosomal/lysosomal

pathway is likely the limiting step in vesicle-mediated

delivery (Fig. 5b). Moreover, this comparative analysis

illustrates the utility of harnessing the TAMEL platform

for active RNA loading to elucidate the process of

EV-mediated intercellular transfer of biomolecules.

Discussion
A central motivation for this investigation is the general

need for approaches enabling modulation of RNA loading

to elucidate the rules governing both loading and delivery

of cargo RNA and proteins across different types of cells.

To meet this need, we developed the TAMEL platform.

Importantly, the TAMEL platform is both modular and

generalizable. Many types of RNA may be engineered to

harness this active loading approach, and an EV-loading

protein may be engineered from a variety of EEPs. Choice

of EEP strongly impacted the degree of active loading

mediated by the TAMEL platform, and this variation is

likely explained by variations in the abundance (in EVs) of

each engineered EEP. This concentration-driven phenom-

enon may also apply to natural active loading mechanisms

and may regulate the degree to which RNAs are actively

loading into EVs.

Our results provide the first direct evidence that RNA

loading into EVs is at least partially regulated by size alone.

3? Cargo RNA fragments (]0.5 kb) were heavily enriched

in EVs relative to full-length cargo RNA (]1.8 kb). An

alternative hypothesis � that mRNA fragments are actively

loaded into EVs by a native mechanism � could explain the

elevated levels of fragments in EVs compared to EV-

producing cells. However, such a hypothesis would not

explain why the TAMEL platform-mediated active load-

ing of 3? cargo RNA fragments to such a greater extent

than full-length cargo RNA, nor would it explain why

the shorter cargo RNA (1.8 kb dTomato) was loaded into

EVs more efficiently than was the longer cargo RNA

(5.4 kb Cas9). Therefore, we propose that 3? cargo RNA

fragments bound to EV-loading proteins are more effi-

ciently loaded into EVs than are large full-length RNAs

bound to EV-loading proteins, such that loading efficiency

decreases with cargo RNA size.

The combination of EV source and recipient cell type

may well play an important role in determining the fate

of EV-delivered biomolecules. Through this lens, our

observation of rapid EV cargo degradation in our model

system may help to interpret prior reports of RNA and

protein delivery by HEK293 cell line-derived vesicles

delivered to a variety of recipient cell types. In general,

our findings are consistent with those of Kanada et al.,

which held that protein delivered by HEK293FT-derived

EVs to HEK293FT cells localized to endosomes, and

that mRNA delivered by HEK293FT-derived EVs to

HEK293FTcells was not translated (17). Likewise, Mizrak

et al., demonstrated delivery, but not endosomal escape, of

CD-UPRT protein and mRNA by HEK293T-derived EVs

to HEI-193 schwannoma cells (16). Collectively, these

studies suggest that endosomal escape of cargo delivered

via HEK293-derived EVs is limited, and that an important

step in harnessing these and potentially other EVs as

delivery vehicles will be to increase vesicle content escape

from the endosome. By comparison, studies that have

concluded that EVs mediate functional mRNA delivery

utilized other EV sources: MDA�MB-231-derived EVs

delivered RNA to MDA�MB-231, MCF-7 or T47D cells

(18), and TU2449-derived EVs and LLC2-derived EVs

delivered RNA to murine MDSCs in vivo (19). For these

systems in which there is some evidence for functional

RNA delivery, whether RNA loading into EVs is limiting

remains unknown. However the TAMEL platform could

be applied to answer this question and, if needed, to

enhance active loading of cargo RNA into EVs.

We anticipate that the TAMEL platform will serve as a

useful tool for the EV community. This modular approach

should be applicable to EVs from any cell type, and for

loading many RNA types of interest. As EVs move

increasingly towards clinical applications, we would

posit that characterizing the limiting steps in any new EV

source/recipient cell system will be of increasing impor-

tance. This study also suggests that for applications in

which cargo RNA delivery is desired, active RNA loading

could substantially increase the number of cargo RNA

molecules per EV. Thus, the TAMEL platform could both

enable a better understanding of EV-mediated intercellular

communication and facilitate the development of EV-

based therapeutics.
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