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Extracellular vesicles are promising delivery vesicles for thera-
peutic RNAs. Small interfering RNA (siRNA) conjugation to
cholesterol enables efficient and reproducible loading of extra-
cellular vesicles with the therapeutic cargo. siRNAs are typically
chemically modified to fit an application. However, siRNA
chemical modification pattern has not been specifically opti-
mized for extracellular vesicle-mediated delivery. Here we
used cholesterol-conjugated, hydrophobically modified asym-
metric siRNAs (hsiRNAs) to evaluate the effect of backbone,
50-phosphate, and linker chemical modifications on productive
hsiRNA loading onto extracellular vesicles. hsiRNAs with a
combination of 50-(E)-vinylphosphonate and alternating 20-flu-
oro and 20-O-methyl backbone modifications outperformed
previously used partially modified siRNAs in extracellular
vesicle-mediated Huntingtin silencing in neurons. Between
two commercially available linkers (triethyl glycol [TEG] and
2-aminobutyl-1-3-propanediol [C7]) widely used to attach
cholesterol to siRNAs, TEG is preferred compared to C7 for
productive exosomal loading. Destabilization of the linker
completely abolished silencing activity of loaded extracellular
vesicles. The loading of cholesterol-conjugated siRNAs was
saturated at �3,000 siRNA copies per extracellular vesicle.
Overloading impaired the silencing activity of extracellular ves-
icles. The data reported here provide an optimization scheme
for the successful use of hydrophobic modification as a strategy
for productive loading of RNA cargo onto extracellular vesicles.

INTRODUCTION
Extracellular vesicles are being explored for therapeutic RNA delivery
due to (1) their small size (50–150 nm) allowing penetration through
some biological barriers,1,2 (2) their unique protein composition
enabling target cell specificity,3,4 and (3) their natural capacity to
transfer RNA between cells.5,6 Mesenchymal stem cell-derived extra-
cellular vesicles can deliver therapeutic miRNAs to brain.7–12 Small
interfering RNAs (siRNAs), similar to therapeutic microRNAs
(miRNAs), are capable of selective gene silencing.13 Thus, siRNAs
offer a therapeutic option for genetically defined diseases, such as
Huntington’s disease. However, delivery to target tissues remains
the bottleneck for clinical application of therapeutic RNAs, including
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siRNAs. Extracellular vesicles represent a strategy to overcome the
delivery challenge.14,15

Cholesterol conjugation-mediated loading of siRNAs onto extracel-
lular vesicles is among the most reproducible and scalable loading
strategies,14,16,17 characterized by efficient transfer of the loaded
cholesterol-siRNA to target cells. However, productive gene silencing
induced by the transferred cholesterol-siRNA was variable. We spec-
ulate that these variations are due to differences in siRNA chemical
modification patterns (45%–71% of riboses modified), cholesterol
placement position (50 or 30 of the sense strand), siRNA-to-extracel-
lular vesicle loading ratio (100s versus 1,000s of siRNAs per extracel-
lular vesicle), and siRNA concentrations used in silencing studies
(�50–1,500 nM).14,16,17 All studies used a version of pyrimidine-
modified siRNAs, which have been shown to provide stabilization
against nucleases in vitro in serum.18–20 Cholesterol-conjugated, but
not chemically modified, siRNAs have been shown to degrade in
the presence of extracellular vesicles due to endogenous RNase
activity.21

Advances in oligonucleotide chemistry have enabled the expansion of
siRNA use from in vitro serum-rich environments to systemic deliv-
ery in vivo.18,22–25 In particular, siRNAs with modification of all ri-
boses22,23,26–29 (with 20-fluoro and 20-O-methyl) were 10,000-fold
more active in vivo30 than partially modified siRNAs similar to
siRNAs originally used for extracellular vesicle loading.14,16,17 A sec-
ond type of modification, 50-(E)-vinylphosphonate, also improved the
activity of systemically administered conjugated siRNAs.31–33 How-
ever, full chemical modification did not affect the activity of non-con-
jugated siRNAs delivered in cationic liposomes.24,34,35 Extracellular
vesicle-mediated delivery of hydrophobically modified asymmetric
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Figure 1. Triethyl Glycol Linker for Cholesterol Is Favorable

Fluorescent, fully modified hsiRNA was loaded onto extracellular vesicles, primary murine cortical neurons were treated for 1 week, and target Htt mRNA silencing was

measured using QuantiGene (Affymetrix). (A) hsiRNA conjugated to cholesterol with either a TEG (triethyl glycerol) or a C7 (2-aminobutyl-1-3-propanediol) linker was loaded

onto extracellular vesicles at varying hsiRNA-to-extracellular vesicle ratios. (B) Huntingtin mRNA silencing in primary neurons 1 week after treatment with varying concen-

trations of hsiRNA-loaded extracellular vesicles. mRNA levels were normalized to housekeeping gene Hprt and expressed as percentage of untreated control. UNT, un-

treated; n = 3; mean ± SEM. (C) Level of silencing from (B) was normalized to hsiRNA content of loaded extracellular vesicles.
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siRNAs (hsiRNAs) combines principles of siRNA conjugation and
lipid nanoparticle technology. The impact of siRNA chemical modi-
fications on efficacy of extracellular vesicle-mediated delivery is,
therefore, difficult to predict and remains unknown.

Among many synthetic approaches on cholesterol attachment to the
siRNA, TEG (triethyl glycol) and C7 (2-aminobutyl-1-3-propane-
diol) linkers are frequently used and commercially available. In the
amino linker class, the C7 linker was optimal for siRNA passive up-
take.36 Despite the common use of both linkers, no systematic com-
parison has been published to date.

Here we evaluated the impact of siRNA chemical modification
patterns, cholesterol attachment via different linkers, and siRNA-
to-extracellular vesicle loading ratio on functional extracellular
vesicle-mediated delivery of siRNAs. We used siRNA concentrations
ranging from 23 to 1,500 nM in all experiments. We used mesen-
chymal stem cells (derived from umbilical cord Wharton’s jelly) as
extracellular vesicle producer cells, because they have been proven
safe in numerous clinical trials,37,38 provide higher extracellular
vesicle yield compared to other origins of mesenchymal stem cells
(R.A.H., unpublished data), and mesenchymal stem cells have been
shown to be beneficial in Huntington’s disease,39 the disease model
used in this study.

RESULTS
Linker Chemistry Influences Efficiency of Cholesterol-Mediated

Loading of siRNAs onto Extracellular Vesicles

To compare two commercially available strategies to conjugate
cholesterol to siRNAs (TEG and C7 linkers), we used a previously
developed asymmetric siRNA scaffold,18,40 characterized by a short
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duplex region (15 bp) and a fully phosphorothioated tail assisting
membrane association18,41,42 (hsiRNAs). hsiRNAs are either partially
modified with 20-fluoro pyrimidines on the antisense strand and 20-O-
methyl pyrimidines on the sense strand, or they are fully modified
using alternating 20-O-methyl and 20-fluoro pattern providing
endonuclease stability and protection from innate immune
response.23,43,44 We synthesized fully modified cholesterol-hsiRNAs
targeting HuntingtinmRNA40 using either TEG or a C7 linkers (Fig-
ure 1). Cholesterol-hsiRNA variants were loaded onto extracellular
vesicles at increasing hsiRNA-to-extracellular vesicle ratios (Fig-
ure 1A) Both variants showed efficient loading onto extracellular ves-
icles with saturation kinetics (Figure 1A). Cholesterol-TEG-hsiRNAs
loaded more efficiently onto extracellular vesicles than cholesterol-
C7-hsiRNAs at all ratios tested (Figure 1A; p = 0.0059). More efficient
loading led to more potent Huntingtin mRNA silencing, when
primary neurons were treated with extracellular vesicles loaded to
saturation (cholesterol-TEG IC50 �8 � 106 extracellular vesicles,
cholesterol-C7 IC50 �22 � 106 extracellular vesicles; p = 0.0008; Fig-
ure 1B). hsiRNA uptake into neurons was confirmed using peptide-
nucleic acid (PNA) hybridization assay (Figure S3E). Normalization
to hsiRNA content eliminated the observed differences (p > 0.05; Fig-
ure 1C) in silencing. Thus, silencing potency of the two hsiRNA
variants was the same. Improved silencing activity upon extracellular
vesicle-mediated delivery could be fully explained by better loading of
cholesterol-TEG-hsiRNA onto extracellular vesicles. Therefore,
cholesterol-TEG-hsiRNA was used for subsequent experiments.

Optimization of Cholesterol-hsiRNA-to-Extracellular Vesicle

Ratio: 1,000–3,000 hsiRNAs per Extracellular Vesicle Is Preferred

Contrary to conventional siRNA extracellular vesicle-loading ap-
proaches (i.e., electroporation or overexpression in parent cells),



Figure 2. Loading of hsiRNA to Extracellular

Vesicles Is a Partially Saturatable Process

(A) Cholesterol-hsiRNA was loaded onto extracellular

vesicles at different hsiRNA-to-extracellular vesicles ra-

tios. The loading curve shows and initial saturation phase

followed by a secondary linear phase. Transmission

electron microscopy images correspond to hsiRNA-

loaded extracellular vesicles at an hsiRNA-to-extracellular

vesicle ratio of 3,000, 10,000, and 100,000. Scale bar

represents 500 nm. (B) Loading efficiency at varying

hsiRNA-to-extracellular vesicle ratios. (C) Particle con-

centration as assessed by nanoparticle-tracking analysis

after loading at varying hsiRNA-to-extracellular vesicle

ratios. (D) Huntingtin mRNA silencing in primary neurons

1 week after treatment with extracellular vesicles loaded

with hsiRNAs at hsiRNA-to-extracellular vesicles ratios of

3,000, 10,000, and 100,000 (1,000, 3,000, and 18,000

RNAmolecules per vesicle loaded). UNT, untreated; n = 3;

mean ± SEM.
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hydrophobic modifications of siRNA enable the association of a large
number of RNA molecules per extracellular vesicle. To define an
optimal hsiRNA-to-extracellular vesicle ratio, i.e., ratio supporting
productive target mRNA silencing, we evaluated the effect of hsiRNA
concentration during the loading process (1,000 to 100,000 hsiRNA
copies per extracellular vesicle added to the loading mixture). The
addition of 6,000 hsiRNAs per extracellular vesicle into the loading
mixture resulted in �2,600 hsiRNAs associated per vesicle (Fig-
ure 2A), leading to 43% loading efficiency (Figure 2B). A further in-
crease in the amount of hsiRNAs added to the loading mixture (9,000
and 12,000 per vesicle) did not support an increase in the amount of
extracellular vesicle-associated hsiRNAs (Figure 2A), indicating a
level of intermediate saturation at �2,500–3000 hsiRNAs per vesicle.
As the amount of loaded hsiRNAs stayed constant, the estimated
loading efficiency decreased from 43% to 23% (Figure 2B).

Following this initial saturation phase, we observed a linear increase
in the amount of hsiRNAs loaded per extracellular vesicle, starting
at approximately 20,000 hsiRNA per extracellular vesicle added to
the loading mixture, representing a constant loading efficiency of
18% (Figure 2B). Transmission electron microscopy showed similar
lipid bilayer-surrounded vesicles post-loading at hsiRNA-to-extracel-
lular vesicle ratios below the initial saturation phase (3,000), at the
initial saturation phase (10,000), and in the linear increase phase
(100,000) (Figure 2A). Increasing hsiRNA-to-extracellular vesicle
loading ratio beyond 20,000 resulted in an increased total particle
number (Figure 2C). Loading hsiRNAs onto extracellular vesicles
did not alter the protein content (Figures S2A–S2C) or size (Fig-
ure S2D) of vesicles. The same phenomenon of initial saturation
phase followed by a linear increase phase was observed when loading
cholesterol-C7-hsiRNA to extracellular vesicles (Figure S3B) or both
cholesterol-TEG-hsiRNA (Figure S3C) and cholesterol-C7-hsiRNA
(Figure S3D) to conventional liposomes. During saturation phase,
more hsiRNAs could be loaded onto liposomes than to extracellular
vesicles (Figures S3C and S3D), suggesting that the protein content
of extracellular vesicle membrane may interfere with hsiRNA loading.
The formation of extra particles in the presence of vesicles may be ex-
plained by hsiRNA aggregation.

Next, we evaluated how hsiRNA-to-extracellular vesicle ratio affected
the ability of loaded extracellular vesicles to silenceHuntingtinmRNA
in primary neurons. 3,000, 10,000, and 100, 000 hsiRNAs (per vesicle)
were added to the loading mixture, generating extracellular vesicles
with 1,000, 3,000, and 18,000 RNA molecules loaded per vesicle,
respectively. From three hsiRNA-to-extracellular vesicle ratios tested,
extracellular vesicles containing 3,000 hsiRNAs per vesicle performed
the best with an IC50 of 37 nM (Figure 2D). In contrast, extracellular
vesicles underloaded (1,000 hsiRNAs per extracellular vesicle) or over-
loaded (18,000 hsiRNAs per extracellular vesicle) were less efficient in
Huntingtin mRNA silencing (IC50 1,330 nM and 1,164 nM, respec-
tively) (Figure 2D). As extracellular vesicles loaded with 3,000
hsiRNAs (saturation level) were 36-fold more potent than under-
loaded and 31-foldmore potent than overloaded extracellular vesicles,
extracellular vesicles loaded with 3,000 hsiRNAs were used for subse-
quent experiments. Extracellular vesicles were more efficient at deliv-
ering hsiRNA and inducing Huntingtin silencing than conventional
liposomes or hsiRNA delivered carrier-free (p < 0.0001; Figure S3A).

Full Chemical Stabilization of RNA Cargo Improves Productive

Loading onto Extracellular Vesicles

To evaluate the impact of chemical modifications on extracellular
vesicle-mediated delivery of hsiRNAs, we synthesized four different
hsiRNA variants: (1) partially modified (all pyrimidines modified,
similar to commercially available siRNAs18,19), (2) partially modified
Molecular Therapy Vol. 26 No 8 August 2018 1975
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Figure 3. Full Stabilization of hsiRNA Is Beneficial for Extracellular Vesicle-Mediated Delivery

(A) Scheme of chemically modified hsiRNAs. P-PM, partially modified backbone with 50-phosphate on guide strand; P-FM, fully modified backbone with 50-phosphate on

guide strand; VP-PM, partially modified backbone with 50-(E)-vinylphosphonate on guide strand; VP-FM, fully modified backbone with 50-(E)-vinylphosphonate on guide

strand. (B) Primarymurine cortical neurons were incubated for 1 week with cholesterol-hsiRNA variants with different extents of 20 ribose and 50 endmodifications either alone

(carrier-free) or loaded onto extracellular vesicles or conventional liposomes, target HuntingtinmRNA silencing was measured, and silencing potency was calculated (IC50).

n = 3, mean ± SEM. Pairwise comparison of curves was conducted using two-way ANOVA with Tukey’s post hoc test. Significance is depicted in gray. (C) Experiment from

(B) conducted with extracellular vesicle-mediated delivery. (D) Experiment from (B) conducted with liposome-mediated delivery.
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with 50-(E)-vinylphosphonate,31–33,45 (3) fully modified (100% of ri-
boses modified22,23,26–29), and (4) fully modified with 50-(E)-vinyl-
phosphonate (Figure 3A). In fully modified hsiRNA variants,
four additional phosphorothioate modifications were introduced
compared to partially modified variants, to provide additional stabi-
lization from exonuclease activity (Figure 3A).

Surprisingly, only 50-(E)-vinylphosphonate modification improved
Huntingtin mRNA-silencing activity of hsiRNA-loaded extracellular
vesicles (p = 0.009), whereas full modification of hsiRNA backbone
alone had no effect (p > 0.05) (Figure 3C). The same effects were
observed when using PPIB-targeting hsiRNAs (Figures S4E–S4G).
However, when combined with 50-(E)-vinylphosphonate, full hsiRNA
backbone modification further improved silencing (p < 0.0001)
compared to 50-(E)-vinylphosphonate alone (p = 0.009) (Figure 3C).
Thus, phosphatase resistance provided a larger benefit than nuclease
resistance during extracellular vesicle-mediated delivery of hsiRNAs
1976 Molecular Therapy Vol. 26 No 8 August 2018
to neurons. An opposite effect was observed with carrier-free (i.e.,
no extracellular vesicles, liposomes, or transfection reagents used
for delivery) hsiRNA uptake, where full modification of hsiRNA
backbone improved silencing (p = 0.0004), whereas 50-(E)-vinyl-
phosphonate did not (p > 0.05) (Figure 3B). Indeed, previous data
showed no effect of 50-(E)-vinylphosphonate modification on
silencing activity of siRNAs delivered carrier-free to HeLa cells.33

As another control, we used conventional neutral liposomes with a
size range (Figure S1) and loading technique identical to that of extra-
cellular vesicles (i.e., hsiRNAs residing predominantly on the surface
of liposomes). When hsiRNAs were delivered in neutral liposomes,
the effect of chemical modifications resembled carrier-free delivery,
with full modification of hsiRNA backbone improving silencing activ-
ity the most (p = 0.006).

Thus, the biological origin and contents of extracellular vesicles
represent a likely reason for increased relative importance of



Figure 4. Cleavable Cholesterol Impairs Activity of Cholesterol-hsiRNA-Loaded Extracellular Vesicles

(A) Incorporation of moderately (20-deoxy-DNA, blue) or highly (20-hydroxy-RNA, green) endonuclease-sensitive bases into the sense strand is a strategy to facilitate cleavage

of cholesterol from cholesterol-conjugated hsiRNA. (B) Huntingtin mRNA silencing in primary neurons 1 week after treatment with hsiRNA variants alone (carrier-free) or

loaded onto extracellular vesicles or liposomes at varying concentrations. UNT, untreated; n = 3; mean ± SEM.
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50-(E)-vinylphosphonate over chemical modification of siRNA back-
bone. Indeed, a variety of nucleases, including 50-nucleotidase, was
detected in extracellular vesicles purified from umbilical cord-derived
mesenchymal stem cells using mass spectrometry (Table S2).

The Stability of the Cholesterol Linker Is Essential for Productive

hsiRNA Loading onto Extracellular Vesicles

Loading of hsiRNAs onto extracellular vesicles is dependent on the
presence of the hydrophobic cholesterol conjugate,14 which anchors
the hsiRNA onto the membrane. Stable association with membranes
may potentially trap siRNAs in endosomes and limit loading into cyto-
plasmic RNA-induced silencing complex (RISC), thus impairing
silencing activity.46 Introduction of cleavable linkers has been used
as a successful strategy to enhance silencing activity of conjugated
siRNAs.47 To test whether the use of cleavable linkers is an advantage
in extracellular vesicle-mediated delivery of cholesterol-hsiRNAs, we
synthesized three hsiRNA variants with varying stability of the linker
connecting cholesterol to the hsiRNA. We used a fully chemically
modified hsiRNA variant containing 50-(E)-vinylphosphonate for
these studies. Incorporation of moderately (20-deoxy-DNA) or highly
(20-hydroxyl-RNA) endonuclease-sensitive bases between the sense
strand and the linker was used to modulate the rate of cholesterol
cleavage (Figure 4A). Destabilization of the linker chemistry greatly
impaired hsiRNA-silencing activity when delivered via extracellular
vesicles. Huntingtin mRNA silencing was completely abolished
(p < 0.0001) upon the incorporation of two 20-hydroxyl RNA residues
(highly endonuclease sensitive) and significantly reduced (p = 0.024)
upon the incorporation of 20-deoxy DNA residues (moderately endo-
nuclease sensitive) (Figure 4B, middle panel). On the contrary, chem-
ical stability of the linker had no effect on hsiRNA-silencing activity
when delivered carrier-free (Figure 4B, right panel) or in neutral lipo-
somes (Figure 4B, left panel). Thus, use of a stable linker is essential for
productive loading of extracellular vesicles with the RNA cargo.

DISCUSSION
Extracellular vesicles are promising delivery vesicles for therapeutic
RNAs. Cholesterol conjugation to siRNAs is a simple, scalable, and
widely used method to load extracellular vesicles with RNA cargo
that has proven useful in both in vitro16,17 and in vivo14 experiments.
Fluorescent cholesterol-hsiRNA loaded to extracellular vesicles has
been shown to distribute and silence target mRNA bilaterally in brain
following unilateral infusion.14 Furthermore, cholesterol-conjugated
RNA aptamers have been able to direct extracellular vesicles to tu-
mors in vivo.48 However, there is a lack of knowledge on the impor-
tance of typical siRNA chemical modifications18,22–25 on extracellular
vesicle-mediated delivery.

The presence of nucleases in extracellular vesicle preparations bears
consideration during the rational design of RNA cargo. This study
found that previously used partial modification of siRNA14,16,17 is
suboptimal for extracellular vesicle-mediated siRNA delivery.
Instead, siRNAs with a combination of 50-(E)-vinylphosphonate31–33

and alternating 20-fluoro and 20-O-methyl modifications22,23,26–29

performed best at extracellular vesicle-mediated delivery and
Molecular Therapy Vol. 26 No 8 August 2018 1977
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HuntingtinmRNA silencing in neurons. Furthermore, incorporation
of nuclease-sensitive bases into the cholesterol linker impaired extra-
cellular vesicle-mediated delivery of hsiRNAs. The benefit of chemical
modifications may stem from the localization of hsiRNAs (i.e., on the
surface of extracellular vesicles14), altered cellular internalization
pathway,14 as well exosomal protein content, including a variety of
nucleases (Figure S2)49 and nuclease activity.21

Here we showed that the cholesterol conjugation strategy to siRNA
plays an important role in extracellular vesicle-mediated delivery
and, therefore, should be included in optimized RNA cargo design. Be-
tween two commercially available strategies to conjugate cholesterol to
the 30 end of the siRNA sense strand, TEG proved to be favorable
compared toC7 for productive exosomal loading of cholesterol-siRNA.
Both length and hydrophilic character of the TEG linker might favor
the lipid bilayer geometry and promotemore efficient hsiRNA loading.

The mechanism of extracellular vesicle uptake is not fully understood.
There are data supporting endocytosis-mediated uptake,50 membrane
fusion,51 phagocytosis,52 and macropinocytosis.53 We speculate that
extracellular vesicles may use multiple pathways for cellular uptake
and delivery of hsiRNA. Confocal microscopy has shown intracellular
punctate of fluorescent hsiRNA when delivered via extracellular ves-
icles14 and dominantly plasma membrane fluorescence when hsiRNA
was delivered carrier-free.40 These previous observations suggest that
the uptake mechanism of hsiRNA-extracellular vesicle complexes is
distinct from the uptake mechanism of hsiRNA alone.

Our data suggest that hsiRNA loading onto extracellular vesicles satu-
rates at�3,000 hsiRNAsmolecules per extracellular vesicle. In addition,
overloading (more than 5,000 hsiRNAs per extracellular vesicle) may
induce aggregation via interferingwithmembrane curvature and vesicle
integrity, and thereby it may adversely affect productive gene silencing.
Therefore, we suggest �3,000 hsiRNAs per extracellular vesicle as
optimal loading capacity. This number might be altered by the nature
of the hydrophobic conjugate of hsiRNA (i.e., other than cholesterol)
and extracellular vesicle membrane composition, which varies greatly
depending on the parent cell.4,54 Thus, themaximal hsiRNA copynum-
berper extracellular vesiclewill need to be defined for eachhydrophobic
conjugate of siRNA and extracellular vesicle cell source separately.

The data presented here provide a detailed framework for the success-
ful use of hydrophobic modification as a strategy for productive
loading of RNA cargo onto extracellular vesicles. A similar chemical
optimization strategy is likely needed when taking advantage of extra-
cellular vesicles for in vivo delivery of other oligonucleotide species,
including CRISPR guide RNAs, artificial miRNAs, small mRNAs,
RNA tethers, aptamers, or antisense oligonucleotides.

MATERIALS AND METHODS
Oligonucleotides

Oligonucleotides were synthesized using standard phosphoramidite
chemistry as described previously.28,33,40 siRNA sequences and chem-
ical modification patterns used in this study are described in Table S1.
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Cell Culture

Umbilical cord, Wharton’s jelly-derived mesenchymal stem cells
(PCS-500-010, ATCC, Manassas, VA) were cultured in appropriate
stem cell medium (PCS-500-030, ATCC, Manassas, VA) in the pres-
ence of 2% fetal bovine serum (FBS) and growth factors (PCS-500-
040, ATCC, Manassas, VA) at 37�C and 5% CO2. Medium was
changed every 3 days, and cells were expanded until passage 12 s,
to reach a total of 3,000 cm2 surface in T500 triple flasks.

Isolation of Extracellular Vesicles

Medium on umbilical cord-derived mesenchymal stem cells was
changed to extracellular vesicle-depleted medium (centrifuged at
100,000 � g for at least 17 hr) and incubated for 48 hr. Extracellular
vesicles were then purified from this conditioned medium via differ-
ential ultracentrifugation as described previously.14 Briefly, cell debris
was pelleted at 300 � g (10 min). Larger vesicles were pelleted at
10,000 � g (30 min), then supernatant was filtered through a
0.2-mm membrane (Nalgene aPES, Thermo Fisher Scientific, Wal-
tham, MA) and extracellular vesicles were pelleted at 100,000 � g
(90 min) using 70-mL polycarbonate bottles (Beckman Coulter,
Brea, CA; 355622) and Type 45 Ti rotor (Beckman Coulter, Brea,
CA; 339160). Extracellular vesicle pellet was then washed once in
1 mL sterile PBS and centrifuged again for 90 min at 100,000 � g
in a tabletop ultracentrifuge using a TLA-110 rotor (Beckman
Coulter, Brea, CA; 366730).

Characterization of Extracellular Vesicles

Nanoparticle Tracking Analysis (NanoSight NS300, Malvern, Mal-
vern, UK) was used to measure concentration and size distribution
of extracellular vesicles. Briefly, samples were diluted in PBS 1:1,000,
manually injected into the instrument, and videos were acquired at
ambient temperature at camera level 9 for 1 min per sample (n = 3)
(Figure S1). Extracellular vesicles were then frozen at �80�C in
0.1 M sucrose and appropriate dilution of protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO; P8340) until further use. Transmis-
sion electron microscopy of extracellular vesicles was conducted at
Mass General Hospital using a JEOL 1100 transmission electron mi-
croscope (JEOL, Peabody, MA) at 60 kV, as described previously.4

For western blotting, extracellular vesicle or cell pellets were sus-
pended in radioimmunoprecipitation assay (RIPA) buffer (Pierce
899000, Thermo Fisher Scientific, Waltham, MA) containing
PMSF (36978, Thermo Fisher Scientific, Waltham, MA) and prote-
ase inhibitor cocktail (cOmplete Mini, 11836153001, Roche, Indian-
apolis, IN), and samples were sonicated for 15 min. Insoluble
material was pelleted by centrifugation for 15 min at 13,000 rpm
at 4�C. Proteins (50 mg) were loaded and simultaneously analyzed
on NuPAGE 4%–12% Bis-Tris gels (Invitrogen). After transfer to
polyvinylidene fluoride (PVDF) (Bio-Rad, Hercules, CA) mem-
branes, antibody incubation and development were performed using
the Odyssey system (LI-COR Biosciences, Bad Homburg, Ger-
many), according to the manufacturer’s instructions. Primary
antibodies used were Calnexin (C5C9, Cell Signaling Technology,
Danvers, MA), CD63 (H193, Santa Cruz Biotechnology, Dallas,
TX), Tsg101 (4A10, Abcam, Cambridge, MA), and CD81 (B11,
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Santa Cruz Biotechnology, Dallas, TX). Liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) of extracellular vesicles was
performed as described previously.4

Liposome Preparation

Dioleoyl-phosphatidylcholine (DOPC) (Avanti Polar Lipids,
Alabaster, AL; 850375) and cholesterol (Avanti Polar Lipids,
Alabaster, AL; 700000) were diluted in chloroform at a concentration
of 50 mg/mL. 35 mL DOPC and 15 mL cholesterol was transferred into
a glass vial, and chloroform was evaporated under argon flow. The
resulting lipid film was rehydrated in 500 mL PBS (Dulbecco’s Phos-
phate Buffered Saline, Corning, Manassas, VA; 21-031-CV), soni-
cated for 15 min in water bath (Branson ultrasonic cleaner 40 kHz,
Cleanosonic, Richmond VA; BB5510), and then extruded using
Mini-Extruder (Avanti Polar Lipids, Alabaster, AL; 610000) through
a 50-nm pore-sized polycarbonate membrane (Whatman Nucleo-
pore, MilliporeSigma, St. Louis, MO; WHA800308).

Loading hsiRNAs onto Extracellular Vesicles and Liposomes

Known numbers of extracellular vesicles or liposomes were co-incu-
bated with known amounts of hsiRNAs at 37�C for 1 hr in 500 mL PBS
(i.e., loading mixture). Then the extracellular vesicle-hsiRNAmixture
was centrifuged at 100,000 � g for 90 min, and the supernatant con-
taining unloaded hsiRNA was removed (supernatant). Pellet was
taken up in 500 mL PBS for fluorescence measurement or in 300 mL
Neural Q medium for treatment of primary neurons.

To quantify loading of Cy3-labeled hsiRNA, a 200-mL aliquot was
taken from resuspended extracellular vesicle pellet or from the super-
natant. Fluorescence was assessed at 550-nm excitation and 570-nm
emission on a TECAN instrument. Percentage of loaded hsiRNA
was calculated as follows: pellet/(pellet + supernatant). To estimate
hsiRNA copy number per extracellular vesicle, the following formula
was used: (percent of loaded hsiRNA)� (amount of hsiRNA initially
mixed in with extracellular vesicles [mol]) � (Avogadro number)/
(number of extracellular vesicles initially mixed in).

To quantify loading of not fluorescently labeled hsiRNAs, a PNA
hybridization based assay was used.33,55 Briefly, a 10-mL aliquot
of resuspended extracellular vesicle pellet loaded with hsiRNAs
was diluted in 90 mL RIPA buffer (Pierce 899000, Thermo Fisher
Scientific, Waltham, MA) and sonicated for 15 min. Then 30 mL
3M KCl was added to precipitate SDS from the lysate, and precip-
itated SDS was pelleted at 5,000 � g for 15 min. Supernatant was
then removed and a Cy3-labeled PNA oligonucleotide (PNA Bio,
Newbury Park, CA) fully complementary to hsiRNA guide strand
was added to the extracellular vesicle lysate and annealed at
95�C for 15 min, followed by incubation at 50�C for 15 min and
cooling to room temperature. Then PNA-annealed extracellular
vesicle lysate was injected into high-performance liquid chroma-
tography (HPLC) anion exchange column (Dionex DNAPac
PA100, Thermo Fisher Scientific, Waltham, MA) using an auto-
sampler (1260 Infinity system, Agilent, Santa Clara, CA). The mo-
bile phase used for HPLC was 50% acetonitrile, 25 mM Tris-HCl
(pH 8.5), and 1 mM EDTA in water, and 0–800 mM NaClO4

salt gradient was used to elute the hsiRNA-PNA hybrid. Quantifi-
cation was performed using a calibration curve of known amounts
of hsiRNAs.

Preparation of Primary Cortical Neurons

All animal procedures were approved by the University of Mas-
sachusetts Medical School Institutional Animal Care and Use Com-
mittee (IACUC, protocol number A-2411). Primary cortical
neurons were isolated from embryonic day (E)15.5 mouse embryos
of wild-type FVBNj mice. Pregnant females were anesthetized by
either intraperitoneal injection of ketamine (100 mg/kg, KETASET,
Zoetis, Kalamazoo, MI) and xylazine (10 mg/kg, AnaSed, AKORN,
Laker Forest, IL; NDC59399-111-50) or isoflurane (Isoflurane, USP,
Piramal Cricital Care, Betlehem, PA; NDC66794-013-010), and cer-
vical dislocation followed. Embryos were removed and transferred
to ice-cold DMEM/F12 medium (Invitrogen, Carlsbad, CA;
11320). Brains were removed from DMEM and meninges were care-
fully detached under a microscope. Cortices were isolated and trans-
ferred into pre-warmed (37�C) papain-DNase solution for 30 min at
37�C and 5% CO2 to dissolve the tissue. Papain (Worthington,
Lakewood, NJ; 54N15251) was dissolved in 2 mL Hibernate E
(Brainbits, Springfield, IL; HE) and supplemented with 0.25 mL
10 mg/mL DNase1 (Worthington, Lakewood, NJ; 54M15168) in
Hibernate E. After 30-min incubation, the papain solution was
removed and 1 mL NeuralQ (Sigma-Aldrich, St. Louis, MO;
N3100) supplemented with 2.5% FBS was added to the tissue. Tis-
sues were then dissociated by trituration through a fire-polished,
glass Pasteur pipet. Neurons were counted using Neubauer chamber
and diluted at 106 cells/mL. 105 neurons per well were plated on
96-well plates pre-coated with poly-L-lysine (BD BIOCOAT, Corn-
ing, NY; 356515). After overnight incubation at 37�C and 5% CO2,
an equal volume of NeuralQ supplemented with anti-mitotics,
0.484 mL/mL 50UtP (Sigma, St. Louis, MO; U6625) and
0.2402 mL/mL 50FdU (Sigma, St. Louis, MO; F3503), was added to
prevent the growth of non-neuronal cells. Half of the volume of me-
dia was replaced with fresh NeuralQ containing anti-mitotic every
48 hr until the experiments were performed.

Measurement of hsiRNA-Silencing Activity in Neurons

Neurons were treated with hsiRNA-loaded extracellular vesicles (re-
suspended in NeuralQ medium) and incubated for 7 days at 37�C
and 5% CO2 post-treatment. Neurons were then lysed and mRNA
quantification was performed using the QuantiGene 2.0 assay kit (Af-
fymetrix, QS0011, Thermo Fisher Scientific, Waltham, MA), as
described previously.56 Catalog numbers for probes used in
QuantiGene 2.0 assay kit are as follows: mouse Htt (Affymetrix,
SB-14150, Thermo Fisher Scientific, Waltham, MA), and mouse
Hprt (Affymetrix, SB-15463, Thermo Fisher Scientific, Waltham,
MA). Datasets were normalized to housekeeping gene Hprt and pre-
sented as percentage of untreated control. Eachmeasurement was run
in duplicates. hsiRNAPPIB was used as non-targeting control forHun-
tingtin silencing, and hsiRNAHTT was used as a non-targeting control
for PPIB silencing.
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Measurement of hsiRNA Uptake to Neurons

hsiRNA guide strands in neuron cell lysates were quantified using a
PNA hybridization assay.28,33,55,57 PNAs are oligonucleotides
where the sugar-phosphate backbone is replaced with a polyamide
backbone. PNAs have no charge and have a high hybridization
energy to RNA. SDS from leftover neuron lysates after mRNA
quantification was precipitated with 3 M KCl and pelleted at
4,000 � g for 15 min. hsiRNA guide strands in cleared supernatant
were hybridized to fully complementary Cy3-labeled PNA strands
(PNABio, Thousand Oaks, CA). hsiRNA-PNA duplexes were
injected into HPLC DNAPac PA100 anion exchange column
(Thermo Scientific, Carlsbad, CA), and Cy3 fluorescence was
monitored and peaks integrated. The mobile phase for HPLC was
50% water 50% acetonitrile, 25 mM Tris-HCl (pH 8.5), and
1 mM EDTA and the salt gradient was 0–800 mM NaClO4. For
the calibration curve, a known amount of hsiRNA duplex was
spiked into cell lysis solution.

Statistical Analysis

Data were analyzed using GraphPad Prism 7, version 7.04
(GraphPad Software, La Jolla, CA). In in vitro-silencing experi-
ments, the IC50 values were determined by fitting dose-response
curve using log(inhibitor) vs. response – variable slope (four
parameters) equation. Curves were compared using two-way
ANOVA. Differences in all comparisons were considered signifi-
cant at p values < 0.05.
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