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Based on their identification as physiological nucleic acid car-
riers in humans and other organisms, extracellular vesicles
(EVs) have been explored as therapeutic delivery vehicles for
DNA, RNA, and other cargo. However, efficient loading and
functional delivery of nucleic acids remain a challenge, largely
because of potential sources of degradation and aggregation.
Here, we report that protonation of EVs to generate a pH
gradient across EV membranes can be utilized to enhance
vesicle loading of nucleic acid cargo, specifically microRNA
(miRNA), small interfering RNA (siRNA), and single-stranded
DNA (ssDNA). The loading process did not impair cellular
uptake of EVs, nor did it promote any significant EV-induced
toxicity response in mice. Cargo functionality was verified by
loading HEK293T EVs with either pro- or anti-inflammatory
miRNAs and observing the effective regulation of correspond-
ing cellular cytokine levels. Critically, this loading increase is
comparable with what can be accomplished by methods such
as sonication and electroporation, and is achievable without
the introduction of energy associated with these methods that
can potentially damage labile nucleic acid cargo.
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INTRODUCTION
Extracellular vesicles (EVs) have emerged as potential drug carriers
for a wide variety of therapeutic applications. These cell-derived lipid
vesicles play critical roles in intercellular communication by acting as
vehicles for biomolecule transfer between cells,1–3 and they may over-
come biological hurdles that hinder the effectiveness of synthetic drug
delivery systems.4 In particular, EVs have been identified as potential
therapeutics via an RNA transfer mechanism,5,6 leading to their
emergence as promising vehicles for therapeutic RNA delivery. How-
ever, intrinsic RNA levels in EVs are relatively low, raising questions
about EV therapeutic potency and sparking investigations into
methods to increase levels of specific RNAs in EVs.

To enhance therapeutic RNA levels in EVs, approaches have focused
on modification of parent cells, as well as exogenous loading of fully
formed EVs after isolation. The former has been successfully em-
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ployed;7–11 however, this general strategy may hinder translation
because of safety and scalability concerns, and also would not be
applicable for EVs isolated from blood or biological fluids. Several
exogenous loading techniques have been reported, including active
methods such as electroporation and sonication. In particular, elec-
troporation remains among the most commonly reported approaches
to EV loading.12–17 However, literature reports of successes with this
method must be balanced against studies noting limitations such as
induction of significant aggregation of RNA cargo and changes to
EV morphology.18,19 Moreover, as with liposomes, electroporation
can also induce aggregation and fusion of EVs.20 Our group has pre-
viously shown that sonication allows for small interfering RNA
(siRNA) loading without significant aggregation, but we also demon-
strated nucleic acid degradation with longer sonication times.21 Addi-
tionally, heat shock has been used to enable functional microRNA
(miRNA) mimic loading,22 but this may also lead to nucleic acid
destabilization and could impact EV membrane fluidity. Passive
loading methods that do not involve exposing EVs and nucleic acid
cargo to external force have also been explored. Notably, chemical
modification of siRNAs23–25 has enabled high levels of functional
loading. This approach is promising, but it requires specific modifica-
tion of each prospective cargo molecule. Each of these strategies has
strengths and weaknesses, but none has been established as univer-
sally applicable for unlocking the full therapeutic potential of nucleic
acid delivery via EVs. Therefore, there remains a need to develop
additional nucleic acid loading methods for EVs.

Approaches for loading cargo into EVs can be informed by research
on liposomal systems, because EVs and liposomes share features of a
phospholipid bilayer enclosing an aqueous lumen.26–28 Due to previ-
ous work with liposomes showing that a transmembrane pH gradient
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Fi g u r e 1.  Pr e p a r ati o n a n d  C h ar a ct eri z ati o n  of  p H - E V s

( A)  S c h e m ati c d e s cri bi n g t h e st e p s t o pr e p ar e a n d l o a d p H- E V s. ( B) T h e c o n c e ntr ati o n of  H E K 2 9 3 T  E V s v er s u s si z e  w a s d et er mi n e d b y n a n o p arti cl e tr a c ki n g a n al y si s vi a

N a n o Si g ht.  S a m pl e s  w er e dil ut e d 1, 0 0 0-f ol d b ef or e a n al y si s. ( C) T h e a m o u nt of  H E K 2 9 3 T  E V s a s s o ci at e d p er  mi cr o gr a m of pr ot ei n  wit h or  wit h o ut p H gr a di e nt  m o di fi c ati o n

w a s d et er mi n e d b y t h e r ati o of  N T A a n d  B C A r e s ult s. T ot al pr ot ei n ( D) a n d i m m u n o bl otti n g ( E) of u n m o di fi e d a n d p H gr a di e nt- m o di fi e d  H E K 2 9 3 T  E V s. ( F)  D e n sit o m etr y of t h e

i m m u n o bl ot of  E V- a s s o ci at e d  m ar k er s. ( G) T E M at 2 0 0 k V s h o wi n g  E V  m or p h ol o g y (l o w er s c al e b ar, 2 0 0 n m).  St ati sti c al si g ni fi c a n c e  w a s e v al u at e d u si n g a t w o-t ail e d

u n p air e d t t e st; * p  < 0. 0 5.  Q u a ntit ati v e d at a  w er e d eri v e d fr o m t hr e e i n d e p e n d e nt e x p eri m e nt s  wit h at l e a st t w o t e c h ni c al r e pli c at e s p er e x p eri m e nt ( n  = 3); i m a g e s ar e

r e pr e s e nt ati v e of t hr e e i n d e p e n d e nt e x p eri m e nt s.

M ol e c ul ar T h er a p y
c a n b e us e d t o eff e cti v el y e n c a ps ul at e  w e a kl y b asi c or n e g ati v el y

c h ar g e d s m all- m ol e c ul e dr u gs, 2 9 – 3 3 w e h y p ot h esi z e d t h at t his pri n ci-

pl e c o ul d b e tr a nsl at e d t o l o a di n g n e g ati v el y c h ar g e d n u cl ei c a ci ds

wit hi n E Vs.  H er e,  w e r e p ort t h e p ar a m et er o pti mi z ati o n of p H

gr a di e nt- m e di at e d l o a di n g of  mi R N As t o  H E K 2 9 3 T- d eri v e d E Vs.

W e f urt h er d e m o nstr at e t h e f u n cti o n alit y of t h es e l o a d e d  mi R N As

vi a  m o d ul ati o n of pr ot ei n e x pr essi o n i n c ell ul ar s yst e ms, as  w ell as

t h e a bilit y t o s u c c essf ull y a d mi nist er p H gr a di e nt- m o difi e d E Vs

( p H- E Vs) t o a ni m als.

R E S U L T S
Pr e p ar ati o n a n d  C h ar a ct eri z ati o n  of  E V s

T o pr o m ot e t h e l o a di n g of n e g ati v el y c h ar g e d c ar g o,  w e us e d a p H

gr a di e nt t o r e n d er t h e i nt eri or of  H E K 2 9 3 T- d eri v e d E Vs a ci di c.

T his  w as a c c o m plis h e d b y fi rst d e h y dr ati n g t h e E Vs i n 7 0 % et h a n ol

a n d t h e n r e h y dr ati n g t h e m i n a n a ci di c citr at e b uff er ( p H 2. 5).  T o

r e pl a c e t h e s urr o u n di n g a ci di c b uff er  wit h a  m or e n e utr al b uff er,
9 7 6  M ol e c ul ar T h er a p y  V ol. 2 8  N o 3  M ar c h 2 0 2 0
w e di al y z e d E Vs i n  H E P E S- b uff er e d s ali n e ( H B S; p H 7), r es ulti n g

i n a p H gr a di e nt b et w e e n t h e i ntr a v esi c ul ar a n d e xtr a v esi c ul ar e n vi-

r o n m e nts (Fi g ur e 1 A).  T h e eff e cts of t his pr o c ess o n E V yi el d a n d

i nt e grit y  w er e ass ess e d b y n a n o p arti cl e tr a c ki n g a n al ysis ( N T A), bi-

ci n c h o ni ni c a ci d ( B C A) ass a y, a n d i m m u n o bl otti n g.  T h e r es ults

s h o w e d t h at b ot h u n m o difi e d a n d p H- E Vs f all  wit hi n a si mil ar si z e

r a n g e (Fi g ur e 1 B).  A d diti o n all y, t h e t ot al pr ot ei n c o nt e nt ass o ci at e d

wit h p H- E Vs d e cr e as e d i n c o m p aris o n  wit h u n m o di fi e d E Vs, a n d

t h us t h e a m o u nt of E Vs p er  mi cr o gr a m of pr ot ei n i n cr e as e d (Fi g-

ur e 1 C).  Di al ysis of E V s a m pl es t h at  w er e n ot p H gr a di e nt  m o di fi e d

l e d t o si mil ar eff e cts as s h o w n i n e x p eri m e nts c o m p ari n g fi ltr ati o n i n

pl a c e of di al ysis i n t h e pr o c e d ur e ( Fi g ur es S 1 A – S 1 C), s u g g esti n g

t h at di al ysis st e ps d uri n g t h e p H gr a di e nt pr o c ess  m a y r es ult i n r e d u c-

ti o n of hi g h  m ol e c ul ar  w ei g ht pr ot ei n c o nt e nt i n E V s a m pl es (Fi g-

ur e S 1 D).  Alt er n ati v el y, s o m e E V- ass o ci at e d pr ot ei ns  m a y b e

d e gr a d e d d uri n g t h e pr o c e d ur e. S u p p orti n g t his l att er p ossi bilit y, a

t ot al pr ot ei n g el s h o w e d s o m e b a n ds  wit h d e cr e as e d i nt e nsit y



Figure 2. Parameter Optimization for Nucleic Acid Loading to pH-EVs

Loading of pH gradient-modified HEK293T EVs with miR-93 was assessed by

fluorescence quantification after (A) 1-h incubation at the indicated temperatures,

(B) incubation at 22�C for the indicated times, and (C) 2-h incubation at 22�C with

the indicated internal pH values. Two-way ANOVA (A) and one-way ANOVA (C) with

Tukey’s multiple comparison test were used to determine significance; **p < 0.01,

*p < 0.05 in comparison with pH 7. Data were derived from three independent

experiments with at least two technical replicates per experiment (n = 3).
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(Figure 1D), and levels of EV-associated proteins Alix and TSG101
decreased after pH gradient modification (Figures 1E and 1F). How-
ever, the expression of EV-associatedmarker CD9was enriched in the
pH-EV sample (Figures 1E and 1F), indicating that some proteins
may be enriched in pH-EVs, and thus that degradation is not solely
responsible for any changes in protein content in these EVs. The
absence of expression of the endoplasmic reticulum-associated pro-
tein calnexin further verified the absence of intracellular contami-
nants within the EV samples34 (Figures 1E and 1F). Transmission
electron microscopy (TEM) (Figure 1G) revealed intact EVs after
pH gradient modification.

Parameter Optimization to Enhance Cargo Incorporation

The process variables of incubation temperature, time, and pH were
all investigated to promote the optimal loading of nucleic acid cargo.
Comparing a range of temperatures from 4�C to 60�C, incubation at
room temperature (22�C) was optimal for maximum observed incor-
poration of miRNA (Figure 2A). Cargo incorporation was found to
be the lowest at 4�C or 60�C incubation. Varying the duration of
EV incubation with cargo revealed that maximum observed incorpo-
ration was achieved after 2 h (Figure 2B). With longer incubation
times, a decrease in cargo incorporation was observed, with a 57%
decrease in total miRNA loaded between 2 and 6 h of incubation.
This could be potentially caused by the degradation of miRNA in
the buffer over time or by a loss of the pH gradient over time as nega-
tive cargo is entering the vesicles.

Based on liposomal studies,30 the degree of acidity of the intravesicu-
lar compartment was expected to significantly impact loading effi-
ciency. Using citrate buffers of varying acidic strengths, we observed
that miR-93 association with EVs increased with an increase in acidity
of the internal pH, with the highest cargo loading achieved at pH 2.5
(Figure 2C). The optimal observed combination of loading parame-
ters was thus a 2-h incubation time at room temperature with EVs
that had an internal pH of 2.5. Using these optimized conditions,
we then demonstrated that siRNA and single-stranded DNA
(ssDNA) could also be loaded at similar levels via the pH gradient
method (Figure 3).

Reusability of Excess Nucleic Acid Cargo

EV loading methods, such as electroporation, sonication, and heat
shock, that ultimately rely on cargo diffusion are inherently limited
in terms of efficiency. In these cases, the maximum possible loading
efficiency is dictated by the volumetric ratio between the cargo-
containing solution and the total intravesicular volume of EVs in
suspension. Solubility considerations and practical working volume
limitations often lead to this ratio being 20:1 or greater in favor of
the cargo solution volume, meaning that a maximum of 5% or less
of the total cargo in solution would be expected to associate with or
be encapsulated by EVs, even assuming perfect conditions for diffu-
sion. Previous studies have shown that loading by electroporation
or sonication can damage nucleic acid cargo through aggregation
and/or degradation,18,21,35 rendering any non-EV-associated cargo
useless. In contrast, we hypothesized that the pH gradient method
may allow for non-EV-associated cargo to be reused in additional
loading processes, thus increasing overall cargo utilization efficiency.
Testing this hypothesis with siRNA, we isolated non-EV-associated
cargo by filtration with 300-kDa molecular weight cut off (MWCO)
filters after 2-h incubation with pH-EVs. The recovered siRNA was
then added to fresh pH-EVs, and successful loading was confirmed
by fluorescence measurements of labeled siRNA (Table 1). Iterations
of this process were continued until we could no longer detect RNA
after washing steps, showing that we could reuse the same RNA to
Molecular Therapy Vol. 28 No 3 March 2020 977
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Figure 3. Loading of Multiple Cargo Classes into EVs via pH Gradient

Loading of miRNA (miR-93), siRNA (to GAPDH), and ssDNA (custom sequence) into

EVs by the pH gradient method was evaluated via fluorescent quantification of

labeled nucleic acid cargo. Data were derived from three independent experiments

with at least two technical replicates per experiment (n = 3).

Molecular Therapy
load four additional sets of EVs. Cargo miRNA integrity was evalu-
ated after four cycles of loading in pH buffer (Figure 4A) by visuali-
zation after gel electrophoresis.

pH-EVs Are Effectively Taken up and Exhibit No Significant

Toxicity

One potential pitfall of the pH gradient method was the possibility of
inhibited EV uptake via damage to surface proteins or lipids during
the dehydration/rehydration process. However, no significant differ-
ence in uptake between pH gradient-modified and unmodified
HEK293T EVs by HUVECs in culture was observed (Figure 4B);
data are shown after normalization to measurements of EV fluores-
cence before cell treatment. Toxicity was also evaluated in vivo by as-
sessing lavage fluid in the peritoneal cavity and plasma after multiple
EV injections into C57BL/6J mice. A total of 4.5 � 109 EVs of either
unmodified or pH-modified HEK293T-derived EVs were injected
i.p. daily for 3 days, and kidney injury, inflammation, and perito-
neal/blood cell population were carefully examined. qPCR results
indicated no effect of the pH gradient process on EV-induced
expression of acute kidney injury markers kidney injury molecule-
1 (KIM-1) and neutrophil gelatinase-associated lipocalin (NGAL)
(Figure 5A), while levels of pro-inflammatory cytokine inter-
leukin-6 (IL-6) in plasma and peritoneal lavage supernatant were
also unaffected (Figure 5B). To investigate whether pH-EV injection
would impact host immune cell composition, we performed immu-
nophenotyping experiments both locally in the peritoneal cavity
where the EVs were delivered and systemically in the blood circula-
tion. No significant differences between EV treatments were
observed in total cell numbers, resident macrophages (F4/80high/
Ly6G�), or monocytes (F4/80middle/ Ly6G�), whereas a slight in-
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crease of neutrophil population (F4/80�/Ly6G+) in the peritoneal
cavity was seen following administration of unmodified EVs
compared with control (Figure 5C). These data suggest that pH-
EVs did not significantly affect immune cell composition in the peri-
toneal cavity. Further, the percentages of monocytes (Ly6C+/
Ly6G�), neutrophils (Ly6C+/Ly6G+), T cells (CD3+/CD19�), and
B cells (CD3�/CD19+) in the blood as measured by flow cytometry
analysis suggested no significant systemic immunogenicity following
repeated administration of unmodified or pH-EVs (Figure 5D). EV
treatment also had little effect on hemoglobin levels, as well as leuko-
cyte and platelet counts (Table 2).

pH-EVs Deliver Functionally Active RNA Cargo

After evaluating that the pH gradient process did not induce signifi-
cant effects counter to productive therapeutic cargo delivery, we next
assessed the ability of pH-EVs to deliver functionally active RNA to
cells. Delivery by pH-EVs of siRNA targeted to the protein glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) in HEK293T cells re-
sulted in 54% knockdown compared with scrambled RNA or PBS
controls (Figure 6A), whereas unmodified EVs did not induce signif-
icant knockdown.

We next examined the potential of pH-EVs to modulate the produc-
tion of inflammatory cytokines known to be important in sepsis, a
condition for which EVs have been both proposed as a treat-
ment36–39 and implicated as a contributing factor.40,41 In one exper-
iment, pH-EVs were loaded with the pro-inflammatory ss-miR-
14640 and exposed to bone marrow-derived macrophage (BMDM)
cells. In this case, loaded pH-EVs induced dose-dependent cellular
production of MIP-2 (macrophage inflammatory protein 2;
CXCL2), a classical inflammatory cytokine, compared with a mini-
mal response from pH-EVs alone or pH-EVs with a mutant
sequence (Figure 6B). In another experiment, pH-EVs were loaded
with anti-inflammatory double-stranded (ds)-miR-146.36,42 Here,
loaded pH-EVs induced a decrease in inflammatory protein expres-
sion, as evidenced by immunoblotting for IRAK1 (Figure 6C), a
proinflammatory enzyme. ELISA-based detection also revealed
loaded pH-EV-induced decrease in levels of IL-6 (Figure 6D), a
pro-inflammatory cytokine whose inhibition has previously been
shown to improve survival in sepsis models.43–45 Thus, these results
suggest therapeutic potential for utilizing pH-EVs in sepsis
treatment.

DISCUSSION
In this study, we demonstrated versatile loading potential and func-
tional delivery of miRNA cargo using a pH gradient-based method.
Using this approach, we were able to load thousands of copies of
miRNA per EV as calculated from a bulk population (Figure 3), com-
parable with what has been reported for other EV loading methods,
such as sonication,21 electroporation,19 chemical modification of
cargo,23,24 and others.7,20 Additionally, this strategy enabled preserva-
tion of unloaded nucleic acid cargo such that it could be reused in
subsequent loading operations, resulting in more efficient use of
valuable biological therapeutic molecules (Table 1).



Table 1. Reusability of Nucleic Acids after Cargo Loading with pH-EVs

Amount of siRNA in Loading
Buffer (pmol)

Amount of pH-EVs
Used (mg)

Amount of siRNA Loaded in
EVs (pmol)

% of siRNA
Loaded

Theoretical Unused siRNA
(pmol)

siRNA Recovered after
Washing (pmol)

1,000 10 65 6.5 935 720 (filtrate 1)

720 (filtrate 1) 10 41 5.6 679 543 (filtrate 2)

543 (filtrate 2) 10 32 5.8 511 420 (filtrate 3)

420 (filtrate 3) 10 23 5.4 397 280 (filtrate 4)

280 (filtrate 4) 10 7 3.2 273 198 (filtrate 5)

198 (filtrate 5) 10 �0 �0 �198 125 (filtrate 6)

After incubation with pH-EVs, the amount of siRNA was calculated via fluorescence measurements. The remaining loading buffer (filtrate after washing loaded EVs) was then used to
load a fresh set of EVs, and the measurements were repeated until RNA could no longer be loaded. Data were derived from three independent experiments with at least two technical
replicates per experiment (n = 3).
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Despite exposing EVs to dehydration by ethanol during the loading
process, cell uptake and functional cargo delivery were still achieved
(Figures 4 and 6). This suggests that any proteins and lipids critical
to cell uptake of EVs were not critically negatively impacted by the
pH gradient process. This finding echoes prior work that showed
that exposure of EVs to Proteinase K, which would be expected to
degrade surface proteins, has little effect on EV physicochemical
properties.46 This same study found that after injection in mice, the
half-life and mean residence time of EVs did not change based on
Proteinase K exposure. However, the area under the curve increased
significantly for Proteinase K-treated EVs, indicating an increased
percent of EV dose in the blood and decreased clearance. In our study,
levels of Alix and TSG101 decreased after pH modification, whereas
CD9 was increased (Figures 1E and 1F). Because TEM confirmed the
presence of intact EVs, it is possible that the pH gradient process
results in rearrangement and differential exposure of surface proteins
and lipids on EVs, which could impact uptake in unpredictable ways.
Overall, further dedicated study of EV uptake mechanisms would
shed light on how this and other methods might be optimized to
reduce any detrimental effects on EV cargo delivery.

The possibility of different loading levels in different EV subsets
should also be considered. Studies have shown that the composition
and function of small and large EVs can differ in morphology, as well
as protein and lipid content;47,48 these differences in the surface
composition of EV subtypes may make them more or less conducive
to loading via the pH method. Further, the roles of EV-associated
proteins differ depending on the parent cell type, and thus the
method described here may not be universally appropriate for EV
loading.

The results of this study also have implications for the field with re-
gard to normalization of EV amount for functional studies, a subject
on which there is not yet a consensus best practice.34 Many studies
determine EV dose based on total protein content of EVs; however,
as shown here, processing can dramatically impact the relationship
between EVs and their associated proteins. Thus, in cases where
EVs undergo downstream modification, dosage on the basis of num-
ber of EVs may be more accurate. Of course, because proteins could
be the active cargo of interest, dosing by protein amount may be more
relevant for some studies.

Ultimately, the utility of the method described here was shown by
functional delivery of both siRNA and miRNA cargoes. Treating
BMDM cells with pro- or anti-inflammatory miRNA led to regulation
of corresponding cytokine levels. Specifically, we observed that deliv-
ery of pro-inflammatory ss-miR-146a resulted in increased MIP-2
secretion by BMDM cells. This suggests that pH-EVs can be em-
ployed in further studies exploring the roles of miRNAs in inflamma-
tory diseases, such as sepsis. Further, we showed that delivery of
ds-miR-146a reduced IL-6 production by the same cells, a potentially
anti-inflammatory outcome, because endogenous EV-associated
miR-146 has been shown to reduce inflammatory gene expression
and inhibit endotoxin-induced inflammation in mice.36 This same
study showed that there was approximately one copy of miR-146
per EV and an average of 370 copies per cell after treatment. It has
been reported that at least 100 copies of miRNA per cell are necessary
for regulatory capacity.49 These results suggest that pH gradient-
based loading of EVs may be a promising approach to achieve func-
tional therapeutic effects of miRNA delivery.

MATERIALS AND METHODS
Cell Culture

Human embryonic kidney cells (HEK293T; CRL-3216; ATCC,
Manassas, VA, USA) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) [+] 4.5 g/L glucose, L-glutamine, and sodium py-
ruvate (Corning 10-013-CV; Corning, NY, USA) supplemented with
10% fetal bovine serum (FBS) in T175 tissue culture polystyrene flasks
in the presence of EV-depleted serum. Human umbilical vein endo-
thelial cells (HUVECs; Lonza C2519A) were cultured in endothelial
cell growth media (C-22121; PromoCell, Heidelberg, Germany) in
flasks coated with 0.1% gelatin. Bone marrow cells were harvested
from mouse tibias and femurs, cultured, and differentiated into
macrophages in the presence of macrophage colony-stimulating fac-
tor (M-CSF; 10 ng/mL). In brief, bone marrow cells were cultured in
RPMI 1640 culture medium (Thermo Fisher Scientific, Waltham,
MA, USA) with 10% FBS (Thermo Fisher Scientific), 5% horse serum
(Thermo Fisher Scientific), and penicillin (100 U/mL)/streptomycin
Molecular Therapy Vol. 28 No 3 March 2020 979
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Figure 4. pH Gradient-Modified EV Uptake and Cargo Integrity

(A) Cargo integrity in pH-modified EVs was evaluated by subjecting miR-93 (RNA) to

0, 1, or 4 cycles of loading by pH gradient process; RNase I treatment was used as a

control. (B) Uptake of BODIPY TR Ceramide-labeled unmodified and pH gradient-

modified HEK293T EVs by HUVECs was assessed by fluorescence quantification.

Uptake is shown as fold change in comparison with unmodified EVs and was

normalized to measurements of labeled EV fluorescence before cell treatment. Data

were derived from three independent experiments with at least two technical rep-

licates per experiment (n = 3). Statistical significance was evaluated using a two-

tailed unpaired t test.

Molecular Therapy
(100 mg/mL) (Thermo Fisher Scientific) in a CO2 incubator at 37�C.
Three days later, culture media were changed, and macrophages were
ready for experiments at day 4.

EV Isolation and Characterization

Conditioned media from HEK293T cells grown in EV-depleted me-
dia were collected and subjected to differential ultracentrifugation
with a 118,000 � g final centrifugation step as previously
described.19,21 Pelleted EVs were resuspended in 1X PBS and washed
using Nanosep 300-kDa MWCO spin columns (OD300C35; Pall,
Port Washington, NY, USA). The washed EVs were resuspended in
1X PBS and filtered using an 0.2-mm syringe filter. EV size distribu-
tion and concentration were evaluated by NTA via a NanoSight
LM10 using NTA analytical software version 2.4. Each sample was
analyzed in triplicate using different fields of view with a 30-s video
acquisition time. The camera level and threshold were set consistently
at 13 and 3, respectively, for all samples. Total EV protein concentra-
tion was measured using a BCA assay following the manufacturer’s
protocol. Relative levels of EV-associated proteins were assessed via
total protein and western blotting. The membrane was imaged using
a LI-COR Odyssey CLX Imager. Specific EV-associated protein
marker levels and control proteins were quantified using immunoblot
analysis for Alix (ab186429; Abcam, Cambridge, MA, USA), TSG101
(ab125011; Abcam), CD9 (ab92726; Abcam), Calnexin (2679S; Cell
Signaling Technology, Danvers, MA, USA), and GAPDH (2118L;
Cell Signaling Technology). Primary antibodies were added at
1:1,000 dilution, besides anti-GAPDH, which was added at 1:2,000
dilution. Secondary antibody IRDye 800CW anti-Mouse and anti-
Rabbit (926-32210 and 926-32211; LI-COR Biosciences, Lincoln,
NE, USA) were added at 1:10,000 dilutions.

TEM

Samples were fixed in in 2% EM-grade paraformaldehyde for 1 h
before adsorption to formvar-coated copper grids stabilized with
980 Molecular Therapy Vol. 28 No 3 March 2020
evaporated carbon film and type 200 mesh (FCF200-Cu; Electron
Microscopy Sciences, Hatfield, PA, USA). After adsorption, grids
were stained with uranyl acetate replacement (22405; ElectronMicro-
scopy Services), air-dried, and imaged at 200 kV.

Preparation and Cargo Loading of pH-EVs

To create a pH gradient, we first dehydrated EVs in 70% ethanol
at a concentration of 300 mg/mL. The dehydration was allowed to
proceed for 12 h in a 24-well plate with 1 mL of the dehydration
solution per well. Once most of the liquid evaporated, the EVs were
rehydrated in 1 mL of citrate buffer (150 mM [pH 2.5] for 1 h). After
rehydration, EVs were resuspended and transferred to 300-kDa
Spectra/Por Float-A-Lyzer G2 dialysis tubes (G235072; Spectrum
Labs, Waltham, MA, USA) and dialyzed in 1X HBS at pH 7.0. EVs
were dialyzed for 24 h with buffer changes every 2 h for the first
6 h and then left overnight. After dialysis, the volume of EV solution
was concentrated down using 100-kDa MWCO centrifuge tubes and
filtered through 0.2-mm syringe filters. EVs were then characterized
as above.

For cargo loading, unless otherwise described, 3� 109 EVs were incu-
bated with 1,000 pmol of labeled nucleic acid cargo for 2 h before
washing in a 300-kDa MWCO filter with 1X HBS. Nucleic acids
were pre-labeled for detection by mixing 1,000 pmol of nucleic acids
with 10 mL dye reagent at room temperature for 5 min according to
the manufacturer’s instructions for Quant-iT PicoGreen Assay Kits
(catalog [cat.] #P11496; Thermo Fisher Scientific). EV samples were
subsequently washed using 300-kDa MWCO filter tubes to remove
unincorporated nucleic acids. The specifications of the cargo used
are as follows: miRNA = hsa-mir-93-5p (CTM-548920; Dharmacon;
sequence: 50-CAA AGU GCU GUU CGU GCA GGU AG-30);
siRNA = Invitrogen Silencer Select GAPDH Positive Control siRNA
(43-908-50; Fisher Scientific); and ssDNA = custom sequence: 50-
ATA TGT TCA TCT TAG CAT TCG AGT ATA A-30 (IDT).

To optimize maximum loading efficiency, we incubated pH-EVs or
unmodified EVs with equal amounts of miR-93 labeled immediately
prior to each set of experiments. To determine the optimal tempera-
ture for miRNA incubation, we incubated miRNA with EVs at 4�C,
22�C, 37�C, and 60�C. Unincorporated excess cargo was removed
by washing with 1X HBS buffer after 1 h of incubation. To determine
the optimal length of incubation with cargo, we incubated the labeled
miRNA with the EVs for 0 min, 30 min, 1 h, 2 h, 6 h, and 24 h. After
each time point, excess miRNAwas removed by washing, as described
previously. To evaluate the effect of the citrate buffer pH, we prepared
the buffer at pH 2.5, 3, 4, and 7. For all optimization experiments, the
unincorporated excess cargo was removed by washing with 1X HBS.
Fluorescence was quantified by comparing the values measured at 480
excitation and 520 emission with a standard curve.

EV Cargo Integrity and Uptake

To evaluate the integrity of loaded miRNA cargo, we incubated miR-
93 for 0, 1, or 4 pH loading cycles in 1X HBS or incubated it with
RNase I (EN0601; Thermo Fisher Scientific) at 37�C for 45 min.



Figure 5. Assessment of Toxicity and

Immunogenicity of pH Gradient-Modified EVs

In Vivo

Unmodified or pH gradient-modified HEK293T EVs were

injected i.p. into 9- to 10-week-old male wild-type

(C57BL/6J) mice at 4.5 � 109 EVs/mouse/day for 3 days.

PBSwas used as the buffer control. (A) Acute kidney injury

markers KIM-1 and NGAL were measured in the kidney

using qRT-PCR. (B) Plasma and peritoneal lavage IL-6

levels were assessed by ELISA. (C) Representative flow

cytometry of gated macrophage (F4/80high/Ly6G�),
monocyte (F4/80middle/Ly6G�), and neutrophil (F4/80�/
Ly6G+) in the peritoneal cavity. The percentage of each

cell population over leukocyte (CD45+) was listed in the

table. (D) Representative flow cytometry of gated mono-

cyte (Ly6C+/Ly6G�), neutrophil (Ly6C+/Ly6G+), B cell

(CD19+/CD3�), and T cell (CD19�/CD3+) in the blood.

Percentage to total leukocytes (CD45+) was calculated.

For all experiments, five animals per group were analyzed

(n = 5). One-way ANOVA with Tukey’s multiple compari-

son test was used to determine statistical significance

(none observed).
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Table 2. Blood Cell Count

White Blood Cells (�103/
mL)

Hemoglobin (g/
dL)

Platelets (�103/
mL)

Buffer 3.76 ± 1.14 12.78 ± 0.31 1,111 ± 49.87

Unmodified
EVs

3.18 ± 0.36 13.04 ± 0.50 1,121 ± 47.64

pH-EVs 3.90 ± 1.15 12.94 ± 0.46 1,096 ± 58.41

Whole blood was collected following 3 days of EV administration and transferred to
EDTA-coated blood collection tube. Leukocyte, platelet, and hemoglobin levels were
analyzed using an automated cell counter (n = 5 animals/group).

Molecular Therapy
RNAwas subsequently incubated at 70�C for 10 min after 1:1 dilution
in RNA loading buffer (1 mM EDTA, 96% formamide) before
running on a polyacrylamide gel at 100 V for 10 min. After staining
with SYBRGold Nucleic Acid Gel Stain, gels were imaged using a Flu-
orChem E System Gel Imaging System.

To assess EV uptake, we plated HUVECs in black-walled 96-well
plates coated with 0.1% gelatin at a seeding density of 6,000 cells/
well the day before the experiment. A total of 200 mg EVs were labeled
with BODIPY TR Ceramide (D7540; Thermo Fisher) at a 10 mM con-
centration in a total volume of 100 mL. The solution was incubated at
37�C for 20 min, protected from light. Excess unincorporated dye was
removed by washing in 300-kDa MWCO filter tubes. Fluorescence of
the labeled EVs was measured at excitation 592 nm and emission
618 nm before treatment. HUVECs were then treated with 3 � 109

labeled EVs and incubated at 37�C for 24 h. Cells were washed, and
fluorescence of the cells was measured and normalized to the initial
fluorescence intensity. Fold change of uptake is shown with respect
to unmodified EVs.
In Vivo Cytotoxicity

The in vivo study was performed in 9- to 10-week-old male wild-type
(C57BL/6J) mice (The Jackson Laboratories, Bar Harbor, ME, USA).
Mice were housed in an animal facility of University of Maryland
School of Medicine (Baltimore, MD, USA) for 1 week before the study
under specific pathogen-free environment. They were fed with auto-
claved bacteria-free diet, and the housing facilities were temperature
controlled and air-conditioned with 12-h/12-h light/dark cycles. All
animal protocols were approved by the Institutional Animal Care
and Use Committees of University of Maryland School of Medicine.
For the in vivo experiments, mice were randomly assigned into three
groups (five mice/group) and intraperitoneally (i.p.) injected with
either buffer (HBS), unmodified EV, or pH-EV (4.5 � 109 EVs/
mouse/day in 250 mL volume) for 3 days.

All animals were sacrificed on day 4. Peritoneal lavage was collected
following anesthetizing by ketamine (100 mg/kg) and xylazine
(4 mg/kg) subcutaneous injection and centrifuged to prepare cell-
free peritoneal lavage supernatant and peritoneal cell pellets. Whole
blood was collected by cardiac puncture using a 26G needle and trans-
ferred to an EDTA-coated blood collection tube (Beckton Dickinson),
and a 100 mL aliquot was used for complete blood count analysis
982 Molecular Therapy Vol. 28 No 3 March 2020
(Ac-T diff Analyzer; Beckman Coulter, Brea, CA, USA). Plasma
was harvested by centrifugation and stored at �80�C for cytokine
analysis. Kidneys were collected, snap frozen in liquid nitrogen, and
stored at �80�C for future analysis. Peritoneal and blood cells were
further analyzed by flow cytometry as described below.

IL-6 in the plasma and peritoneal lavage supernatant was measured
using commercially available DuoSet ELISA kits (R&D Systems, Min-
neapolis, MN, USA) following the manufacturer’s instructions.

Total RNA was extracted from the kidney using TRIzol (Sigma, St.
Louis, MO, USA). Reverse transcription was performed using the
M-MLV reverse transcriptase (Promega, Madison, WI, USA).
qPCR was performed on a QuantStudio 3 real-time PCR system
(Applied Biosystems, Foster City, CA, USA) using the GoTaq
qPCR master mix (Promega, Madison, WI, USA). The transcripts
of NGAL and KIM-1 were quantified with GAPDH as the internal
control. The PCR primer sequences are listed as follows: GAPDH
(forward: 50-AACTTT GGCATTGTGGAAGG-30, reverse: 50-GG
ATGCAGGGATGATGTTCT-30); NGAL (forward: 50-CTCAGA
ACTTGATCCCTGCC-30, reverse: 50-TCCTTGAGGCCCAGAGAC
TT-30); and KIM-1 (forward: 50-CATTTAGGCCTCATACTGC-30,
reverse: 50-ACAAGCAGAAGATGGGCATT-30). Transcript expres-
sion was calculated using the comparative cycle threshold (Ct)
method normalized to GAPDH (2�DDCt) and expressed as the
fold change in the EV-injected group over the buffer (HBS)-treated
group.

Peritoneal cells were manually counted using a hemocytometer, and a
fraction of cells (1 � 106) was stained with the surface marker CD45-
phycoerythrin (PE) (BD Biosciences, San Jose, CA, USA), F4/80-
Alexa Fluro 647 (BD Biosciences, San Jose, CA, USA), and Ly6G-
BV421 (BD Biosciences, San Jose, CA, USA). After red blood cell lysis,
cells from a 100-mL blood sample were stained with CD45-PE (BD
Biosciences, San Jose, CA, USA), Ly6C-BV510 (BioLegend, San
Diego, CA, USA), CD3-fluorescein isothiocyanate (FITC) (Bio-
Legend, San Diego, CA, USA), and CD19-PE-Cy7 (BioLegend, San
Diego, CA, USA). Cells were incubated with antibodies in the dark
at 4�C for 30 min and then washed once with 4 mL PBS. Cell pellets
were resuspended in PBS containing 5% FBS and analyzed using a BD
LSR II flow cytometer. Data analysis was performed with FlowJo
software.

Functional Evaluation of Loaded RNA Cargo

To assess the function of loaded siRNA, we incubated pH gradient or
unmodified EVs at room temperature for 1 h with GAPDH siRNA,
washed and isolated them as described above, and then added them
to HEK293T cells (plated the day before in a six-well plate with
3 � 105 cells/well). A total of 100 mg of each EV sample (unmodified
EVs, pH-EVs, pH-EVs + scrambled siRNA, pH-EVs + GAPDH
siRNA) was added to the cells dropwise. As a positive control,
20 nM GAPDH siRNA was applied to cells with HiPerFect transfec-
tion reagent (301705; QIAGEN, Germantown, MD, USA) and a PBS-
only negative control. After 2 days of incubation, total RNA was



Figure 6. Delivery of Functionally Active Cargo by pH

Gradient-Modified EVs

(A) GAPDH mRNA in cells after 48-h incubation with pH

gradient-modified HEK293T EVs or controls as indicated

was evaluated by qPCR; statistical significance is shown

with respect to the PBS control. (B) MIP-2 release by

BMDMs after 16-h incubation with the indicated EV

groups was determined by ELISA; asterisk (*) indicates

statistical significance as shown by the bars; number sign

(#) indicates statistical significance with respect to the

corresponding EV-only sample for each corresponding

time point. Effects of scramble control of ds-miR-146a

delivery by pH gradient-modified HEK293T EVs at the

indicated doses on (C) IRAK1 (by immunoblot and

densitometry quantification) and (D) IL-6 (by ELISA) pro-

duction by BMDMs were assessed. Asterisk (*) indicates

significance with respect to 0.75 � 109 EVs + scramble;

number sign (#) indicates significance with respect to

Lipofectamine treatment. Data were derived from three

independent experiments with at least two technical

replicates per experiment (n = 3). Statistical significance

was evaluated using one-way ANOVA with Tukey’s mul-

tiple comparison test.
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isolated (RNeasy Kit 74104; QIAGEN) from the cells. Onemicrogram
of total RNA from each type of sample was converted into cDNA, and
mRNA level of GAPDH was confirmed by qPCR. The change in
mRNA level was normalized by using Ct value from B-actin mRNA.50

GAPDH siRNA: Dharmacon ON-TARGETplus GAPDH Control
siRNA D-001830-01-20; Scrambled siRNA: Dharmacon; 50-
GGUGCCAGUUCUCCAAGAUUdTdT-30.

To assess cytokine regulation by loaded miRNAs, we treated BMDMs
seeded in a 96-well plate (2 � 105 cells/well) with ss-miR-146a-5p
mimic-loaded EVs (doses ranging from 1.5 � 108 to 1.5 � 109

EVs/mL) overnight. Cells were incubated in serum-free culture me-
dium containing 0.05% BSA for 1 h before treatment with EVs. Me-
dium was collected for detection of MIP-2 using ELISA kits (R&D
Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions. Final cytokine concentrations were calculated based
on a standard curve. The primer sequences were as follows: ss-miR-
146-5p: IDT; 50-UGAGAACUGAAUUCCAUGGGUU-30; and
ss-miR146 (U/A) mutant: IDT; 50-AGAGAACAGAAAACCAA
GGGAA-30.

Additionally, BMDMs seeded in a 12-well plate (4 � 106 cells/well)
were treated with ds-miR-146a-mimic-loaded EVs (100 mg/mL) for
2 days. Cell culture media were collected from cultures and stored
at �80�C for ELISA analysis. Cells were lysed using Nonidet P-40
(NP-40) lysis buffer, and protein concentration was determined using
Bradford assay (Bio-Rad). A total of 20 mg of protein from each
sample was separated using 4%–12% gradient gel, transferred to
polyvinylidene fluoride (PVDF) membrane, and blotted with primary
Abs (anti-IRAK1, anti-GAPDH, 1:1,000; Cell Signaling Technology)
overnight at 4�C. After incubation with secondary Abs, protein bands
were visualized using Luminata Forte Western HRP substrate (Milli-
pore) and imaged in a ChemiDoc system (Bio-Rad Laboratories,
Hercules, CA, USA). The band intensity was quantified using ImageJ.
IL-6 levels in the media were measured via ELISA (R&D Systems)
according to the manufacturer’s instructions. The primer sequences
were as follows: ds-miR-146a-5p mimic: QIAGEN Syn-mmu-miR-
146a-5p miScript miRNA Mimic 219600, 50-UGAGAACUGA
AUUCCAUGGGUU-30; and ds-miR-146a scramble: IDT, 50-ACGA
GUUACGUGGUACGUUAAU-30.

Statistical Analysis

Data were analyzed using GraphPad Prism software version 7.04.
Analysis of variance (one- or two-way as appropriate) was used
with Tukey’s post hoc test unless otherwise stated. Statistical signifi-
cance was shown with the following notation: nsp > 0.05 (not signif-
icant); *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001; #p %

0.05, ##p % 0.01, ###p % 0.001, ####p % 0.0001. Data are plotted as
mean ± standard error.
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