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Abstract

Recently adeno-associated virus (AAV) became the first clinically approved gene therapy product

in the western world. To develop AAV for future clinical application in a widespread patient base,

particularly in therapies which require intravenous (i.v.) administration of vector, the virus must

be able to evade pre-existing antibodies to the wild type virus. Here we demonstrate that in mice,

AAV vectors associated with extracellular vesicles (EVs) can evade human anti-AAV neutralizing

antibodies. We observed different antibody evasion and gene transfer abilities with populations of

EVs isolated by different centrifugal forces. EV-associated AAV vector (ev-AAV) was up to 136-

fold more resistant over a range of neutralizing antibody concentrations relative to standard AAV

vector in vitro. Importantly in mice, at a concentration of passively transferred human antibodies

which decreased i.v. administered standard AAV transduction of brain by 80%, transduction of

ev-AAV transduction was not reduced and was 4,000-fold higher. Finally, we show that

expressing a brain targeting peptide on the EV surface allowed significant enhancement of

transduction compared to untargeted ev-AAV. Using ev-AAV represents an effective, clinically

relevant approach to evade human neutralizing anti-AAV antibodies after systemic administration

of vector.
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Introduction

In recent years, adeno-associated virus (AAV) vectors have shown promising results in

clinical trials for the treatment of genetic diseases including, hemophilia (1), eye disease (2),

lipoprotein lipase deficiency (3), and CNS disease (4). As AAV vector is comprised of the

capsid of wild type (wt) virus, pre-existing immunity to wt AAV in the form of antibodies is

a major concern for effective gene delivery to target tissue in patients. This is of particular

importance for systemic administration of vector as the highest concentrations of anti-AAV

antibodies are in blood. It has been demonstrated in mice that even low levels of neutralizing

antibodies can completely abrogate liver directed gene therapy (5). This is of major concern

for translation of systemic AAV-based gene therapies to a large human population, as over

50% of all people have some level of neutralizing antibodies to AAV(6).

Current strategies to evade neutralizing antibodies include genetic engineering of the AAV

capsid, using empty capsids as AAV decoys, plasmapheresis, and balloon catheterization

with saline flush. All of these approaches have shown promise in preclinical models,

however each may have significant drawbacks precluding their widespread use clinically.

Extracellular vesicles (EVs) are endogenous nano-to-micron sized lipid particles released

from cells. They carry many types of nucleic acids and proteins from the host cell in their

interior as well as a multitude of receptors on their surface (7). Accumulating research

suggests that EVs serve as a form of communication between cell types, and they are rapidly

internalized into recipient cells (8). They can also be used for antibody evasion, as two

recent studies have shown that two pathogens, hepatitis A virus (9) and hepatitis C (10), can

exploit EVs to hide from patient-derived antibodies against the virus. Furthermore, they are

being engineered as therapeutic delivery vehicles for nucleic acids and drugs (11, 12).

Recently we have discovered that a portion of adeno-associated virus (AAV) vector

associates with microvesicles/EVs during production, (13). As recent data has shown the

potential of EVs as therapeutic delivery modalities (14–16), as well as a safe profile of EVs

in clinical trials (17) with more trials currently ongoing (www.clinicaltrials.gov), we

postulated that EV-associated AAV (ev-AAV) may possess unique properties from standard

AAV which may be beneficial for in vivo gene therapy applications, including antibody

evasion. Here we tested whether ev-AAV could evade neutralizing antibodies against AAV

in an in vivo model. We also explored whether decorating the surface of EVs with brain-

targeting ligands would enhance specificity of gene delivery to this organ after intravenous

injection of ev-AAV.

Materials and Methods

Cell Culture

Human 293T and HeLa cells were obtained from the American Type Culture Collection

(Manassas, VA) and cultured in high glucose Dulbecco’s modified Eagle’s medium (Life

Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (Sigma, St

Louis, MO), 100 U/ml penicillin, and 100 µg/ml streptomycin (Life Technologies) in a

humidified atmosphere supplemented with 5% CO2 at 37°C.
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Targeting constructs—RVG-TM cDNA was synthesized by Aldevron (Fargo, ND). The

sequence for RVG peptide is N-YTIWMPENPRPGTPCDIFTNSRGKRASNG-COOH.

AAV and ev-AAV production

AAV vectors and ev-AAV were produced in 293T cells as previously described (13).

Briefly, a triple transfection of AAV and helper plasmids was performed using the calcium

phosphate method. Standard AAV vectors were extracted from cell lysates and purified by

iodixanol density gradient ultracentrifugation. Next, iodixanol was removed and vector

concentrated using Amicon Ultra 100 kDa molecular weight cutoff (MWCO) centrifugal

devices (Millipore, Billerica, MA) and buffer (20 mM Tris-HCl, 500 mM NaCl, pH 8.5).

Next the buffer was dialysed against phosphate buffered saline (PBS) using Pierce 20 kDa

MWCO Slide-A-Lyzer MINI Dialysis Device (Pierce, City, State) and finally filtered

through a 0.22 um Millex-GV Filter Unit (Millipore).

For ev-AAV, media was changed to EV-free 2% FBS the day after transfection. At 48 and

72 h post transfection, media was harvested. Cell debris and apoptotic bodies were removed

by sequential, 10 min 300 × g and 2000 × g centrifugations, respectively. The supernatant

containing vexosomes was then centrifuged at 20,000 × g for 2 h. The media was aspirated

and the EV/ev-AAV pellet was resuspended in PBS. For the 100k × g ev-AAV, we

performed the same low speed 300 × g and 2000 × g steps followed by the 20,000 × g

pelleting. All of these pellets were discarded and the remaining media was centrifuged at

100,000 × g for 1 hour using a Type 70 Ti rotor in a Optima™ L-90K ultracentrifuge (both

Beckman Coulter, Inc., Indianapolis IN). The resulting pellet was resuspended in PBS. Both

ev-AAV and standard AAV preparations were stored at −80°C until use. For

bioluminescence imaging we used a single-stranded AAV construct encoding firefly

luciferase (FLuc) driven by the CBA promoter (18). For immunofluorescence analysis of

transduced cell types we used a self-complementary AAV construct encoding eGFP driven

by the CBA promoter. To titer AAV and ev-AAV preparations, a quantitative TaqMan PCR

that detects AAV genomes (poly(A) region of the transgene cassette) was performed as

previously described (13).

Mice

All animal experiments were approved by the Massachusetts General Hospital

Subcommittee on Research Animal Care following guidelines set forth by the National

Institutes of Health Guide for the Care and Use of Laboratory Animals. Female nude mice

aged 6–8 weeks were purchased from the National Cancer Institute. Female Balb/c mice

aged 6–8 weeks were purchased from Jackson Laboratory (Bar Harbor, ME). For tail vein

injections of AAV vectors and vexosomes, mice were placed into a restrainer, (Braintree

Scientific, Inc., Braintree, MA). Next the tail was warmed in 40°C water for 30 seconds,

before wiping the tail with 70% isopropyl alcohol pads. A 100–300 µl volume of vector (in

PBS) was slowly injected into a lateral tail vein, before gently finger clamping the injection

site until bleeding stopped.
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Bioluminescence imaging of firefly luciferase (FLuc) expression

Imaging was performed using an IVIS® Spectrum optical imaging system fitted with an

XGI-8 Gas Anesthesia System (Caliper Life Sciences, Hopkinton, MA). Mice were

anesthetized and then injected intraperitoneally with 4.5 mg of D-luciferin resuspended in

150 µl of PBS. Five minutes post-substrate injection, mice were imaged for luciferase

expression using auto-acquisition. Bioluminescent images were acquired using the auto-

exposure function. Data analysis for signal intensities and image comparisons were

performed using Living Image® software (v. 4.3.1, Caliper Life Sciences). To calculate total

flux in photons/sec for each animal, regions of interest (ROIs) were carefully drawn around

each area of signal.

Antibody evasion experiments—In vitro neutralization assays were performed with

10-donor pooled normal human serum (Innovative Research, Novi, MI) or Gammagard S/D

purified intravenous immunoglobulin (IVIg), (Baxter, Deerfield, IL, kindly provided by Dr.

Luk H. Vandenberghe, Harvard Medical School). HeLa cells were seeded at 50,000 cells per

well in a 96 well plate the day before the assay. Next, a dose of 5 × 108 g.c. of AAV9-Fluc

or ev-AAV9-Fluc was mixed with serial dilutions of human serum or IVIg in in FBS-free

media to yield the indicated concentrations in the figures. AAV with no human serum served

as control. These were incubated for 1 h at 37°C before adding to cells for 1.5 h at 37°C.

After washing cells one time, and replacing with complete medium, cells were incubated for

48 h before performing a luciferase assay using Bright-Glo™ Luciferase reagent (Promega,

Madison, WI). Luciferase values for each sample, expressed in relative light units (RLUs)

were plotted as a percentage of the AAV transduction sample without serum (which was set

to 100%).

In vivo neutralization assays

Mice were injected intraperitoneally (i.p.) with the indicated amount of IVIg in PBS (total

volume 200 µl). Twenty four hours later mice were injected i.v. via the tail vein with 1010

g.c. of either AAV9-FLuc or ev-AAV9-FLuc in a volume of 200 µl. Mice were imaged at

the indicated time points for FLuc-associated bioluminescence.

Ex-vivo organ luciferase assay

32 days post-vector injection, mice were sacrificed and organs were harvested for analysis

of FLuc levels. Tissues were quickly removed from the animals, and immediately frozen on

liquid nitrogen and stored at −80 °C. For FLuc assay, 50 mg of each tissue was placed in 2

ml tubes containing 1.4 mm ceramic beads (Mo Bio Laboratories, Inc., Carlsbad CA) and

500 µL of Mammalian Protein Extraction Reagent (M-PER; Pierce Biotechnology, IL,

USA). Tissues were homogenized in a BeadBug microtube homogenizer (Benchmark

Scientific, Edison, NJ). Next, tubes were centrifuged for 5 minutes at 300 × g and 20 µL of

tissue homogenate was transferred to 96-well white bottom plate and analyzed using 100 µL

of Bright-Glo™ FLuc substrate reagent (Promega, WI, USA) and a plate luminometer

(Dynex Technologies, VA, USA). A Bradford assay (Bio-Rad, Hercules, CA) was

performed to normalize each FLuc value to the total amount of protein in the sample.
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Iodixanol isopycnic density gradient

To characterize AAV in the 20k × g depleted media, an iodixanol step gradient was made

similar to (9) with the exception that we added a 60% layer at the bottom. The media sample

was concentrated to from 20 to 2 ml using Amicon Ultra 100 kDa molecular weight cutoff

(MWCO) centrifugal devices and loaded on the top of the gradient. The gradient was

centrifuged at 125,755 × g for 16 h in an SW32 Ti rotor (Beckman Coulter). Two ml

fractions were collected for AAV qPCR.

Removing EVs from 293T conditioned media

Media was centrifuged at 300 × g for 5 min and then 2,000 × g for 10 min, followed by a

100,000 × g centrifugation in a Type 70 Ti rotor (Beckman Coulter). The supernatant was

transferred to a new tube and then filtered sequentially through 0.8 µm, 0.22 µm and 0.05

µm filters to remove any remaining EVs.

Histology and GFP expression

At two weeks post-injection, mice were given an overdose of anesthesia and transcardially

perfused with PBS and 4% PFA. The brain was removed. The brain was post-fixed in 4%

formaldehyde in PBS for 2 h and cryoprotected for three days in 30% sucrose and then

frozen in a dry ice/2-methylbutane bath for immunohistological analysis of tissue sections.

Brains were cut on the coronal plane in 40 µm sections using a sledging freezing microtome.

Immunofluorescence was performed in free-floating sections with a primary antibody for

GFP (rabbit anti-GFP, GFP Abfinity, 1:400, Life Technologies). Briefly, the sections were

permeabilized in PBS with Triton-X 0.5% for 2 h, blocked in 5% normal goat serum for 1 h,

and incubated with the primary antibody 60 h at 4°C. The sections were thoroughly washed

in PBS, incubated with 1:1000 goat anti-rabbit Fab2 Alex Fluor 488-conjugated antibody

(Cell Signaling, Danvers, MA) for 1 h at room temperature, washed again in PBS, and

coverslipped with fluorescent mounting media (Dako). Neurons, endothelial cells and

astrocytes were readily distinguished from each other using morphological criteria.

In vitro targeting of RVG-TM-ev-AAV9

SH-SY5Y cells were cultured in EMEM/F12 medium with 10% FBS and 1% penicillin/

streptomycin. Cells were seeded at 50,000 cells/well in 96 well plates 24 hours before

transduction. 5×107 g.c. of standard ev-AAV9-FLuc or RVG-ev-AAV9-FLuc were

preincubated either with heparin (50 µg/mL), or with heparin and RVG (100 µM) for 30

minutes at RT. Cells were transduced for 1 hour at 37°C. FLuc assay was performed 48

hours post-transduction using Bright-Glo™ FLuc substrate reagent (Promega, WI, USA)

and a plate luminometer (Dynex Technologies, VA, USA).

Calculations—Brain to peripheral organ transduction ratio (Figure 4b). To calculate the

targeting efficiency of each vector we compared the luciferase activity in the brain to the

sum of the activity in the peripheral organs analyzed (liver, lung, heart, muscle, spleen,

kidney). We used the following formula:
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Statistics—Statistical analyses were performed using GraphPad Prism software (version

5.01). For comparisons of means between two groups an unpaired t-test was used. For

comparison of three or more groups, a one-way ANOVA was used followed by a Tukey

post test to compared two means. Statistical significance was determined at a value below

0.05.

Results

ev-AAV resists anti-AAV antibodies from pooled human serum and purified
immunoglobulin

We produced and isolated standard AAV9 encoding firefly luciferase (AAV9-FLuc) and ev-

AAV9-FLuc from the cell lysates and media, respectively, of the same preparation of vector

(Supplementary Fig. 1) as previously described (13). AAV9-FLuc or ev-AAV9-FLuc were

mixed with dilutions of complement-inactivated human sera from 10 donors and incubated

for 1 h at 37°C before adding the mixture to cells for 1 h at 37°C. Media was replaced on

cells and then they were incubated for 48 h before harvesting for a luciferase assay.

Luciferase activity at each dilution was normalized to the transduction of the vector in the

absence of serum. Strikingly, we observed that ev-AAV9 was 3 to 23-fold more resistant to

neutralization than AAV9 at the 1:20–1:80 dilutions, respectively (Fig. 1A). The resistance

was not due to a non-specific effect of EVs adsorbing antibody, as standard AAV9 mixed

with free EVs from untransfected cells (same amount of EVs as for ev-AAV preparation)

did not achieve significantly higher protection relative to standard AAV9 (Fig. 1B). Next we

incubated AAV9-FLuc or ev-AAV9-FLuc with dilutions of purified immunoglobulin

(intravenous immunoglobulin, IVIg, from multiple donors’ plasma). Similar to the human

serum data in Fig. 1a we observed up to a 25-fold increased resistance to antibody

neutralization with ev-AAV9 compared to standard AAV9 (Fig. 1C). We also observed that

ev-AAV1 and ev-AAV2 were more resistant to serum compared to their standard serotypes

(Supplementary Fig. 2). To ensure that the increased resistance to neutralizing antibodies

was not due to a shielding ability of excess empty capsids in the ev-AAV preparation

obtained from media (compared to the standard AAV purified by iodixanol density gradient)

we treated media samples of ev-AAV2 using a pulldown that consists of a monoclonal

antibody which recognizes intact capsids bound to magnetic beads. We first confirmed that

the pulldown efficiently removed free AAV2 by incubating standard AAV2 with the beads,

finding that it removed ~80% of free vector as assessed by qPCR for vector genomes

(Supplementary Fig. 3A). Next, we mixed ev-AAV2-FLuc with the anti-AAV2/magnetic

bead conjugate or an isotype control/magnetic bead conjugate which does not pulldown

AAV2 capsids. The AAV remaining in media after pulldown with either antibody was

quantitated by qPCR and equal g.c. were mixed with dilutions of pooled human serum. If a

molar excess of free AAV2 capsids in the ev-AAV preparation were blocking neutralizing

of the EV-associated vector than it would be expected that the sample treated with anti-

AAV2 pulldown would be more susceptible to neutralization. However, this was not the
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case as we saw nearly identical neutralization assay profiles for the control and anti-AAV2

antibody pulldowns (Supplementary Fig. 3B). Free AAV2 was used as control and showed

greater susceptibility to neutralization than the ev-AAV preparations, as expected

(Supplementary Fig. 3B).

We then analyzed whether ev-AAV9 could transduce cells in vivo in the presence of anti-

AAV immunoglobulin as in vivo neutralization assays are thought to more accurately predict

the human situation (5). We first determined the amount of IVIg that would neutralize

standard AAV9 in mice. Nude mice were injected i.p. with a range of IVIg amounts and 24

h later, injected i.v. with 1010 g.c. of AAV9-FLuc. Imaging mice for luciferase expression

four days later determined that 0.1 mg and 1.0 mg reduced transduction of AAV9-FLuc by

83% and 98%, respectively, compared to naïve mice (Supplementary Fig. 4). We chose an

equidistant dose of 0.5 mg IVIg to compare AAV and ev-AAV resistance to antibody

neutralization. Mice were injected i.p. with 0.5 mg IVIg or PBS and 24 h later, i.v. with 1010

g.c. of AAV9-FLuc or ev-AAV9-FLuc. Seven days later imaging of liver region revealed

that AAV9-FLuc had residual transduction of 1.5% in the presence of IVIg while it was

8.38% for ev-AAV9-FLuc (p=.099, Fig. 2 A, B). We also measured the light emission from

the head region of all injected mice. We found AAV9-FLuc had residual transduction of

2.6% while ev-AAV9-FLuc was 18.9% (p=0.0085, Fig. 2 C, D). These data indicate that ev-

AAV9 is more resistant to IVIg in vivo relative to standard AAV.

We routinely harvest ev-AAV from the EV pellet obtained from centrifuging at 20,000 × g.

This spin force vs. a higher speed was chosen from our prior research (13) as it minimized

co-pelleting of any free-AAV in media. We wondered if the small vesicle fraction of ev-

AAV (obtained by ultracentrifuging media at 100,000 × g) would display antibody evasion

characteristics. From the same batch of AAV9-FLuc producer cells, we harvested standard

AAV from cell lysates and then from media in the 20,000 × g (20k × g) and subsequently

the 100,000 × g (100k × g) ev-AAV9-FLuc pools. An in vitro neutralization assay using

IVIg was performed on HeLa cells. Remarkably, the 100k × g ev-AAV pool was much more

resistant to neutralization compared to both the 20k × g ev-AAV pool and standard AAV9-

FLuc. (Fig. 3A). For example at the 2 mg/ml concentration of IVIg, the 100k × g ev-AAV

retained 57% of its transduction capacity in the absence of antibodies, while the values were

just 7% and 0.42% for 20k × g ev-AAV and AAV, respectively (Fig. 3A). We next

performed an in vivo neutralization assay comparing standard AAV to the 100k ev-AAV

using the same conditions as in Fig. 2. Imaging at two weeks post injection revealed a 78.5%

reduction for standard AAV9-Fluc in the presence of IVIg (Fig. 3B–D). Notably,

transduction was not decreased by IVIg (118% of control) for 100k × g ev-AAV9-FLuc

(Fig. 3B–D). Importantly, ev-AAV9 had 722-fold and 4,000-fold higher transduction than

standard AAV with PBS and IVIg pretreatment, respectively (Fig. 3C). To characterize the

AAV in the 20k × g-depleted media fraction used to isolate 100k × g ev-AAV, we placed

this media on an 8–60% iodixanol isopycnic gradient. We compared this to cell lysate-

purified AAV run on a similar gradient. Expectedly, for standard AAV, 96% of vector

genomes loaded onto the gradient migrated in the 40–60% area at the bottom of the gradient

(Fig. 4A). In contrast a distinct fraction of AAV in the 20k × g depleted media (~10%) ran

in the 14–20% (fractions #5–9) concentration of iodixanol which is suggestive of a less-
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dense, vesicle-associated vector (Fig. 4A, gray arrow). Differences were also noted in the

40–60% layers for the two samples. For example only 1% of AAV in media ran in fraction

#15 while there was 20% of total genomes in the same fraction for the standard AAV

sample (Fig. 4A, blue arrows). Also in fraction #17 there was only 14% of standard AAV

genomes while there was 36% for AAV in media (Fig. 4A). To confirm that the fraction in

the 14–20% layers was vesicle associated, treatment of the media with the detergent Igepal

CA-360 as done by (9) greatly shifted the peak to a lower density, suggesting lysis of EVs

(Fig. 4B). Interestingly, detergent treatment decreased the % AAV genomes in the #17

fraction and increased it in fraction #15, suggesting separation of some type of complex of

AAV in the media (Fig. 4B, 4C). Two ascertain whether the different fractions were

resistant to IVIG, we subjected the putative vesicle fraction (#6–7) and free AAV fraction

(#16–17) to control PBS or IVIG. As expected the vesicle fraction was completely resistant

to IVIG, while fractions #16,17 was sensitive (free AAV was used as control in the assay,

Fig. 4D). Since the vesicle fraction was only 10% of the AAV genomes on the gradient and

in our in vitro and in vivo neutralization assays (Fig. 3) the 100k × g ev-AAV are extremely

resistant to IVIG, we wondered if the 100k × g centrifugation process caused an association

of “free AAV” in the media with the vesicle fraction of endogenous ev-AAV. To test this we

compared the traditional 100k × g ev-AAV isolated from 293T producer cell media,

standard AAV mixed with conditioned 293T media (20k × g vesicle-depleted) and pelleted

by ultracentrifugation at 100k × g, or with standard AAV mixed with conditioned 293T

media (and pelleted by 100k × g ultracentrifugation) which had all vesicles removed via an

ultracentrifugation and tiered filtration process. Interestingly, simply mixing standard AAV

with conditioned media and ultracentrifuging the sample led to IVIG resistance comparable

to the 100k × g ev-AAV (Fig. 4E). Removing vesicles from the conditioned media, returned

the IVIG sensitivity to AAV (Fig. 4E). Supporting these findings, we found that all fractions

of 100k × g ev-AAV run on a sucrose gradient were resistant to IVIG (Supplementary Fig. 5

A, B) suggesting a tight association of any free AAV with the EV fraction after

centrifugation. To understand how well free AAV9 pelleted in the presence of EVs under

20k × g and 100k × g centrifugal forces, we mixed free AAV9 with non-transfected 293T

conditioned media (containing EVs) and by qPCR, titered an aliquot of media before

spinning, and then titered the 20k × g and 100k × g fractions. We did the same experiment

except with ev-AAV9 containing media from transfected 293T (Table I). From this data we

were able to determine the percentage of AAV in each fraction. As expected from previous

research (13), we found that 20k × g centrifugation did not pellet free AAV mixed with EVs

(less than 0.1%), while the 20k × g ev-AAV9 fraction had over 1 log higher g.c. However

the 100 k × g centrifugation pelleted 38% of total AAV in media in the mixed EV + AAV

sample and 40% in the ev-AAV9 sample. From this data, we concluded the 20k × g ev-

AAV9 fraction represents a bona-fide EV associated fraction not caused by the

centrifugation technique. The 100k × g fraction appears to be an association of free AAV

with ev-AAV, partially attributed to the centrifugation procedure.

To gain insight into the mechanism of enhanced transduction in culture by ev-AAV9, we

performed experiments using agents which EVs are specifically sensitive to. We have

previously shown that uptake of 293T–derived EVs into recipient cells is blocked by heparin

(13) (19). Another group showed that heparan sulfate proteoglycans on recipient cells are
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required for uptake of tumor cell-derived EVs(20). Based on these data, we reasoned that

20k × g ev-AAV9 mediated transduction would be heparin-sensitive while standard AAV9

would not, as its receptor is galactose residues (21). As predicted, transduction with AAV9-

FLuc was not inhibited with heparin co-incubation while the same condition blocked 20 k ×

g ev-AAV9-FLuc transduction by 84% (p<0.001) (Fig. 5A). As the EV membrane is

sensitive to low concentrations of detergent (22), we found that 20k × g ev-AAV9-Fluc

transduction was significantly inhibited (75%) with Triton-X-100, while it had no effect on

standard AAV9-Fluc (p<0.05)(Fig. 5B). Next we compared the sensitivity of the 100k × g

ev-AAV9 fraction to heparin and Triton block. We found that the 100k × g fraction was not

sensitive to heparin blockade at 50 µg/ml (data not shown) and increasing to 100 µg/ml

slightly blocked both AAV9 and 100k × g ev-AAV9 (Fig. 5C). Transduction of cells by 100

k × g ev-AAV9 fraction was slightly sensitive (33% decrease) to Triton pretreatment (Fig.

5D) but this did not reach statistical significance. However, treatment of either 20k × g or

100k × g ev-AAV9 samples with Triton, significantly enhanced sensitivity to IVIG, showing

EV-mediated protection from anti-AAV antibodies (Fig. 5E).

During the course of in vitro neutralization experiments, we observed that the 20k × g

vexosomes transduced cells much more efficiently than standard AAV9-FLuc. We next

tested transduction of 20k × g ev-AAV9-FLuc compared to standard AAV on three different

cell types (primary murine neurons, SH-SY5Y cells, and melanocytes). In each case, ev-

AAV9 vastly and significantly outperformed standard AAV at transduction efficiency (Fig.

6A–C). Remarkably, the 100k × g ev-AAV9 pool transduced HeLa cells 18 and 263-fold

higher than the 20k × g ev-AAV pool and standard AAV, respectively, (Fig. 6D).

As our previous experiments were performed in immunocompromised nude mice with no

functional T cell-mediated immunity, we next asked whether transduction with ev-AAV in

immunocompetent Balb/c mice would result in stable gene expression. Mice were injected

i.v. with either standard AAV2-FLuc or ev-AAV2-FLuc and imaged at day 7 and day 28

post injection. We found a rapid onset of FLuc expression with ev-AAV2 compared to

AAV2 (30-fold difference at day 7, Supplementary Fig. 6). Interestingly, ev-AAV2 and

AAV2 had almost identical levels of Fluc expression by day 28, 1.8×107 photons/sec vs.

1.4×107 photons/sec, respectively (Supplementary Fig. 6). Between day 7 and 28 for ev-

AAV2 there was a slight 40% reduction in Fluc expression, which is not indicative of a

massive T cell response against the vector/transgene product.

Brain targeting with RVG-tagged ev-AAV after i.v. injection

Having shown superiority of ev-AAV over standard AAV in antibody evasion, we next

tested whether we could enhance the gene delivery capacity of vexosomes for brain. We

prepared ev-AAV9-FLuc as well as ev-AAV9-FLuc from cells that were co-transfected with

a mammalian expression vector encoding for platelet-derived growth factor transmembrane

(TM) domain fused with rabies virus glycoprotein (RVG) peptide for targeting of ev-AAV

to the brain (RVG-ev-AAV9-FLuc, Supplementary Fig. 1, 7,8) (23). The TM construct has

previously been used to express ligands on the surface of cells and EVs (13, 24) and a

general guideline and schematic is shown in Supplementary Fig. 7. Per our original studies

(13), we utilized the 20,000k × g ev-AAV fraction for the targeting experiments. We
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detected the RVG-TM mRNA in transfected cells using a reverse-transcriptase (RT) PCR

with primers specific for the entire cDNA (Supplementary Fig. 8B). The RVG peptide binds

to alpha-7 nicotinic acetylcholine receptor (AchR), which is expressed on SH-SY5Y cells

(25) and Supplementary Fig. 9B). Based on our results in Figure 5 showing that heparin

greatly reduced ev-AAV9-mediated transduction, we reasoned that RVG-ev-AAV9 would

be less sensitive to heparin blockade than untargeted ev-AAV9 as it could use an alternative

receptor. SH-SY5Y cells were transduced with untargeted ev-AAV9-FLuc or RVG-ev-

AAV9-FLuc in the presence or absence of 50 µg/ml of heparin. As expected, transduction

with untargeted ev-AAV9 was inhibited significantly more (p<0.05, 90% inhibition) with

heparin compared to RVG-targeted ev-AAV9 (80% inhibition, Supplementary Fig. 9A, B).

To further show RVG binding specificity to AchR, we also did a heparin/RVG peptide co-

block at the time of transduction with either vector. As expected the addition of excess

soluble RVG peptide to heparin mix significantly (p<0.05) decreased transduction of RVG-

ev-AAV9-FLuc and not untargeted ev-AAV (Supplementary Fig. 9B).

To ascertain the brain targeting potential of RVG targeted ev-AAV, female nude mice (n=4/

group) were injected intravenously (i.v.) via the tail vein with 6.5 × 1010 g.c. with ev-

AAV9-FLuc, or RVG-ev-AAV9-FLuc and at various time points mice injected with D-

luciferin substrate and imaged for light emission corresponding to FLuc expression. We first

analyzed luminescent images of the head region for ev-AAV9-FLuc and RVG-ev-AAV9-

FLuc injected mice to detect signal in the brain region. Remarkably distinct signal

emanating from the brain could be seen in RVG-ev-AAV9-FLuc mice but not ev-AAV9-

FLuc mice (Fig. 7A). We also noted a higher luminescent signal in liver for RVG-ev-AAV9

injected mice compared to ev-AAV9 injected mice (Supplementary Fig. 10). To accurately

measure FLuc levels throughout the brain in all groups of mice, we sacrificed animals at day

32 post injection and removed major organs including the brain. The brain was

cryosectioned coronally in 1 mm sections (Fig. 7B, photo) and tissue homogenized and an

FLuc assay performed in a luminometer with values normalized to protein content (Fig. 7B,

graph). RVG-ev-AAV9-FLuc displayed 3–4-fold higher FLuc activity in all sections than

ev-AAV9-FLuc (Fig. 7B). The average RLU/mg for each group was calculated from

sections in the striatum revealing that RVG-ev-AAV9-FLuc was significantly higher than

ev-AAV9-FLuc (4.8-fold, p<0.05) (Fig. 7C). Next we quantitated the luciferase activity in

peripheral organs (liver, lung, spleen, heart, muscle, and kidney). In liver homogenates,

luciferase levels were significantly lower (p<0.05) for ev-AAV9 (11-fold) than RVG-ev-

AAV9-FLuc (Fig. 8A). Transduction of the heart was significantly lower (13-fold, p<0.05)

for RVG-ev-AAV9 compared to ev-AAV9 (Fig. 8A). To gain insight into the brain targeting

efficiency of the two vectors, we calculated the brain to peripheral transduction ratio (see

Online Methods for formula). RVG-ev-AAV9-FLuc significantly (p<0.05) outperformed ev-

AAV9 (4.7-fold) in this measure of targeting efficiency (Fig. 8B).

To analyze the cells of the brain transduced by RVG-ev-AAV9, we produced RVG-ev-

AAV9 vexosomes encoding GFP. Mice were injected i.v. with 2.0 × 1010 g.c. of vector and

two weeks later sacrificed, perfused, and brains fixed and cryosectioned. Sections were

immunostained to detect GFP. We detected transduced neurons, astrocytes, and endothelial

cells (Fig. 8C i–iv) all of which are targets of standard AAV9 after i.v. injection.
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Discussion

Preclinical and clinical data has revealed that pre-existing neutralizing antibodies to wild

type AAV, even at relatively low titers, can severely limit efficient gene transfer and

subsequent expression by AAV vectors (5, 26–29). Seroprevalence calculations in the

literature may under represent the clinical impact of low levels of antibodies, both

neutralizing and non-neutralizing. Many studies start their serum dilutions at 1:20 and do not

include a large percentage of people with these low anti-AAV antibody levels. It has been

shown that anti-AAV antibody titers as low as 1:3.3 can completely block transduction in

vivo, while having a negligible impact on neutralization of AAV in cultured cells (5). Since

the majority of people have titers of at least 1:1, for AAV-based gene therapy to be useful

for a large patient population, it is imperative that next-generation AAV vectors evade

neutralizing antibodies, or there are effective procedures to remove these antibodies from

circulation.

It is becoming increasingly clear that classically defined non-enveloped viruses may

associate with cell membranes upon exit from the cell surface and may retain this

association for at least some time in the extracellular environment (9, 10, 30, 31). This

process differs from conventional cell lysis for host cell escape in the case of a non-

enveloped virus. Besides pointing to important steps in the viruses’ life cycle which may

provide information on pathogenesis, extracellular vesicle-associated virus provides a

unique strategy for manipulating current gene therapy vectors, including AAV (13). We

found that ev-AAV9 could efficiently evade neutralizing antibodies when compared to

standard vector. This was true for pooled human serum as well as purified pooled human

IgG (Figs. 1–3).We first performed in vitro neutralization assays, which were confirmed

with the more robust in vivo passive antibody transfer neutralization assay. Interestingly we

observed major differences in both the transduction properties, as well as the level of

antibody evasion by isolating ev-AAV9 from two different differential centrifugation

speeds. We found that ev-AAV9 isolated from a 20,000 × g centrifugation had its cell

culture tropism dependent on the vesicle (heparin and triton sensitive). eAAV9-FLuc was up

to 42-fold more efficient at transducing a variety of cells than standard AAV9-FLuc (Fig. 6).

AAV9 is known to be relatively inefficient at transduction in culture (21) and often a more

efficient serotype (e.g. AAV2) has to be used in culture experiments to test the effect of the

transgene of interest before moving forward with in vivo experiments with AAV9. ev-AAV9

is a valuable tool as it allows one to use the same serotype in vitro and in vivo. On the other

hand, ev-AAV9 isolated from a 100,000 × g centrifugation, was heparin-insensitive in

culture. The latter ev-AAV9 fraction was much more efficient at transduction in cell culture

than the 20,000 × g fraction and much more resistant to antibodies. Amazingly, the 100k × g

ev-AAV9 fraction mediated 722-fold higher levels of levels of FLuc activity in the head of

mice after i.v. injected relative to standard AAV. This transduction was not affected by a

dose of IVIg that reduced standard AAV by 80%, increasing the transduction differential to

4,000-fold. We showed in various assays that the resistance to anti-AAV antibodies to the

100k × g ev-AAV sample was vesicle mediated (Fig.4A–E). Interesting, we were able to

create an IVIg resistant AAV by mixing AAV and 293T media containing EVs and

centrifuging at 100k × g (Fig. 4E). In the future it may be possible to mix purified EVs
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derived from other cell types (with various properties such as immunomodulation) to create

antibody-evading AAVs. Although it has recently been suggested that the majority of AAV

in producer cell media is full and has a genome (32), we wanted to rule out the possibility

that free empty capsids in the 100k × g ev-AAV9 fraction were responsible for antibody

evasion. We purified the 100k × g ev-AAV9 fraction on a sucrose gradient which we have

previously used to separate free AAV from ev-AAV (13). We isolated fractions from the

gradient, titered them for genomes by qPCR and then separately tested them in an IVIg

neutralization assay (Supplementary Fig. 5A). All fractions were resistant to neutralization,

indicating free empty AAV was not likely responsible for antibody evasion in this fraction

(Supplementary Fig. 5B). Furthermore our data showing that Triton treatment of the 20k × g

and 100k × g ev-AAV samples increased sensitivity to IVIg neutralization supports the

notion that resistance is vesicle-mediated (Fig. 5E).

Other methods to overcome antibody neutralization include pre-treating naïve animals with

anti-CD4 antibodies before vector administration (33), empty capsid decoys which absorb

neutralizing antibodies (34), plasmapheresis to remove antibodies from blood (35), balloon

catheters and saline flush (36), and engineered capsids which antibodies do not bind

efficiently (37). All of these methods, while promising and useful in certain situations, have

limitations. For example, strategies such as antibody and pharmacological-mediated immune

modulation, plasmapheresis, and balloon catheters are not applicable to countries/regions

with inadequate medical technology/infrastructure. The strategy of using excess empty

capsids may induce CTL activity against transduced cells as well as compete with transgene-

containing vector for binding sites in certain organs/structures with limited receptor

densities. Finally engineered capsids, while able to avoid neutralizing antibodies, are often

inferior to the parental vector for transduction of the tissue of interest.

One benefit of using enveloped, compartmentalized AAV for evasion of antibodies is that it

requires no supplemental medical interventions in addition to the unmodified vector itself.

The vector harvested from media is in a ready-to-use final formulation. Furthermore, this

strategy should be applicable to any serotype.

The second significant finding of our study is that modifying the surface of EV with

targeting ligands is an economical, fast, and easy approach to altering AAV transduction in

vivo. We chose to use the AAV9 serotype for our studies as it is able to cross the BBB and

efficiently transduce cells in the brain (38), our target organ. This multistep feature, most

likely includes pre and post cellular entry steps and combined with the shielding properties

of EVs, would potentially yield a powerful gene delivery system. We were able to show

brain-selective targeting compared to untargeted ev-AAV9 after intravenous delivery (Figs.

7, 8). Typical approaches to this goal involve genetically modifying the capsid (39) which is

a tedious process, often taking several months to generate vectors of interest. An even more

complex approach uses virus libraries and in vivo selections (40) (41), which requires a great

deal of expertise and experience to perform, and even then success is achieved after a trial

and error approach. Using extracellular vesicle ligand display, the targeting ligand-TM

construct (usually less than 400 b.p.) is synthesized by a variety of companies for low cost.

The process from ordering the ligand-TM construct to ev-AAV9 production is

approximately 3 weeks. Production of ev-AAV9 and harvest from media is simple.
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In addition to increased brain transduction, we observed RVG-ev-AAV9 to have enhanced

transduction of the liver compared to ev-AAV9. The RVG peptide binds to the nicotinic

acetylcholine receptor (AchR) which is expressed on neurons. AchR is also expressed on

macrophages (42) and it is possible that RVG-ev-AAV9 is transducing liver macrophage. In

the future, it may be possible to avoid liver macrophage with this targeting approach by

injecting via the intracarotid artery route so that the first pass of vector through the

circulatory system reaches the brain before liver.

Conclusions

We have shown that extracellular vesicles (EVs) can be utilized to overcome neutralizing

antibodies to a gene therapy vector in vivo. We also observed that EV-associated AAV9 can

outperform standard AAV9 at transduction efficiency in culture and in vivo. Finally, we

show that expression of engineered transmembrane ligands on the surface of EVs can allow

enhanced AAV-encoded gene delivery to target tissue. These properties bestowed by EVs

on AAV vectors may have direct clinical relevance for antibody evasion and may be applied

to other vector systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ev-AAV evade neutralizing antibodies from pooled human serum and purified pooled
human intravenous immunoglobulin (IVIg)
(A) Dilutions of pooled human sera (10 donors) were mixed with either standard AAV9-

FLuc or ev-AAV9-FLuc. After incubation for 1 h, mixtures were added to HeLa cells and

two days later an FLuc assay was performed. FLuc levels were normalized to the levels

achieved in the absence of serum. (B) Mixing EVs with standard AAV does not result in

significantly enhanced protection from pooled human serum observed with ev-AAV.

Standard AAV9-FLuc, AAV9-FLuc mixed with extracellular vesicles, or ev-AAV9-FLuc

were mixed with the indicated dilutions of pooled human serum. A neutralization assay was

performed on as in (A). (C) Dilutions of IVIg were made and a neutralization assay

performed as in (A). *p<0.05.
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Figure 2. ev-AAV evades neutralizing anti-AAV antibodies more efficiently than AAV in vivo
Mice were injected with PBS or 0.5 mg IVIg/mouse and 24 h later challenged with 1010 g.c.

of either standard AAV9-FLuc or ev-AAV9-FLuc. Seven days later mice were imaged for

FLuc expression by bioluminescent imaging. (A) Bioluminescence images of animals in

ventral view. (B) Top, photon flux in liver region for each group after PBS pre-treatment or,

IVIg pre-treatment; bottom, calculation of residual transduction in liver region of AAV or

ev-AAV in the presence of IVIg when compared to transduction after i.p. injection of PBS.

n=4, p=0.099. (C) Top, bioluminescence images of all groups of animals in dorsal view.

Bottom, IVIG groups shown with lowered scale to clearly indicate higher residual FLuc

signal in the head of ev-AAV injected mice. (D) Top, photon flux in head region for each

group after PBS pre-treatment or IVIg pre-treatment; bottom, calculation of residual

transduction in head region of AAV or ev-AAV in the presence of IVIg when compared to

transduction after i.p. injection of PBS. *p=0.0085. Radiance= photons/sec/cm2/sr.
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Figure 3. 100k × g ev-AAV9 fraction has enhanced antibody evasion properties
(A) A neutralization assay identical to Fig. 1C with IVIg, using AAV9, 20k × g ev-AAV9,

100k × g ev-AAV9. (B) Mice were injected with PBS or 0.5 mg IVIg/mouse and 24 h later

challenged with 1010 g.c. of either standard AAV9-FLuc or 100k × g ev-AAV9-FLuc.

Fourteen days later mice were imaged for FLuc expression by bioluminescent imaging.

Bioluminescent images of the head region are shown. Note the scale differences between

standard AAV and ev-AAV groups. (C) Photon flux of head region for standard AAV9-

FLuc or 100k × g ev-AAV9-FLuc with PBS or IVIg pretreatment. (D) Residual transduction

in the IVIg groups relative to PBS pretreatment groups. *, p<0.05.
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Figure 4. 20k × g depleted media (used for 100k × g ev-AAV isolation) contains an antibody
resistant fraction
(A) A AV genome distribution in fractions of a 8–60% iodixanol gradient loaded with

standard AAV (red line) or 20k × g depleted media from AAV9 producing-293T cells (blue

line). The putative vesicle-associated fractions of AAV is indicated by a gray arrow.

Differences in the amount in fraction #15 between the two samples is indicated by blue

arrows. (B) Treatment with Igepal detergent (black line) partially disrupts vesicle fraction.

Untreated AAV in media is indicated by blue line. (C) Comparison of Igepal treated media

sample with standard free AAV. (D) Antibody resistance (IVIG) profile of free standard

AAV, or AAV in media fractions 6–7 or 16–17 from (A) (E) Mixing free AAV with EV

containing media and centrifuging at 100k × g results in antibody resistant vector. Removing

EVs from the same media restores sensitivity to antibody neutralization.
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Figure 5. Transduction properties of AAV9 20k × g ev-AAV9 and 100k × g ev-AAV9 fractions
(A) Heparin blocks 20k × g ev-AAV9 transduction. AAV9-FLuc and ev-AAV9-FLuc were

incubated with 50 µg/ml heparin and then added to cells. Fluc activity was measured 48 h

later and normalized to transduction in the absence of heparin. (B) Triton treatment of 20k ×

g ev-AAV9 reduces transduction efficiency. AAV9-FLuc and ev-AAV9-FLuc were

incubated with 0.3% Triton before diluting and adding to cells. Transduction was

normalized to luciferase activity in the absence of Triton. (C) Even higher concentrations of

heparin (100 ug/ml) did not inhibit 100k × g ev-AAV9 more than AAV9. (D) Triton
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treatment had a modest effect on 100k × g ev-AAV9 transduction. (E) Triton treatment

breaks open EVs and reduces resistance to antibodies in 20k × g and 100k × g fractions.

*** p<0.001,**p<0.006, *p<0.05.
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Figure 6. ev-AAV9-FLuc is more efficient in culture at transduction than standard AAV9-FLuc
(A) primary murine neurons (B) SH-SY5Y cells (C) melanocytes. Cells were incubated with

AAV9-FLuc or ev-AAV9-FLuc and 48 h later an luciferase assay performed. (D)

Comparison of AAV9, and 20k × g and 100k × g fractions of ev-AAV at transduction of

HeLa cells. **p=0.006; ***p<0.0001 *; p= 0.012. RLU= Relative light units
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Figure 7. RVG-ev-AAV9-FLuc enhances brain transduction compared to untargeted ev-AAV9-
Fluc
(A) Bioluminescent images of head region in mice in ev-AAV9-FLuc and RVG-ev-AAV9-

FLuc groups. Note the circular pattern of bioluminescence eminating from the brain of

RVG-ev-AAV9-FLuc mice (black arrowheads) which indicate this vector is transducing

brain better than ev-AAV9-FLuc. (B) Day 32 post-injection mice were sacrificed and brains

cryosectioned coronally in 1 mm sections. Each section was homogenized and luciferase

activity as well as total protein content determined to give a Fluc expression profile for the

entire brain for each group of mice. The brain images below the graph show the approximate

location of the section taken for measurement. (C) Average RLU/mg in striatum sections for

all three groups. n=4;*, p<0.05. Radiance= photons/sec/cm2/sr. RLU= Relative Light Unit.
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Figure 8. RVG-ev-AAV9-FLuc enhances transduction specificity for the brain after i.v. injection
(A) FLuc activity in tissue homogenates. n=4; *=p<0.05. (B) brain targeting specificity

calculated from the ratio of brain transduction to peripheral organ transduction. *, p<0.05.

(C) RVG-ev-AAV9-GFP transduced cell types in the brain. Vector was injected i.v. and two

weeks later fixed sections were immunostained for GFP. GFP positive neurons (i, ii.),

astrocytes (iii.), and endothelial cells (iv.) were observed. Scale bar= 55 µm. RLU= Relative

Light Unit.
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Table I

Percent of total AAV in media in EV fractions

Sample 20k × g EV pellet 100k × g EV pellet

ev-AAV9* 0.99 +/− 0.11% 40.1 +/− 3.21%

Standard AAV9 + EV mix# 0.087 +/− 0.009% 38.3 +/− 4.24%

*
Media harvested from 293T cells transfected with AAV9-Fluc plasmids

#
Media harvested from non-transfected 293T. Standard, iodixanol purified AAV was spiked into the EV-containing media and then the samples

were centrifuged at either 20,000 × g or 100,000 × g and AAV genomes in the EV pellet determined by qPCR.
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