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Key Points

• Enveloped AAV vectors
are able to transduce
the liver highly effi-
ciently, driving superior
correction of hemo-
philia B in mice.

• Enveloped AAVs are
less susceptible to
antibody-mediated
neutralization, allowing
for liver transduction in
preimmunized animals.

Results from clinical trials of liver gene transfer for hemophilia demonstrate the potential of

theadeno-associatedvirus (AAV) vector platform.However, to achieve therapeutic transgene

expression, in some cases high vector doses are required, which are associated with a higher

risk of triggering anti-capsid cytotoxic T-cell responses. Additionally, anti-AAV preexisting

immunity canprevent liver transductionevenat lowneutralizingantibody (NAb) titers.Here,

we describe the use of exosome-associated AAV (exo-AAV) vectors as a robust liver gene

delivery system that allows the therapeutic vector dose to bedecreasedwhile protecting from

preexisting humoral immunity to the capsid. The in vivo efficiency of liver targeting of

standard AAV8 or AAV5 and exo-AAV8 or exo-AAV5 vectors expressing human coagulation

factor IX (hF.IX) was evaluated. A significant enhancement of transduction efficiency was

observed, and in hemophilia B mice treated with 4 3 1010 vector genomes per kilogram of

exo-AAV8 vectors, a staggering;1 log increase in hF.IX transgene expression was observed,

leading to superior correction of clotting time. Enhanced liver expression was also

associated with an increase in the frequency of regulatory T cells in lymph nodes. The

efficiency of exo- and standard AAV8 vectors in evading preexisting NAbs to the capsid was

then evaluated in a passive immunization mouse model and in human sera. Exo-AAV8

gene delivery allowed for efficient transduction even in the presence ofmoderate NAb titers,

thus potentially extending the proportion of subjects eligible for liver gene transfer.

Exo-AAV vectors therefore represent a platform to improve the safety and efficacy of

liver-directed gene transfer.

Introduction

Adeno-associated virus (AAV) vectors have emerged as one of the most efficient delivery systems for in
vivo gene transfer.1 In particular, in the setting of liver-directed gene transfer, recent data from clinical
trials of gene transfer for hemophilia demonstrated the therapeutic potential of the AAV vector platform,
with published results showing sustained multiyear correction of the bleeding phenotype in hemophilia
B patients after a single vector administration.2
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However, although there is no doubt that in vivo gene transfer with
AAV vectors has the potential of becoming a curative treatment of
bleeding disorders, vector-directed immune responses remain an
important limitation to the widespread use of this gene-delivery tool
in the clinic.3 Recombinant AAV vectors are derived from their wild-
type counterpart,4 which naturally infects humans. Because AAV
infection in nature occurs in the context of a helper virus, humans
develop both neutralizing antibodies (NAbs)5,6 and memory T-cell
reactivity7,8 directed against the capsid. As a consequence,
depending on the AAV vector serotype, up to two-thirds of humans
are seropositive to AAV,9 thus ineligible for enrollment in gene
transfer clinical trials.10 Additionally, the vector dose-dependent (re)
activation of T cells directed against the AAV capsid can result in
clearance of transduced cells, transient elevation of liver enzymes,
and loss of transgene expression.2,10-12 Thus, strategies to develop
AAV vectors resistant to antibody-mediated neutralization and
highly efficient in targeting hepatocytes (to achieve therapeutic
efficacy at lower vector doses) are highly needed.

Exosomes or microvesicles are natural cell-derived extracellular
vesicles with a diameter of 20 nm to 1 mm that originate from
internal endocytic compartments, multivesicular bodies, as well
as plasma membrane budding, and participate in intercellular
communication.13 Exosomes (as well as artificial nanoparticles) are
currently being explored as systems for the delivery of nucleic acids
and proteins, among several other uses.13 The natural release of a
fraction of recombinant AAV vectors associated with exosomes
(exosome-associated AAVs [exo-AAVs]) in the cell medium during
vector production has been recently described.14 The use of exo-
AAV vectors has been demonstrated to enhance transduction in the
setting of gene transfer to the retina,15 the nervous system,16 and
the inner ear.17

In the present study, we tested the ability of exo-AAV vectors to
transduce the liver and drive efficient correction of hemophilia B.
Our results indicate that exo-AAV vectors can efficiently transduce
a variety of liver cell lines in vitro and drive high levels of transgene,
expressing at low vector doses in vivo. exo-AAV vectors also
exhibited a lower susceptibility to neutralization by preexisting anti-
AAV8 NAbs, thus allowing for expansion of the number of subjects
potentially eligible for in vivo gene transfer.

Material and methods

See supplemental Methods for a complete description of materials
and methods.

AAV and exo-AAV vector production

Standard AAV and exo-AAV vectors were produced using the
adenovirus helper-free transfection method as described previ-
ously.18 exo-AAV vectors were isolated by differential centrifugation
as described earlier.17 From the same production, standard AAV
vectors were purified from cell lysates using 2 successive ultracen-
trifugation rounds in cesium chloride density gradient.19 The AAV
genome in both standard AAV and exo-AAV vectors was
quantified using quantitative real-time polymerase chain reaction
(qPCR).

Size characterization of exo-AAV vectors was performed using
Nanosight NS300 (Malvern Instruments, Malvern, United Kingdom)
following the manufacturer’s protocol.

Western blot analysis

exo- and standard AAV vectors were denatured and protein
concentration was determined using the BCA Protein Assay (Thermo
Fisher Scientific, Waltham, MA) following the manufacturer’s
instructions. Western blot analysis was performed using an anti–viral
protein (VP) capsid protein antibody (clone B1; Progen, Heidelberg,
Germany), an anti-human TSG101 antibody (Abcam, Cambridge,
MA), and an anti-human CD9 antibody (Cell Signaling Technology,
Leiden, The Netherlands). For autophagy quantification, HUH-7 cells
were transduced with either standard or exo-AAV8 vectors. Total
cellular proteins were extracted using radioimmunoprecipitation
assay buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1%
NP-40, 0.5% sodium deoxycholate, 1% sodium dodecyl sulfate,
protease inhibitor cocktail; Sigma-Aldrich, St. Louis, MO). An anti-
LC3B (Novus Biological, Littleton, CO) and anti-actin antibody
(Sigma-Aldrich) were used for the western blot. Secondary
antibodies and detection system were from Li-Cor Biosciences
(Lincoln, NE).

Cryotransmission electron microscopy

Cryotransmission electron microscopy was performed as described
by Hudry and colleagues.16

Mouse experiments

Mice were handled according to the French and European
legislation of animal care and experimentation. Hemostatically
normal male or female C57BL/6 mice and hemophilia B mice were
injected IV via the tail vein with AAV or exo-AAV vectors encoding
for human coagulation factor IX (hF.IX). For passive immunization
experiments, mice were injected intraperitoneally with human
immunoglobulin (IV immunoglobulin [IVIg]) and 24 hours later they
were infused with vector.

Statistical analyses

Data are shown as mean 6 standard error of the mean. Statistical
analysis was assessed using GraphPad Prism (GraphPad Software
Inc, La Jolla, CA) version 6.0. Analysis of statistical significance
between 2 groups was assessed using the unpaired Student t test.
For multiple group comparisons, 1-way analysis of variance
(ANOVA) with Bonferroni multiple comparison test was used.

Results

exo-AAV vectors display superior in vitro transduction

efficiency via enhanced cell and nuclear uptake

To study the in vitro transduction efficiency of exo-AAV8 vectors in
several cell lines, exo- and standard AAV8 vectors were produced.
In agreement with several reports showing efficient release of AAV
vectors in culture media during production,19-21 yields in production
were similar for exo- and standard AAV vector preparations across
several serotypes, with the exception of AAV6, which gave much
higher yields in the exo-AAV fraction (supplemental Table 1).
Analysis of the exosome profile of exo-AAV8 vectors showed an
average size of ;115 nm (Figure 1A). Western blot analysis
confirmed the presence of the 3 AAV8 capsid proteins (VP1, VP2,
VP3; Figure 1B) in both exo- and standard AAV preparations,
although upon loading an identical amount in vector genomes (vg)
of exo- and standard AAV8 vectors, higher intensity bands were
noted for the exo-AAV8 vector, suggesting the presence of an
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approximately sixfold excess of empty capsids. Analysis of the
typical exosomal markers TSG101 and CD9 confirmed the
presence of an envelope in the exo-AAV8 vector preparation
(Figure 1B). The exo- and standard AAV8 preparations were
then visualized by cryo-transmission electron microscopy The

exo-AAV8 vector sample contained exosomes of the expected
size (;100 nm), which appeared to carry capsids inside
(Figure 1C). AAV particles not associated with any membrane were
also visualized (Figure 1C), which were either copurified with exo-
AAV or were released upon exo-AAV membrane disruption during
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Figure 1. Characterization of exo-AAV8 vector preparations and in vitro transduction efficiency. (A) Concentration and mean particle size of an exo-AAV8 vector

expressing luciferase. Representative plot generated from the average of three 90-second videos. (B) Western blot for the AAV8 capsid proteins VP1, VP2, and VP3, and for

the exosomal markers TSG101 and CD9. (C-D) Cryo-transmission electron microscopy of exo-AAV8 (C) and standard AAV8 (D) vectors. Arrows indicate AAV particles;

#, membrane of the exosome with the characteristic lipid bilayer; *, carbon support film. (E-F) In vitro transduction of HUH-7 and HHL5 liver cell lines. Analysis performed

24 hours posttransduction. Data are shown as mean of 3 independent experiments 6 standard error of the mean (SEM). **P , .01; ***P , .001; unpaired Student t test.

(G) HUH-7 cells transduced with exo- or standard vectors at an MOI of 25 000 and stained with the ADK8/9 antibody (intact AAV particles, in green; Alexa-Fluor 488) 1 hour

postinfection. Green arrows show representative positive signal for AAV particles. Dapi, 49,6-diamidino-2-phenylindole; MW, molecular weight marker; RLU, relative light unit.
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purification. The conventional AAV sample presented well-preserved
viruses, as expected (Figure 1D), with no detectable exosomes,
reflecting the use of a detergent step during purification.19 In addition
to isolated AAV and empty exosomes, vesicular structures containing
several exosomes, which ranged in size from 150 to 250 nm and
contained a large number of viruses, were also observed (supple-
mental Figure 1A).

Next, we evaluated the transduction efficiency of exo-AAV8
vectors encoding for luciferase in different cell lines. Human
hepatoma cell lines (HUH-7, HepG2, and HHL5) and murine
muscle cell lines (C2C12 and NIH 3T3) were transduced with
either exo- or standard AAV8 vectors encoding for luciferase at
increasing multiplicities of infection (MOI). A significant increase in
transduction efficiency with exo-AAV8 vectors compared with
standard AAV8 was observed in all cell lines tested (Figure 1E-F;
supplemental Figure 1B-D).

To further investigate the mechanism of increase in transduction, we
tested whether the nuclear localization of the vector was increased
with exo-AAV8 vectors. To this end, we transduced HUH-7 cells with
either AAV8 or exo-AAV8 vectors at a MOI of 25 000 and measured
capsid uptake and nuclear internalization by imaging flow cytometry.
Compared with standard AAV8, a stronger staining for capsid was
evidenced in the cytoplasm of cells treated with exo-AAV8 vectors.
Nuclear localization also showed a stronger signal with exo-AAV8
vectors, with almost ;40% of the nuclei containing capsid after
1 hour of incubation compared with ;20% with standard AAV8
vectors (supplemental Figure 1E-F). This result confirmed findings
obtained with conventional microscopy (Figure 1G) in HUH-7 after
1 hour of treatment at an MOI of 25 000.

Additional in vitro studies showed that exo-AAV, unlike their
standard counterpart, do not seem to rely on autophagy to
transduce hepatocytes,22 as levels of LC3-II were unchanged in
cells treated with exo-AAV vectors (supplemental Figure 2A-B).
Furthermore, receptor saturation experiments with excess empty
capsids showed inhibition of transduction of standard but not
exo-AAV vectors (supplemental Figure 2C).

These results suggest that exo-AAV8 vectors enhance transduction
efficiency in vitro by increasing the cell uptake and nuclear
trafficking kinetics of the vector. The mechanism of enhancement
of transduction seems to be AAV receptor independent and does
not rely in conventional pathways of intracellular trafficking of AAV.

Robust enhancement of liver-mediated gene transfer

with exo-AAV vectors in vivo

We next hypothesized that exo-AAV vectors would allow for
enhanced liver-directed gene transfer in vivo. We IV injected naive
male and female C57BL/6 mice with an equivalent vector dose
(5 3 1010 vg) of AAV8 or exo-AAV8 vectors encoding for hF.IX
under the control of a liver-specific promoter.23 Plasma samples
were collected to monitor circulating hF.IX transgene expression
levels for 6 weeks. In male mice, treatment with exo-AAV8
resulted in sustained and approximately twofold higher expression
of circulating hF.IX compared with standard AAV8 vectors
(Figure 2A). Female mice were also treated with exo- or standard
AAV8 vectors to provide a more stringent test to the technology, as
several studies indicate that the liver of female mice is refractory to
AAV vector transduction.24-26 Also in this case, higher (approx-
imately fourfold) circulating hF.IX transgene plasma levels were

observed with exo-AAV8 vectors (Figure 2A). Interestingly, female
mice treated with exo-AAV8 vectors showed comparable hF.IX
transgene expression levels to male mice treated with standard
AAV8 vectors (46 6 4 mg/mL vs 89 6 22 mg/mL at week 6,
respectively, P 5 .5317; Mann-Whitney U test; Figure 2A).

When euthanized, 6 weeks postvector infusion, we determined the
biodistribution profile of exo- and standard AAV8 vectors. exo-AAV8
vectors showed preferential tropism and superior transduction
efficiency in the liver compared with standard AAV8 vectors
(approximately twofold and approximately fourfold increase in male
and female animals, respectively; Figure 2B). In agreement with
previous publications,16 an increase in transduction of brain was
observed in mice treated with exo-AAV8 (Figure 2B); skeletal
muscle also seemed to be transduced at higher levels in exo-
AAV8–treated mice (supplemental Figure 3).

To test whether our approach would work with different AAV
serotypes, exo-AAV5 vectors containing the same liver-specific
expression cassette as the AAV8 vectors were produced, titered
(supplemental Table 1), and characterized (supplemental Figure 4).
Naive male and female C57BL/6 mice were treated with an IV
injection of either standard AAV5 or exo-AAV5 vectors at a dose of
109 vg per mouse. Remarkably, at this low vector dose, all animals
treated with exo-AAV5 vectors showed detectable hF.IX transgene
circulating levels, which were;20- and;30-fold higher than those
in male and female animals treated with standard AAV5 vectors,
respectively (Figure 2C). In particular, although almost no
expression was detectable in female animals treated with standard
AAV5-hF.IX vectors, exo-AAV5–treated animals showed circulating
hF.IX levels of about 400 ng/mL. Similarly, high levels of transgene
expression, compatible with full correction of the bleeding
phenotype of hemophilia, were achieved in male animals treated
with the exo-AAV5-hF.IX vector but not with the standard AAV5
vector. In agreement with the transgene expression results, in the
liver of animals treated with exo-AAV5 vectors, a significantly higher
vector genome copy number was observed compared with
standard AAV5 vectors in both male and female mice (Figure 2D).
Together, these data indicate that exo-AAV vectors represent a
powerful and feasible alternative to greatly enhance liver gene
transfer with virtually any AAV serotypes.

exo-AAV vectors drive widespread enhanced

targeting of hepatocytes

To better characterize the distribution of transduced cells in the liver
of mice treated with exo- or standard AAV8 vectors, we treated
naive male C57BL/6 mice with a low vector dose (109 vg per
mouse). Also at this dose, we observed enhanced transgene
expression (approximately fivefold higher) with exo-AAV8 vectors
(Figure 3A). When euthanized, 2 weeks postgene transfer, livers
were collected and lobes were digested with collagenase for
isolation of parenchymal and nonparenchymal cells. As expected,
gene copy number was higher in parenchymal cells isolated from
animals treated with exo- vs standard AAV vectors (4.65 6 0.9 vg
copy per diploid genome vs 1.156 0.4 vg copy per diploid genome,
respectively; P 5 .0317; Mann-Whitney U test; Figure 3B). No
statistical difference in vector genome copy number was observed
in nonparenchymal cells (0.06 6 0.05 vg copy per diploid genome
vs 0.02 6 0.008 vg copy per diploid genome for exo- vs standard
AAV vectors, respectively; P 5 .056; Mann-Whitney U test;
Figure 3B). Importantly, vector genome copy numbers were ;2 log
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lower than parenchymal cells (Figure 3B). The additional liver lobes
collected at euthanization were stained for hF.IX with an antibody
that recognizes specifically the human protein. Interestingly, and in
agreement with the other results obtained, mice infused with exo-
AAV8 vectors showed a widespread distribution of hepatocytes
expressing the hF.IX transgene, similar to that found in animals
treated with standard AAV8 vectors (Figure 3C). However, the
intensity of staining appeared to be significantly higher in animals
treated with exo-AAV8 vectors (Figure 3D), in which a larger
proportion of hepatocytes expressing high levels of hF.IX transgene
was found (Figure 3D).

These results confirm the superior efficiency of liver targeting of
exo-AAV vectors, which results in widespread high-level distribution
of F.IX-expression hepatocytes.

exo-AAV vectors display similar immunogenicity to

standard vectors while they enhance regulatory

T-cell expansion

Anti-AAV capsid antibody analysis was performed in all animals
injected IV with exo- and standard AAV vectors. All animals
developed robust anti-capsid antibodies shortly after vector admin-
istration (supplemental Figure 5A-B), whereas no animal developed a

detectable T-cell response directed against the AAV capsid or the
hF.IX transgene (supplemental Figure 5C-D). qPCR analysis of livers
also revealed no significant increase in T-cell infiltrates in exo-
AAV–treated animals (supplemental Figure 5E-H). None of the
animals treated with high vector doses of vector (5 3 1010 vg per
mouse) developed anti-hF.IX transgene antibody responses (sup-
plemental Figure 6A). At low vector doses (13 109 vg per mouse),
1 animal treated with standard AAV8-hF.IX developed an anti-hF.IX
transgene antibody (supplemental Figure 6B), whereas none of
the animals treated with exo-AAV8 vectors developed anti-
transgene antibodies (supplemental Figure 6). Accordingly, as
previous studies showed that high expression levels promote
better transgene-specific immune tolerance,27,28 we evaluated the
frequency of CD41CD251FoxP31 regulatory T cells (Tregs) in
animals treated with exo- or standard AAV-hF.IX vectors at a dose
of 1 3 109 vg per mouse. At this dose, no differences were noted
in the spleens, however, a significant enhancement in the frequency
of Tregs was noticeable in the lymph nodes of exo-AAV–treated
animals. in AAV8-treated animals (Figure 4A-B), the frequency of
Tregs in lymph nodes was 8.76% 6 0.2% vs 7.2% 6 0.13%
for exo-AAV8 and standard AAV8, respectively (n 5 5 per group,
P 5 .0079; Mann-Whitney U test). In AAV5-treated animals
(Figure 4C-D), an even greater frequency of Tregs in lymph nodes
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was induced by exo-AAV5 (10.03% 6 0.9%) vs standard AAV5
(4.7% 6 1.5%) (n 5 5 per group, P 5 .0202; Mann-Whitney
U test). These data suggest that, because of the higher

transduction efficiency, exo-AAV vectors can mediate a more
efficient induction of antigen-specific liver immune tolerance,
thus providing better protection from antitransgene immune
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responses and enhancing the overall safety profile of the
approach.

Enhanced correction of the hemophilia B phenotype

with exo-AAV8 vectors

With the rationale of increasing the efficacy of hemophilia B gene
therapy at lower vector doses, we assessed the therapeutic
potential of exo-AAV8 vectors encoding for hF.IX in F92/2 mice.
Male mice were IV injected with either exo- or standard AAV8-hF.IX
at a vector dose of 1 3 109 vg per mouse. Plasma samples were
collected for monitoring hF.IX antigen levels and clotting activity
1 month following gene transfer. We observed a striking ;1 log
increase in circulating hF.IX antigen levels in hemophilia B mice
treated with exo-AAV8 (n 5 4, 4.85 mg/mL 6 0.67 mg/mL, ;97%
of normal levels) comparedwith standard AAV8 (n5 3, 0.46mg/mL6
0.15 mg/mL, ;10% of normal levels) (Figure 5A). Furthermore,
activated partial thromboplastin time (aPTT) assay demonstrated
that the hF.IX produced was functional, as animals treated with the
exo-AAV8-hF.IX vector displayed clotting activity around 100%
(177% 6 52%). Clotting activity was about fourfold above that
measured in animals treated with standard AAV8-hF.IX vectors, and
the difference lasted through the period of observation (Figure 5B).
In agreement with these results, we also observed a signifi-
cant approximately sixfold increase of vector copy number in livers
of mice treated with exo-AAV8 vectors (0.95 copy per diploid genome

6 0.09 copy per diploid genome) compared with standard AAV8
vectors (0.15 copy per diploid genome 6 0.06 copy per diploid
genome, Figure 5C). In all animals, anti-AAV8 antibodies were
triggered following vector administration at similar levels between
the 2 treatment groups (Figure 5D-E). Low-titer anti-hF.IX transgene
immunoglobulin G (IgG) were detected in animals injected standard
AAV8 vectors, although these were not neutralizing (Figure 5F;
supplemental Table 2). Importantly, in agreement with the observed
enhancement in the frequency of Tregs (Figure 4), none of the mice
treated with exo-AAV8 vectors developed anti-hF.IX IgG antibodies
or NAbs to the hF.IX transgene product (Figure 5F; supplemental
Table 2). These results indicate that exo-AAV8 vectors can increase
the efficacy and the therapeutic index of AAV-mediated liver gene
therapy, resulting in complete correction of the clotting deficiency in
hemophilia B mice at low vector doses.

Efficient protection from preexisting neutralizing

anti-capsid antibodies with exo-AAV8 vectors

We hypothesized that the encapsulating exosome can shield AAV8
vectors from preexisting humoral immune responses. To address
this, we used a passive immunization model in immunocompetent
male C57BL/6 mice (Figure 6A).29 Animals were first injected
intraperitoneally with human IVIg harboring anti-AAV8 antibodies at
3 different doses, resulting in anti-AAV8 NAb titers of about 1:1, 1:1
to 1:3.16, or .1:10 (Figure 6B). Mice were then IV injected with
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vector at a dose of 53 1010 vg of either exo- or standard AAV8-hF.
IX. At a dose of 0.5 mg (anti-AAV8 NAb titer 1:1) and 2 mg
(anti-AAV8 NAb titers ranging from 1:1 to 1:3.16) of IVIg, we
observed complete protection from preexisting antibodies result-
ing in the rescue of hF.IX transgene expression with exo-AAV8
vectors (Figure 6C-D). In contrast, for mice treated with standard
AAV8 vectors, we observed a partial neutralization (30%) in the
presence of an anti-AAV8 NAb titer of 1:1 (Figure 6C), and full
neutralization in the presence of a NAb titer ranging from 1:1 to
1:3.16 (Figure 6D). In the presence of Nab titers . 1:10, neither
vector achieved efficient liver transduction (Figure 6E). Vector
genome copy number measured in livers collected 42 days after
gene transfer confirmed these findings (Figure 6F). These results
further demonstrate that low titers of preexisting anti-AAV8
antibodies (titers ranging from 1:1 to 1:3.16) can block standard
AAV8 vector transduction, a result in agreement with previous
findings.29-31 They also indicate successful protection from low-
level preexisting antibodies and rescue of transgene expression
with exo-AAV8 vectors. To confirm that the rescue from antibody-
mediated neutralization was mediated by a membrane envelope, we

next treated exo-AAV8 with a detergent (Triton) to disrupt
exosomes. This resulted in loss of ability to evade NAbs of the
exo-AAV8 vector and made the transduction profile of exo-AAV8 in
vitro similar to that of standard AAV8 vectors (Figure 6G). Notably,
formulation of standard AAV8 vectors in a fivefold excess of empty
capsid29 did not result in the same level of rescue from NAbs as
exo-AAV8 vectors (Figure 6G).

Finally, to better understand the relevance of these findings to
human trials, a survey of anti-AAV8 NAb titers was conducted in
healthy donors, showing that the proportion of subjects harboring
anti-AAV8 antibodies in the range of 1:1 to 1:3.16 range is ;40%
for AAV2 and 20% for AAV8 (Table 1). We then selected 3 groups
of subjects with NAb titers to AAV8 of 1:1 (low positive), 1:3.16
(positive), and 1:31.6 (high positive) and incubated exo- or standard
AAV8 vectors expressing luciferase with various dilutions of these
serum samples. Residual luciferase expression was then measured
after an in vitro transduction experiment (Figure 6H). Similar to the
results of in vivo experiment in mice, complete rescue of trans-
duction was observed at titers of 1:1 and 1:3.16, whereas at titers
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of 1:31.6 only a partial rescue of neutralization was measured
(Figure 6H). Preliminary experiments in vivo in the setting of vector
readministration support the in vitro findings, showing partial
rescue of liver transduction following exo-AAV vector redosing
(supplemental Figure 7). These results demonstrate that exo-AAV8
vectors can be used to allow for treatment of humans with some
levels of preexisting antibodies to AAV, otherwise not eligible for
enrollment in gene-therapy trials.

Discussion

Recombinant AAV are the most clinically relevant vectors for in vivo
gene transfer, as demonstrated in several trials and in particular in
the context of bleeding disorders.1,2,10,12 Despite the excellent
safety and efficacy profile, however, some important limitations of
the technology remain, mainly associated with the need for more
efficient vectors that can escape, to some extent, recognition by the
host immune system.3

Here, we demonstrated that exosome-enveloped AAV vectors offer
a feasible, relatively simple strategy to achieve superior correction of
hemophilia via enhanced targeting of hepatocytes, at the same time
providing protection from preexisting NAbs. Although the mecha-
nism of enhancement of transduction is not completely understood,
based on our in vitro results, exo-AAV vectors seem to present a
faster nuclear translocation rate, which may be the result of more
efficient and autophagy-independent22 intracellular trafficking.
Additionally, competition experiments presented here suggest
that exo-AAV entry occurs through a process dependent on the
exosome membrane or protein components (eg, micropinocytosis,
receptor-mediated endocytosis), which bypass the need of cell
receptor binding of the AAV capsid.

To date, no experience with exo-AAV vectors is available in the
context of liver gene transfer, particularly in the setting of
hemophilia. In this study, we developed and tested 2 enveloped
vectors, exo-AAV8 and exo-AAV5, 2 serotypes that have been
tested in humans in the treatment of hemophilia A and B.32 Our data
indicate that the use of enveloped AAV vectors results in a

significant enhancement of transduction of hepatocytes, which was
more evident at low vector doses. Accordingly, we observed up to a
40-fold increase in transduction with exo-AAV5 vs standard AAV5
vectors. This also translated in the ability to completely restore the
clotting activity in hemophilia B mice with low doses of exo-AAV8
vectors but not with standard AAV8 vectors, resulting in a striking
;1 log enhancement in transgene expression.

When we analyzed the distribution of expression in the liver, imaging
data gathered suggested that exo-AAV vectors simply drive higher
transgene expression levels in a larger number of cells in the liver
compared with standard vectors. Aside from the treatment of
hemophilia, this is a potentially attractive feature of exo-AAV, which
may be useful for applications like promoterless AAV,33 or any
application of gene transfer in which high levels of hepatocyte
targeting are needed.34 Of note, one advantage of combining
exosomes with AAV vectors, as opposed to using exosomes to
carry naked plasmid DNA, resides in the long-lived transgene
expression that can be obtained with AAV vectors in liver.2,35

Additionally, we have previously demonstrated that producing exo-
AAV in the absence of capsid does not lead to detectable
transduction, at least in cultured cells.14

The implications of these results for the development of safer and
more effective gene therapies for bleeding disorders are multiple.
First, as AAV vectors, and in particular AAV8, tend to target
hepatocytes less efficiently in humans and nonhuman primates
compared with mice,36 the potential benefit in terms of expression
levels deriving from the use of exo-AAV vectors will be even more
significant in large animals and in humans. Data emerging from
clinical trials of AAV5 liver gene transfer for hemophilia A and B
support this point, and indicate that high vector doses are needed
to reach therapeutic levels of transgene expression in humans;
hence, the use of exo-AAV5 vectors could potentially significantly
lower the therapeutic dose in this setting. Second, the ability to
lower the vector dose to achieve full therapeutic efficacy would
confer a clear advantage in terms of avoidance of CD81 T-cell
responses directed to the capsid.11 This point can be extrapolated
from a number of preclinical and clinical studies,12,37-40 suggesting
that at low vector doses it is less likely to experience vector-related
immunotoxicities.3 Last, as suggested here by the higher frequency
of Tregs found in lymph nodes of exo-AAV–treated animals, higher
transgene expression levels are likely to result in more robust
induction of immunological tolerance.27

One additional potential advantage deriving from the use of highly
efficient exo-AAV vectors is a decrease in terms of vector
manufacturing needs. Although this from a theoretical point of
view is an important point, it represents also a limitation of the

Figure 6. (continued) vectors. (B) Anti-AAV8 NAb titer measured before vector administration (C-E) Plasma hF.IX levels over time assessed by ELISA in mice immunized with

0.5 mg (C), 2 mg (D), or 8 mg (E) of IVIg. hF.IX levels are reported as percentage of hF.IX levels in naive mice following gene transfer with standard AAV8-hF.IX vector. The

symbols represent individual animals and the bars represent the mean 6 SEM. *P , .05; **P , .01; ***P , .001; 2-way ANOVA with Bonferroni posttest. (F) VGCN per

diploid genome in liver collected at euthanization from the animals in panels C-E and in naive controls. Data are shown as mean 6 SEM. *P , .05; **P , .01; ***P , .001;

1-way ANOVA with Bonferroni posttest. (G) NAb assay performed at increasing IVIg dilutions with exo-AAV8 or exo-AAV8 vectors after treatment with 0.075%

Triton-X-100, and standard AAV8 vectors alone or formulated in an excess of fivefold empty capsids. exo-AAV8 vectors were retitered after Triton treatment together with

all other vectors used in the experiment. Shown are mean 6 standard deviation of 2 independent experiments. ***P , .001; exo-AAV8 vs AAV8 vectors. pppP , .001;

ppP , .01; exo-AAV8 vs exo-AAV8 after treatment with 0.075% Triton-X-100. dddP , .001; ddP , .01; exo-AAV8 vs standard AAV8 vector formulated in an excess of

fivefold empty capsids. Two-way ANOVA with Bonferroni posttest. (H) NAb assay performed with individual sera from healthy donors carry low (1:1), mid (1:3.16), or high

(1:31.6) at increasing dilutions. Results are shown as percentage of max expression control (no inhibition). Each line represents a single donor.

Table 1. Anti-AAV2 and anti-AAV8 NAbs in adult healthy donors

(n 5 100)

Serotype

NAb

<1:1 (naive) 1:1 1:3.16 ‡1:10

AAV2 1 35 10 54

AAV8 42 7 13 38
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technology, as manufacturing of exosomes is still in its infancy.
Thus, future efforts will have to focus on the development of
scalable methods for the purification of exo-AAV, based on the
recent advances in the field of manufacturing of exosomes for
clinical use.41 Additionally, careful characterization of the contents
in exo-AAV vectors, mostly derived from the cells of origin, will be
required in order to move forward toward the clinical use of these
vectors.42 In particular, the role of contaminants such as proteins
and nucleic acids, derived from the packaging cell lines,42,43 in the
overall safety and immunogenicity profile of exo-AAV vectors will
have to be extensively studied. Alternatively, the use of artificial
liposome-based vesicles44 or exosome mimetics could address the
issue of exosome contaminants. Similarly, to translate the current
results to humans, careful assessment of exo-AAV vector biodis-
tribution and genome integration profile45,46 will have to be
performed, owing to the fact that these vectors enter the cell via
receptor-independent pathways and traffic to the nucleus with high
efficiency.

It is well established that a major limitation of AAV-mediated gene
transfer is the high prevalence of anti-AAV antibodies in humans,
which prevents enrollment in gene-therapy trials. In the context of
natural humoral immunity to AAV, and depending on the AAV
serotype, a significant proportion of subjects harbor anti-capsid
neutralizing titers that are low to moderate.9,29,47 For example,
results presented here suggest that ;40% and ;20% of healthy
humans present NAbs ranging from 1:1 to 1:3.16 for AAV2 and
AAV8, respectively. Although these titers are sufficient to block liver
targeting of standard AAV vectors, here we showed that exo-AAV8
vectors are not affected by low to moderate levels of NAbs and
retain the ability to transduce the liver. This is an important added
advantage of exo-AAV vectors, as they can help ensure liver
transduction in an extended population of prospective patients.
Why exo-AAV do not efficiently escape neutralization at high
antibody titers remains to be established. One possible explanation
could reside in the role of antibodies in intracellular immunity to
pathogens.48,49 Other purification methods that remove external
AAV capsids (free or exosome surface-bound) may also increase
resistance to neutralization. Future studies will have to better define
the extent of exo-AAV’s ability to overcome NAbs; additionally,

studies on the combination of exo-AAV with strategies aimed at
lowering47,50 or removing circulating antibodies51,52 will help give
access to in vivo gene therapy also to subjects with high-titer NAbs
to AAV.

In conclusion, exo-AAV vector is a powerful tool to enhance liver-
targeted gene transfer in the treatment of hemophilia. This
technology could further pave the way to the widespread use of
AAV vector-mediated gene therapy for the treatment of a variety of
diseases affecting the liver.
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