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promoter is not sufficient to drive normal
levels of expression of the protein in the
context of lentiviral vectors.14

The use of selectable markers in the targeting
constructs precludes evaluation of the effi-
ciency of repair. Nevertheless, the message
of this study remains strong and clear. A
careful analysis of the different elements
required for physiological levels of gene
expression is an essential step for emerging
gene-editing technologies because it will ulti-
mately dictate the optimal strategy to achieve
therapeutic levels of correction.
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The efficacy of gene therapy treatments for
inner-ear disease depends on the specificity
and efficiency with which reagents can be
introduced into the relevant cells. Several
viral vectors, including adenovectors and ad-
eno-associated vectors (AAVs), have been
used to shuttle genes into cells of the inner
ear,1,2 but relatively low transfection effi-
ciency continues to be an obstacle.3,4 In
this issue of Molecular Therapy, György
et al.5 now show that AAV1 vectors linked
to exosomes (exo-AAV1) achieve highly effi-
cient transfection of all types of sensory cells
(hair cells) within both the auditory and
vestibular sensory epithelia of the inner ear.

Inner-ear diseases disrupting hearing and
balance affect millions of people worldwide.
Many years of research on the inner ear
have contributed to our understanding of
normal development and function as well
as the causes and progression of disease.
Researchers have recently begun to design
therapeutic interventions aimed at hearing
restoration and protection of the inner ear
against ongoing damage. Techniques to
manipulate gene expression in cells within
ular Therapy Vol. 25 No 2 February 2017 309
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Figure 1. Schematic Legend

The outer ear canal (A) ends medially in the tympanic membrane (ear drum, B), connecting to the middle ear

ossicles (C). The inner ear consists of the vestibular portion (D) and the cochlea (E). A cross-sectional view of the

cochlear spiral is shown in higher magnification in themiddle portion of the schematic, and the sensory region, the

organ of Corti, is shown on the right. Inner hair cells (F) and outer hair cells (G) are transduced by the exo-AAV

vector with high efficiency (brown), although some remain without transgene expression (magenta). Some sup-

porting cells are also GFP positive (H, green).
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the auditory system through surgical delivery
of gene vectors and gene-editing agents pre-
sent unique opportunities to address severe
or progressive genetic forms of inner-ear dis-
ease in the clinic.

In the new study, György and co-authors5

show that AAV1 capsids bind to the surface
and interior of exosomes and can be used to
express transgenes in inner and outer hair
cells (OHCs) of the cochlea (Figure 1).
They further show that the overall level of
transgene expression was significantly higher
when using exo-AAV1 than free AAV1. The
most impressive outcome of the transfection
with exo-AAV was enhancement in the
transfection efficiency of OHCs relative to
conventional AAV1. This enhanced trans-
duction of both inner and OHCs is
promising, because many types of hearing
loss are caused by damage to both cell
populations.6

In addition to target-cell specificity, efficient
vector delivery and gene expression depend
on the mode of viral vector injection. To
assess delivery route options, the authors
compared two different approaches for in-
jecting the viral vector into the perilymph
(the fluid that bathes the sensory epithe-
lium). They found that viral vector delivery
via the round window (a membrane-covered
fenestra at the base of the cochlea) is prefer-
able to cochleostomy (a perforation created
in the otic bone leading to the cochlear
fluid), with better distribution of the virus
310 Molecular Therapy Vol. 25 No 2 February 20
throughout the cochlea and reduced vari-
ability in the efficiency of transgene expres-
sion. For clinical application in the future,
it is notable that both delivery ap-
proaches (round window or cochleostomy)
are feasible surgical routes for delivery of re-
agents into the human cochlea, and both
currently are used for inserting cochlear im-
plants in recipients. In addition to exo-
AAV1 delivery into the cochlea, the authors
show that the exo-AAV1 virus can induce
transgene expression in the neighboring
vestibular system of the inner ear. This
outcome is not surprising, since the cochlea
and the vestibular end organs are connected
via a shared fluid space and the ability of viral
vectors to flow from one compartment to the
other in the ear has been shown previously.7

As proof of principal for its ability to
improve inner-ear function, György et al.5

tested exo-AAV1 in a mouse model of hu-
man deafness caused by mutations in lipoma
HMGIC fusion partner-like 5 (LHFPL5).
They tested whether exo-AAV1 or exo-
AAV9 efficiently targeted hair cells in mice
engineered to lack the LHGPL5 ortholog,
Lhfpl5.8 Lhfpl5�/� mice exhibited no detect-
able LHFPL5 protein due to the insertion of a
lacZ cassette that disrupted protein transla-
tion.8 Similar to Lhfpl5 mutant mice with
a single bp missense mutation, Lhfpl5�/�

mice exhibited hearing loss and vestibular
dysfunction, likely due to defects in hair
cell structure and protein localization.8

Importantly, György et al.5 show that trans-
17
duction of wild-type LHFPL5 into cochlear
hair cells improves hearing thresholds
(determined by recording auditory brain-
stem responses [ABRs]) and vestibular be-
haviors, suggesting potential for lasting
recovery. The improvement in ABR thresh-
olds achieved in Lhgpl5 mutant mice after
exo-AAV viral infection was moderate, but
significant, and could translate to important
enhancement in quality of life for patients.
For now, this study serves as an important
proof of the principle that gene therapy can
improve hearing and reduce balance deficits
in affected mice.

The results also raise some important ques-
tions that should be addressed in future
studies. First, it is unclear why the high effi-
ciency of hair cell transfection did not
yield better functional improvements. More
detailed assessment of hair cell structure
and function may reveal subtle defects that
remain in the treated ear. Another potential
problem needing consideration is cross-
infection of exo-AAV1 to the vestibular or-
gans. While potentially beneficial when a
transgene is needed for therapy in both hear-
ing and balance systems, as shown in the cur-
rent paper, cross-transfection between the
cochlea and the vestibular organs may also
pose unwanted side effects when balance
problems are not a component of the disease.
Similarly, transduction of both hair cells and
supporting cells in areas flanking the audi-
tory epithelium (see Figure 1B in György
et al.5 and Figure 1) could lead to undesired
effects if genes that are critical for proper
hair cell function are toxic to supporting
cells.

Conversely, exo-AAVs might be useful for
expressing genes to address dysfunction
in supporting cells, as previously shown.9

Thus, accomplishing specific delivery to a
sub-compartment of the inner ear (cochlea
versus vestibular) or expression within a
particular cell type is an important next
step toward clinical application of gene ther-
apy for treating inner-ear disease and may be
influenced by specific regulatory elements
that guide expression. Finally, the data re-
ported in the paper were obtained in
neonatal mice in which inner ears are imma-
ture, and it is unclear how relevant the results

http://www.moleculartherapy.org
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will be for more mature ears. This is impor-
tant, because humans are born with mature
inner ears and therapeutic access to devel-
oping inner ears would require complex em-
bryonic interventions with low feasibility.
Interestingly, other studies that have attemp-
ted viral-vector-mediated rescue of genetic
deafness in mouse mutants have also re-
ported positive outcomes only in developing
ears.3,4,9

Exo-AAV1 as a delivery vehicle for gene
replacement is relevant for treating loss-
of-function alleles; however, it may be less
useful for gain of function or missense
sequence variants that result in novel protein
activities, because these altered proteins may
not respond to gene replacement strategies.
To date, ClinVar and OMIM list the
following four disease-causing homozygous
pathogenic variants in LHFPL5: a 1-bp
deletion (649delG), two missense variants
(c.494C > T; p.Thr165Met and c.380A >
http://dx.doi.org/10.1016/j.ymthe.2017.01.001
G;p.Tyr127Cys), and a single nucleotide
deletion (246delC). It is likely that additional
pathogenic variants in LHFPL5 have yet to
be uncovered. In summary, although much
remains to be done, it is clear that the
method and progress presented here are
exciting and comprise important advances
toward treatment of human hereditary deaf-
ness with gene-based therapies.
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Development of inhibitory antibodies
directed against infused clotting factors
(termed inhibitors) is a major complication
in the current treatment of hemophilia.1

Inhibitor formation occurs in about 30% of
hemophilia A and 2%–5% of hemophilia B
patients, making protein replacement ther-
apy ineffective and requiring expensive and
inconvenient bypass treatments to manage
bleeds. Development of inhibitors in hemo-
philia B is also associated with several side ef-
fects, such as nephropathic syndrome and
anaphylactic reactions, which complicate
immune tolerance induction (ITI).1 In this
issue of Molecular Therapy, Herzog and col-
leagues2 tackle the issue of inhibitors and
demonstrate for the first time that oral toler-
ance to coagulation factor IX (F.IX) can be
achieved in a large animal model of hemo-
philia B.3 To do so, they used lyophilized
transplastomic lettuce containing bio-
encapsulated cholera toxin subunit B fused
to F.IX (CTB-F.IX), which can be easily pro-
duced in large quantities and is stable over
time.

Oral tolerance refers to a state of peripheral
immune unresponsiveness induced by the
gut-associated lymphoid tissue (GALT) to-
ward antigens administered via the oral
route (Figure 1). Briefly, after transport
across the epithelium of the small intestine,
ingested antigens are taken up by antigen-
presenting cells (APCs). The unique immune
environment of the GALT fosters a tolero-
genic presentation by resident APCs to anti-
gen-specific T lymphocytes, which results in
induction of tolerance. Oral tolerance ap-
pears to be mediated by various immune
mechanisms (anergy, clonal deletion, or gen-
eration of regulatory T cells), depending on
the levels of antigen that become bioavailable
through the gut tract.3 For example, in
ular Therapy Vol. 25 No 2 February 2017 311
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