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Usher syndrome is a deaf-blindness disorder. One of the subtypes, Usher 1B, is caused by
loss of function of the gene encoding the unconventional myosin, MYO7A. A variety of
different viral-based delivery approaches have been tested for retinal gene therapy to
prevent the blindness of Usher 1B, and a clinical trial based on one of these approaches
has begun. This review evaluates the different approaches.

sher syndrome is mainly a recessive genet-
U ic disorder characterized by deafness and
progressive retinal degeneration. It has been di-
vided into types 1-3, according to the severity
and time course of the hearing impairment.
Further subdivision has been based on genetic
linkage (Williams 2008). Usher 1B, the most
prevalent form of Usher type 1, is caused by
mutations in the gene encoding the unconven-
tional molecular motor, MYO7A. Its recessive
inheritance suggests that Usher 1B results from
loss of protein function. Mutations have been
found along the entire gene, some of which are
predicted to be effective null mutations (Jacob-
son et al. 2011).

The loss of both hearing and vision makes
Usher syndrome a particularly disabling disor-
der. Nowadays, the hearing deficiency can be
addressed with the aid of cochlear implants,
but the visual impairment has no treatment.
In most cases, the deafness is congenital; Usher
1 patients are born profoundly deaf. Usher

patients are therefore readily identified when
infants, before onset of retinal degeneration,
making them particularly good candidates for
gene replacement therapy. The introduction
of ¢cDNA encoding functional MYO7A, before
there is any retinal damage, should result in ef-
ficacious prevention. A phase 1 clinical trial has
been approved by the Food and Drug Adminis-
tration (FDA) and has been under way in the
U.S. since 2012, and a second trial has been ap-
proved in France.

This review gives a historical account of
preclinical work leading up to the clinical trials,
and discusses some still unanswered questions,
as well as the strengths and weaknesses of dif-
ferent viral-based strategies.

MUTANT MYO7A: MOUSE MODEL
AND MUTANT PHENOTYPES

Mice carrying mutations in Myo7a, the Usher
1B ortholog, are known as shakerl. They were
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identified readily by mouse geneticists, because
of their head tossing, hyperactivity, and cir-
cling behavior, which result from cochlear and
vestibular dysfunction (Gibson et al. 1995).
Spontaneous or N-ethyl-N-nitrosourea (ENU)-
induced mutations have now resulted in approx-
imately 10 different alleles of shakerl (Mburu
et al. 1997). None of the alleles presents retinal
degeneration under normal light conditions, a
common feature among most of the Usher 1
mouse models (Williams 2008). However, the
identification of mutant phenotypes in the retina
has provided relatively robust assays by which to
test the introduction of functional MYO7A pro-
tein. Hence, the shaker]l mouse represents a use-
ful diagnostic tool for testing the efficacy of retinal
gene therapy in vivo. Most of such studies have
used the Myo7a*"-"28 allele, which possesses a
premature stop codon that results in no detect-
able protein.

In the retina, MYO7A has been detected in
the retinal pigment epithelium (RPE) and the
photoreceptor cells. The majority of the protein
is found in the RPE, where it localizes in the
apical region (Hasson et al. 1995; Liu et al.
1997). In the photoreceptors, MYO7A is local-
ized to the connecting cilium and periciliary
region (Liu et al. 1997; Williams 2008); recently,
it has also been reported to be present in the
calycal processes of monkey and frog photore-
ceptors (Fig. 1) (Sahly et al. 2012).

MYO7A has been shown to be a functional
actin-based motor (Udovichenko et al. 2002).
Mutant phenotypes in shakerl retinas are con-
sistent with its role as a molecular motor. The
most obvious defect, and one that has proved to
be the most useful in studies testing the efficacy
of gene therapy, is the absence of melanosomes
from the apical RPE (Fig. 1) (Liu et al. 1998).
MYO7A associates with melanosomes via two
linker proteins, MYRIP and RAB27A. Without
MYO7A (or either of the linker proteins), the
melanosomes are unable to move along actin
filaments, and are thus absent from the apical
RPE (Futter et al. 2004; Gibbs et al. 2004; Klomp
etal. 2007; Lopes et al. 2007). The consequences
of mislocalized melanosomes are not clear, but
it has been suggested that they move more api-
cally at the time of light onset, and perhaps

facilitate phagosome ingestion and degrada-
tion (Futter et al. 2004). Melanosomes may also
serve as a sink for damaging reactive species
resulting from processes like lipid peroxida-
tion (Schraermeyer 1999). The knockdown of
MYO7A in human RPE cells has the same effect
on melanosome motility as that found in shak-
erl RPE cells (Gibbs et al. 2010).

MYO7A also associates with RPE phago-
somes and contributes to their motility, with
lack of MYO7A resulting in slowed degrada-
tion of these organelles (Gibbs et al. 2003; VS
Lopes and DS Williams, unpubl.). More recent-
ly, MYO7A has been implicated in the light-
dependent translocation of the retinoid iso-
merase, RPE65. Shakerl retinas have a lower
amount of RPE65, which is likely responsible
for an observed protection from acute light
damage (Lopes et al. 2011).

In shakerl photoreceptors, detailed analysis
by immunoelectron microscopy has shown that
the ciliary plasma membrane has an abnormal
accumulation of rhodopsin (Liu et al. 1999),
suggesting a role for MYO7A in facilitating op-
sin delivery to the disk membranes of the pho-
toreceptor outer segment.

Electrophysiological studies of shaker1 mice
indicated a slightly reduced a- and b-wave re-
sponse (Libby and Steel 2001). More recently,
in studying shakerl mice on an albino back-
ground, a more significant electroretinogram
(ERG) abnormality was observed, with a b-
wave reduction of 20% at 6 mo, and ~27% at
12 mo of age. This change is accompanied by a
progressive increase in the threshold of rod sen-
sitivity to light, reaching 67% by 12 mo, and a
delay in rod recovery after desensitization (Co-
lella et al. 2013).

MYO7A has now been implicated in the
translocation of transducin from the outer to
the inner segment in response to light (Peng
et al. 2011). In shaker]l mice, transducin trans-
location is impaired because of a shift in the
activation threshold toward higher light inten-
sities (Peng et al. 2011). Although this response
is promising as read-out for MYO7A function
in photoreceptors, it should be noted that, un-
like the above mutant phenotypes, it has only
been observed in one allele of shakerl mice,
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Figure 1. Diagram of MYO7A localization in the retina, and retinal mutant phenotypes identified in
Myo7a*"-#62658 mice. MYO7A (blue) has been found in the apical region of the RPE, and in the connecting
cilium, periciliary membrane, and calycal processes of the photoreceptors. In the mutant RPE, phagosomes
accumulate in the apical processes, whereas melanosomes are found only in the cell body. An abnormal
accumulation of opsin (red) is present in the connecting cilium of mutant photoreceptors. RPE, retinal pigment
epithelial cell; AP, RPE apical processes; OS, outer segment; IS, inner segment; CC, connecting cilium; CP, calycal

processes.

Myo7a™ V. The specific mutation underly-
ing this allele, and the effect that the mutation
has on protein structure and levels are not
known, except that mutant MYO7A protein is
detectable (Zallocchi et al. 2014). The same in-
vestigators have identified an increased sus-
ceptibility to light-induced photoreceptor de-
generation in Myo7a*""!" mice (Peng et al.
2011), which is the converse finding to that
mentioned above for the null shakerl allele,
Myo7a"1-#2%58 (L opes et al. 2011).

The above mutant phenotypes provide as-
says to test therapeutic efficacy in shaker1 mice.
In particular, for gene therapy, mutant pheno-
type correction tests the presence of a fully func-
tional MYO7A protein. The absence of retinal
degeneration in this animal model is actually
beneficial for such studies, because measure-
ments can be made without concern of in-
terference from secondary effects of cell death
events. The use of a differential response to high
light exposure should clearly not be used until
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the conflicting findings on the response are
resolved.

GENE THERAPY WITH LENTIVIRUSES

As discussed later, adeno-associated viruses
(AAV) have been widely used for viral delivery
in gene therapy; however, the size of a gene that
can be encapsulated into AAV has been reported
to be limited to ~5 kb (Grieger and Samulski
2005). MYO7A, is a large gene of ~100 Mb and
a cDNA of nearly 7 kb, so that an alternative
strategy was sought for its delivery. Among the
available viral gene delivery options, lentivirus-
es have a cargo capacity of ~10 kb and can in-
fect postmitotic cells. Genes delivered by lenti-
viruses are integrated into the host genome,
which typically assures long-lived gene expres-
sion, although poses a risk of insertional muta-
genesis.

Human Immunodeficiency Virus (HIV)

In the late 1990s, third generation HIV-derived
lentiviruses were shown to possess a number of
important biosafety features (Verma and Weitz-
man 2005) and be effective for transduction of
rodent RPE and photoreceptors (Miyoshi et al.
1997; Takahashi et al. 1999). The first gene ther-
apy studies with MYO7A used the same third
generation, self-inactivating, and HIV-derived
lentiviral vectors (Hashimoto et al. 2007). Ex-
pression was driven by either cytomegalovirus
(CMV) or a chimeric promoter, composed of
CMV and 160 bp located upstream of the ATG
signal in the MYO7A gene. Mutant phenotypes
in the RPE, both in primary cell culture and in
vivo, following subretinal injection, were cor-
rected, showing the ability of HIV-derived len-
tiviruses to encapsulate MYO7A ¢cDNA and ef-
fect expression of functional protein in infected
cells. Correction of opsin distribution in the
connecting cilia of shakerl mice was also ob-
served (Hashimoto et al. 2007).

Although this study showed successful
transduction and expression of MYO7A in the
targeted cells, it also highlighted the importance
of the level of protein expression. With the chi-
meric promoter, the expression level of MYO7A

in vivo was observed to vary among different
RPE cells, resulting in a mosaic pattern of rescue
of melanosome localization. First, the cell-to-
cell variation in expression indicates a limita-
tion with an integrating virus, because it is likely
a result of variation in the number and site(s)
of integration into the host genome. Second,
it stresses the importance of sufficiently high
expression to achieve rescue. This latter point
needs to be balanced with a serious problem
from overexpression. With the full CMV pro-
moter, RPE cell death was observed in relation
to high levels of expression of MYO7A, especial-
ly in primary cell culture (Hashimoto et al.
2007).

Photoreceptor cells have been reported to
be transduced inefficiently by lentiviruses. It is
thought that, especially in mouse retinas, where
the photoreceptor cells are packed very densely,
a relatively large virus has limited access to the
photoreceptor cells (Gruter et al. 2005). This
restriction is more of a problem for genes that
are normally expressed at a higher level in pho-
toreceptors than MYO7A. Indeed, it might
provide some compensation for the abnormal
regulation of MYO7A expression effected by
ubiquitous promoters, because the normal ex-
pression level of MYO7A in photoreceptor cells
is so much less than that in the RPE cells.

Equine Infectious Anemia Virus (EIAV)

Equine infectious anemia virus (EIAV) lentivi-
ruses have been used for gene therapy of several
cell types. Studies with the ABCA4 gene, which
is mutated in recessive Stargardt’s macular de-
generation, have shown that EIAV is able to en-
capsulate a large gene and transduce photore-
ceptors cells (Kong et al. 2008). More recent
studies with EIAV delivery of MYO7A cDNA,
under the control of a CMV promoter, have
been performed with Myo7a""'" mice and
Rhesus monkeys (Zallocchi et al. 2014). These
studies have formed preclinical support for the
clinical trials underway, using the same viral
delivery approach.

Delivery of the viral vector to the subretinal
space led to expression of human MYO7A in
the RPE and photoreceptor cells, as shown
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by immunofluorescence microscopy. Because
Myo7a*™""V mice express significant levels of
mutant MYO7A, and the monkeys were wild-
type (WT), EIAV-CMV-MYO7A expression was
detected by diluting MYO7A antibodies so that
endogenous MYO7A could not be detected.
Thus, the viral MYO7A expression appears to
be much greater than WT levels. Moreover,
MYO7A was detected in the photoreceptor
outer segments, which is an abnormal localiza-
tion. Given the findings of cell death resulting
from overexpression of MYO7A driven by HIV-
CMV-MYO7A (Hashimoto et al. 2007), this
expression level is a concern. In photoreceptors,
WT MYO7A is only present in the connecting
cilium region and is usually barely detectable by
epifluorescence immunomicroscopy (Liu et al.
1997).

Functional rescue was tested by studying
transducin translocation profiles, which show
some restoration in Myo7aShHH photorecep-
tors. However, the majority of transducin is
still retained in the outer segment, indicating
incomplete rescue, even with the presum-
ably high levels of WT MYO7A. Experiments
were also performed to test for the effect of
EIAV-CMV-MYO7A on susceptibility to light-
induced degeneration. However, there was no
difference between mice injected with EIAV-
CMV-MYO7A and mice injected with saline,
after maintenance under a daily cycle of 12 h
1500 lux/12 h dark for 3 mo. This result sug-
gests that the viral vector alone may have some
retinal toxicity, as the investigators themselves
note. Biodistribution and toxicity studies
showed that the EIAV-CMV-MYO7A is tolerated
well in monkeys over a period of 3 mo, and thata
single subretinal dose does not spread into the
body, although it can raise a moderate local in-
flammatory response (Zallocchi et al. 2014).

In conclusion, studies show that both HIV
and EIAV can be used to deliver MYO7A to RPE
and photoreceptor cells. Both lentiviral ap-
proaches also appear to be capable of rescuing
mutant phenotypes, although it is unfortunate
that EIAV-CMV-MYO7A, which is being used in
clinical trials, has not been tested for correction
of phenotypes that have been identified in more
than one laboratory, and with a characterized

shakerl null allele. A comparison of the two
lentiviruses in vitro indicated that transgene
expression was similar, but that expression de-
rived from EIAV was more likely to be reduced
over time because of instability of the RNA-
transcripts (O’Rourke et al. 2002).

GENE THERAPY WITH ADENO-ASSOCIATED
VIRUSES

AAV has been the most extensively studied viral
tool for retinal gene therapy. These viruses can
target postmitotic cells efficiently. They remain
episomal, thus avoiding the insertional muta-
genesis risks of lentiviruses, but still result in
prolonged expression. The first retinal gene
therapy approach was for treatment of Leber’s
congenital amaurosis (LCA2), which is caused
by mutations in RPE65. In these studies, AAV
was used to deliver normal RPE65 cDNA to the
RPE cells, and the safety and efficacy of this
treatment has now been shown independently
in various clinical trials (Bainbridge et al. 2008;
Cideciyan et al. 2008, 2009; Hauswirth et al.
2008; Maguire et al. 2008; Jacobson et al. 2012;
Testa et al. 2013). However, as noted above, its
limited cargo capacity has been seen as an im-
pediment in retinal degenerations requiring the
delivery of large genes (Grieger and Samulski
2005).

AAV Single Vectors

A study by Alloca et al. (2008) indicated the
potential of AAV vectors to deliver genes that
are >5 kb, like MYO7A and ABCA4, to retinal
cells. Although the mechanism by which such
oversized AAV transduction occurs is unknown,
studies on the encapsulation of large genes by
AAV has shown that the vectors contain a het-
erogeneous population of truncated genomes
that are mostly <5 kb (Dong et al. 2010; Lai
et al. 2010; Wu et al. 2011). Hence, the gene is
fragmented, and for functional delivery must be
reconstituted by homologous recombination
inside a cell (Dong et al. 2010).

Studies on the ability of oversized AAV
vectors to generate MYO7A in HEK293 cells
(Colella et al. 2013) and RPE primary cultures
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derived from Myo7a*"-*6?%E mice (Lopes et al.

2013) showed that they can indeed produce
full length protein, with no major evidence of
truncated products. In the RPE cultures from
Myo7as;’1'4526513 mice, the expression level of
MYO7A was comparable to that in cultures
from heterozygous control littermates. More-
over, following injection into the subretinal
space of Myo7a*" 628 mice, MYO7A could
be detected at WT levels in the RPE and photo-
receptor cells, and at higher levels with more
concentrated virus (Lopes et al. 2013). Western
blot analysis of posterior eye segments, after
subretinal injection, showed that expression
persists for at least 15 mo (Colella et al. 2013).
Two separate studies have shown that mutant
retinal phenotypes of Myo7a*" 462658 mice
could be rescued both in the RPE and photore-
ceptors. In a detailed study with two different
serotypes, AAV2 and AAV5, melanosomes were
observed in the RPE apical processes, similar
to WT control mice, and the distribution of
opsin in the connecting cilia of the photorecep-
tors was restored to normal, indicating func-
tional protein was made in both cell types (Lopes
etal.2013). These observations were reproduced
in a study, using AAV5, which showed, in ad-
dition, that the rod light desensitization thresh-
old could be restored to normal levels (Colella
et al. 2013).

AAV Dual Vectors

The major concern with oversized AAV vectors
for clinical use is the apparent randomness in
the resulting sizes of genomes delivered to the
cells. A strategy to overcome this problem is to
divide a gene or cDNA, such as MYO7A, into
two pieces and have each piece contained within
a separate AAV vector. Once inside the cells,
concatemerization and homologous recombi-
nation of the two pieces will lead to the for-
mation of full-length mRNA and protein. As
described by Trapani et al. (2014), strategies in-
clude: (1) trans-splicing, where a splice donor
site is introduced at the 3’ end of the first half
of the gene, and an acceptor donor site is in-
troduced at the 5’ end of the second half, result-
ing in full length mRNA by head to tail concate-

merization of the two halves; (2) overlapping
halves, where homologous overlapping se-
quences are introduced in similar positions as
those for the trans-splice sites, and will lead to
homologous recombination of the two parts in
cells; and (3) hybrid alternative, where a known
exogenous recombinogenic region, such as al-
kaline phosphatase (AP), is added to the trans-
splicing vectors.

Our group has initially compared oversized
single AAV2 and AAV5 vectors with an overlap-
ping AAV2 dual vector. In primary cultures of
RPE cells, we found that the oversized vector
outperformed the dual system, in terms of both
the average level of MYO7A protein made and
the consistency of protein expression among the
cells. A significant concern with the dual vector
system was that, while most cells had negligi-
ble levels of MYO7A, a few cells had very high
levels, and had clearly become abnormal (Lopes
et al. 2013). Following subretinal injections
of Myo7a"1-%2°58 mice, the overlapping dual
vector was much less effective at correcting mu-
tant phenotypes (Lopes et al. 2013). Since this
study, additional reports have compared the dif-
ferent dual AAV vector approaches for MYO7A
cDNA delivery.

In a study conducted by Trapani et al.
(2014), the highest expression level was ob-
tained with an AAV hybrid vector (AK), using
a sequence from the F1 phage genome as the
recombinogenic region. Interestingly, all AAV2
dual approaches, except the use of an AP recom-
binogenic hybrid, resulted in higher levels of
MYO7A expression in HEK293 cells compared
with the oversized single AAV2 vector, but a
comparison with retinal cells was not made.
Importantly, Trapani et al. (2014) found that
the levels of protein expression were more var-
iable when using the dual vectors. Consistent
with the findings of Lopes et al. (2013), treat-
ment of Myo7a6°5 mice with AAV dual
vectors resulted in only a mosaic effect of RPE
cells with corrected melanosome localization
(Trapani et al. 2014). Still, the overlapping strat-
egy was more efficacious in the RPE, than in
photoreceptors, which may be related to the
low homologous recombination that occurs in
the postmitotic neurons (Fishel et al. 2007).
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Western blot analysis of posterior eye segments
from treated Myo7a""*® mice showed
that the trans-splicing and AK hybrid AAV
dual vectors resulted in only ~20% of the
MYO7A level found in heterozygous littermates,
and correction of a photoreceptor phenotype
could not be determined (Trapani et al. 2014).
In another study, Dyka et al. (2014) report-
ed slightly different outcomes. In addition
to the methods attempted by Trapani et al.
(2014), this group tested a construct in which
intronic splice sites from the native MYO7A
gene were included. However, this additional
approach resulted in very low levels of MYO7A
expression. Dyka et al. found that an AP hybrid
AAV vector gave the highest expression level
of MYO7A, but it also generated a mix of cor-
rect and mutant sequences, which were not de-
tected in the other approaches. When injected
into WT mice, this vector resulted in abnormal
levels of MYO7A in the photoreceptors, and
retinal degeneration. The best performing in
vivo system in this group’s hands seemed to be
the overlapping approach. Despite the pro-
mising results with overlapping AAV8 dual vec-
tors, no study was conducted with shakerl
mice, so that the functionality of the protein
could not be made. In addition, representative
images shown by the investigators raise con-
cerns about the distribution and levels of

MYO7A produced, as strong signal is evident
throughout the inner segment and outer seg-
ments (Dyka et al. 2014).

Therefore, so far, dual AAV vector approach-
es remain problematic. A major emphasis has
been on achieving a high expression level of
MYO7A. However, a fundamental problem ap-
pears to be the variation in expression level
among retinal cells. To achieve sufficient expres-
sion in most cells, some cells will express at such
high levels as to be toxic. A further problem
is the expression of partial MYO7A protein.
Published western blots indicate the additional
presence of a lower mass polypeptide, and stud-
ies with fluorescent reporters (GFP and RFP)
indicated that the fraction of cells cotransduced
is actually less than half (Trapani et al. 2014).
Ironically, the presence of partial MYO7A poly-
peptides has been the concern for the oversized
single AAV vector approach, and a justification
for testing dual AAV vectors. Yet, at least in RPE
cells, transduced with single AAV2 or AAVS,
carrying MYO7A, only full-length MYO7A was
detected (Lopes et al. 2013).

WHICH ISOFORM OF MYO7A?

The use of a cDNA in gene therapy defines the
single isoform of the gene that will be expressed.
Yet, like many genes, the MYO7A gene is alter-

Table 1. Comparison of different strategies for viral delivery of MYOZA in Usher 1B retinal gene therapy

Lentivirus Adeno-associated virus
AAV2 AAV2
HIV-based EIAV-based AAV5 AAVS AAV8 AAV8
Myo7a cDNA encapsulation  Single Single Single® Dual overlapping Dual Dual
trans-splicing hybrid
Genome integration Yes Yes No No No No
Retinal cell layer targeted RPE mainly RPE RPE  RPE RPE RPE
PR PR PR PR PR
Phenotype correction mouse
RPE Mosaic” Unknown Yes®®  Mosaic™ Mosaic® Mosaic®
PR Yes® Yes' Yeso!  Yeso* Unknown Unknown

*Although not shown specifically for MYO7A, large genes are fragmented to be accommodated by AAV.
PHashimoto et al. (2007), mosaic effect in RPE maybe because of variable expression levels from variable gene integration.

“Lopes et al. (2013).
dColella et al. (2013).
“Trapani et al. (2014).
Zallocchi et al. (2014).
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natively spliced. Two closely related, long iso-
forms of MYO7A, isoforms 1 and 2, have been
reported to be expressed in the retina (Weil et al.
1996). They differ by the expression of a 114-bp
region in the 5" end of exon 34. The resulting
38 amino acids in isoform 1 are located in the
FERM1 domain, and may impact interaction
with another Usher 1 protein, SANS (Adato et
al. 2005; Wu et al. 2011). It may also affect over-
all protein structure and stability. Presently, no
discrimination has been made in the use of iso-
form 1 or 2 for gene therapy trials, despite the
lack of evidence toward a majority use of one or
the other by retinal cells. Studies by our group
and Dyka et al. (2014) have focused on isoform
2, while studies from Auricchio’s group (Colella
et al. 2013; Trapani et al. 2014) have used iso-
form 1. Thus, by accident, it appears that either
isoform might do. However, it would seem that
more definitive studies should be performed
to determine which cDNA might be better for
future clinical trials.

CONCLUDING REMARKS

Avariety of viral-based delivery approaches have
been tested for Usher 1B retinal gene therapy
(summarized in Table 1), and most have been
shown to be efficacious. Each has its advantages
and disadvantages. The large size of the MYO7A
c¢DNA prompted the use of lentiviruses, but in-
tegration of the gene poses a risk of insertional
mutagenesis and has been shown to result in
cell-to-cell variation in expression level. Clini-
cal trials have been started with EIAV-CMV-
MYO7A, but the preclinical studies to test effi-
cacy have been very limited. Recent studies on
the use of AAV for the delivery of MYO7A have
been encouraging; especially because of the rel-
atively established success of AAV in gene ther-
apy for inherited retinal diseases such as LCA2.
AAV remains episomal, thus avoiding the inser-
tional mutagenesis risks of lentiviruses. Howev-
er, the fragmentation that occurs with single
AAV vectors, and the variable expression levels
found with dual AAV vectors are drawbacks.
One alternative that may prove to be optimal
for large genes like MYO7A is the use of non-
integrating lentiviruses; integrase-deficient vec-

tors that can transduce retinal cells are able to
persist as episomal DNA (Yanez-Mufioz et al.
2006). However, such studies have yet to be
reported.
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