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In previous studies, we demonstrated that recombinant
adeno-associated virus (rAAV)-mediated gene transfer
of the doxycycline (Dox)-regulatable system allows for
the regulation of erythropoietin (EPO) expression in
the retina of nonhuman primates after intravenous or
oral administration of Dox. In addition, it was shown
that administrating different amounts of Dox resulted
in a dose-response dynamic of transgene expression.
Adeno-associated viral gene therapy has raised hope
for the treatment of patients with Leber congenital
amaurosis, caused by mutations in the retinal pigment
epithelium (RPE)-specific gene RPE65. The preliminary
results of three clinical trials suggest some improvement
in visual function. However, further improvements might
be necessary to optimize vision recovery and this means
developing vectors able to generate transgene expres-
sion at physiological levels. The purpose of this study
was to investigate the ability of the Dox-regulatable sys-
tem to regulate retinal function in RPE65~/~ Briard dogs.
rAAV vectors expressing RPE65 under the control of
either the TetOff and TetOn Dox-regulated promoters or
the cytomegalovirus (CMV) constitutive promoter were
generated and administered subretinally to seven RPE65-
deficient dogs. We demonstrate that the induction and
deinduction of retinal function, as assessed by electro-
retinography (ERG), can be achieved using a Dox-
regulatable system, but do not lead to any recovery
of vision.
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INTRODUCTION

Several ligand-dependent transcription regulatory systems
have been developed.”* Among these, the doxycycline (Dox)-
regulatable system is by far the most frequently used and the most
advanced in terms of its potential application in gene therapy
trials. Dox-regulatable AAV vectors have been tested to regulate

transgene expression in vivo, mainly in the muscle,” the brain,'"!
and in the retina'>"® (for review, see ref. 14).

Our group has developed a regulatory system based on the
TetOn technique (rtTA.M2) that controls the expression of erythro-
poietin (EPO) in the eye of nonhuman primates.'>'¢ Three different
vectors, AAV2/5CMV.TetOn.epo, AAV2/4CMV.TetOn.epo, and
AAV2/4pRPE65.TetOn.epo, were injected into a total of seven pri-
mates. An induction of EPO expression was performed initially by a
3-day Dox pulse given intravenously (10 mg/kg/day). After 24 days
after Dox administration, EPO concentrations reached a peak and
declined to background levels within 10-14 days of withdrawal of
the inducer drug. Maximum EPO concentrations in the anterior
chamber fluid were 1,000mU/ml, 100 mU/ml, and 10mU/ml for
animals injected with AAV2/5CMV.TetOn.epo, AAV2/4CMV.
TetOn.epo, and AAV2/4pRPE65.TetOn.epo vectors, respectively.
This shows a range of two orders of magnitude of possible concen-
trations for any given therapeutic protein, depending on the sero-
type and the amount of vector injected, and the promoter driving
the expression of the rtTA.M2 protein. Regulated transgene expres-
sion was observed for >5 years following administration of the
AAVTetOn vector.”* No immune response was observed either to
transgene products, rtTA and EPO, or to the AAV capsids.

Because the possibility of oral administration of Dox is para-
mount when one considers advancing to clinical trials, we also
evaluated the influence of oral administration upon the capacity
to control transgene expression.’® In this study, we not only
demonstrated the equally efficient and tight control of induction
and deinduction of EPO expression following oral administration
of Dox, but we were also able to show that the system is capable
of continuously inducing transgene expression for a period of
6 months, without eliciting any negative side effects.

Based on these extensive preclinical experiments in the non-
human primate model, we consider this regulatory system to be a
potential useful tool for the development of gene therapy strate-
gies in the retina.

A landmark study for retinal gene therapy was provided in
a dog model by the treatment of Leber congenital amaurosis
caused by mutations in the RPE65 gene."* RPE65 is involved
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Regulation of Retinal Function in RPE65~/~ Dogs

in the conversion of all-frans-retinal to 11-cis-retinal and in the
RPE65-deficient dog, the photoreceptor function is absent despite
the photoreceptor cells being initially healthy. The subretinal
administration of AAV2/2 or AAV2/4 vectors expressing RPE65
restores the photoreceptor function and consequently, improves
visual mobility in dim light.'** Initial results from three separate
clinical trials of gene therapy for RPE65 deficiency have recently
been reported. Each study involved the treatment of three young
adults by subretinal injection of an AAV2/2 vector expressing
RPE65, using either the tissue-specific RPE65 promoter® or a
chicken B-actin ubiquitous promoter.?*? Although all three studies
detected improvement in retinal sensitivity, no improvement in
photoreceptor function could be detected by electroretinography
(ERQG) in any of the patients. A recent study in younger subjects
with much less advanced disease showed the greatest improvement
in vision.” Nonetheless, certain improvements might be required
for an optimal recovery of vision, including the development of
vectors to generate transgene expression at physiological levels.

In our previous study in RPE65~/~ Briard dogs, we had
observed structural alterations of the retina specific to the sub-
retinal injection of AAV2/2RPE65.rpe65 or AAV2/4RPE65.rpe65
or vehicle alone.”” Similar retinal complications also occurred
in patients who had vector injections into areas that included
the fovea with retinotomy sites within 1-1.5mm of the foveal
region.”* These observations suggest that subretinal injection
of the therapeutic vector in humans should be preferentially per-
formed outside but adjacent to the fovea. Although RPE65 is pres-
ent only in transduced cells, the 11-cis retinal substrate is able to
diffuse through cell membranes,* and should therefore be able to
diffuse to the foveal area.”” Therefore, the level of RPE65 expressed
in the targeted retinal pigment epithelium (RPE) cells within the
vicinity of cone photoreceptors of the fovea could constitute a key
factor in the vision recovery of humans. One approach to evaluate
this issue is to study regulatable RPE65 vectors. In addition, regu-
lated vectors would be needed in the event that individual patients
might respond to different doses of the gene product. The use of
regulatable vectors should allow for clinical dose-response studies
by varying the amount of the regulating compound.

The purpose of this study was to investigate the ability of the
Dox-regulatable system (TetOff and TetOn) to regulate retinal

Table 1 List of treated dogs and rAAV doses injected
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function and to evaluate the correlation between the amount of Dox
administered and the recovered vision in RPE65-deficient dogs.

RESULTS
Vector design and subretinal administration
We generated the regulatable rAAV2/4TetOff.rpe65 and

rAAV2/4TetOn.rpe65 vectors containing the human RPE65 cDNA
under the Dox-inducible TetO-CMV promoter and the chimeric
transactivator (tTA2 for the TetOff vector and rtTA.M2 for the
TetOn vector) driven by the CAG promoter (CMV enhancer/
chicken B-actin promoter). Given that the Dox-regulatable pro-
moters, TetOff and TetOn, are based on a cytomegalovirus (CMV)
promoter, we also generated a constitutive rAAV2/4CMV.rpe65
vector containing the human RPE65 cDNA under the control of
the CMV promoter (Figure 1).

A total of seven dogs were treated: Al through A3 were
injected with AAV2/4TetOff.rpe65, A4 and A5 were injected
with AAV2/4TetOn.rpe65, and A6 and A7 were treated with
vectors constitutively expressing RPE65 under the control of
the ubiquitous CMV promoter or the specific RPE65 promoter,
AAV2/4CMV.rpe65 and AAV2/4RPE65.rpe65, respectively
(Table 1). All dogs received recombinant adeno-associated

a m—|TaO-CMV|> rpe65 ‘|SV40pA}— CAG ‘| tTA2 HBGHpAlH

AAV2/4TetOff.rpe65

b m-| CAG ~|rtTA-M2 HBGHpA}—TetO-CMVH

AAV2/4TetOn.rpe65

Cw CcMV |— rpe65 HBGHpA—m

AAV2/4CMV.rpe65

rpe65 |—| SV40pA |—H

Figure 1 Structure of rAAV vectors. (a) The AAV2/4TetOff.rpe65 vector
encodes the human RPE65 cDNA under the control of the Dox-inducible
TetO-CMV promoter, and the tTA chimeric transactivator (tTA2) under
the control of the CAG promoter (CMV enhancer/chicken B-actin pro-
moter). (b) The AAV2/4TetOn.rpe65 vector encodes the human RPE65
cDNA under the control of the Dox-inducible TetO-CMV promoter, and
the rtTA chimeric transactivator (rtTA-M2) under the control of the CAG
promoter. (c) The AAV2/4CMV.rpe65 vector encodes the human RPE65
cDNA under the control of the CMV promoter.

ERG max (uV)

Vector Injected Age at injection
Dog Vector titer (vg/ml) volume (pl) (months) bi ON, OFF, ON, OFF, ON, Vision ON,
Al AAV2/4TetOff.rpe65 10" 600 10 4 42 3 49 3 39 -
A2 AAV2/4TetOff.rpe65 10" 350 10 2 20 3 21 3 25 -
A3 AAV2/4TetOff.rpe65 10" 590 9 2 35 3 32 2 26 -
A4 AAV2/4TetOn.rpe65 10" 540 10 3 23 2 30 4 31 -
A5 AAV2/4TetOn.rpe65 10" 460 9 2 34 3 36 3 39 -
A6 AAV2/4CMV.rpe65 10" 560 9 3 43 na na na na -
A7 AAV2/4RPE65.rpe65 0" 280 10 3 97 na na na na +
NA na na na na na 253 na na na na +

Abbreviations: A, affected; bi, before injection; ERG, electroretinography; na, not applicable; NA, nonaffected; OFF,, ERG after the first deinduction for AT-AS5;
OFF,, ERG after the second deinduction for A1-A5; ON,, ERG at 3 montbhs after the first induction for A1-A5; ERG at 3 months postinjection for A6 and A7; ERG at
12 months of age for NA; ON,, ERG at 3 months after the second induction for AT-A5; ON,, ERG at 3 months after the third induction for A1-A5; rAAV, recombinant

adeno-associated virus; vg, vector genome.
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virus (rAAV) unilaterally in the right retina at the age of 9-10
months. Al, A2, and A4 were treated first, followed by A3
and A5, which received injections 4 months later. Expression
of the transgene RPE65 in the five dogs treated with the regu-
latable vectors was turned OFF and ON simultaneously in all
animals.

All dogs consistently received ophthalmic examination includ-
ing funduscopy and optical coherence tomography to monitor
retinal morphology and eventual chorioretinal alterations owing
to rAAV2/4.TetOff and rAAV2/4.TetOn vectors. The fundus were
normal, and the long-term optical coherence tomography moni-
toring documented preservation of the retinal thickness in both
treated and untreated retinas, in all animals (Figure 2). Serum was
also evaluated for the presence of antibodies against the chimeric
transactivator protein. As assessed by western blot, none of the
animals developed antibodies against tTA2 (TetOff) or rtTA.M2
(TetOn) (Figure 2).

Long-term regulation of retinal function

in RPE65-deficient dogs following subretinal

injection of the AAV2/4TetOff.rpe65 vector

Retinal function was tested using simultaneous bilateral full-field
flash ERG prior to surgery and at different time points postinjec-
tion in ON and OFF states, in order to assess the kinetics of func-
tional recovery. The same investigator (L.L.) recorded the ERGs in
a standardized manner.

Cycles of Dox induction in the AAV2/4TetOff.rpe65 vector—
treated dogs started at 7 months postinjection (mpi) for Al and
A2, and 3 mpi for A3.

Follow-up with ERG was 19 mpi for A1 and A2, and 15 months
for A3. The ERG profiles and the kinetics of functional recovery
are described in Figures 3a and 4.

All  AAV2/4TetOff.rpe65-treated retinas showed tightly
regulated retinal function and displayed rod and cone function
recovery in the ON states (in the absence of Dox). The maximum
recovered amplitude of the dark-adapted b-wave (ERG max)

Regulation of Retinal Function in RPEG5~/~ Dogs

3 months postinduction in the ON states was 40-50uV for Al,
20-25uV for A2, and 30-35uV for A3 (Table 1 and Figure 4).

In the absence of Dox (ON)), the restoration of rod and cone
photoreceptor function started at 2 mpi, reached a maximum at
3 mpi, and remained stable thereafter (Figure 4).

Upon Dox administration, the rod and cone function returned
to the baseline level within 1 month (OFF ).

Two months following Dox removal (ON,, 10 mpi for Al and
A2, and 6 mpi for A3), A2 and A3 displayed a recovery of retinal
function, but not Al. Three months following Dox removal (ON,,
11 mpi for Al and A2, and 7mpi for A3), all dogs displayed rod
and cone function recovery to the same extent as that observed in
the ON state (Figures 3a and 4).

Similar variations in retinal function were observed for the
OFF, and ON, states. In the ON, state, all three dogs started to
recover rod and cone function 2 months after Dox removal and
achieved the initial rod and cone function recovery 3 months
after Dox removal (ON,, 16mpi for Al and A2, and 12mpi
for A3) and remained stable thereafter with some individual
variations.

Long-term regulation of retinal function

in RPE65-deficient dogs following subretinal

injection of the AAV2/4TetOn.rpe65 vector

Cycles of Dox induction in the AAV2/4TetOn.rpe65 vector—
treated dogs started 7 mpi for A4 and 3 mpi for A5.

Follow-up with ERG was 19mpi for A4 and 15 months for
A5. The ERG profiles and the kinetics of functional recovery are
described in Figures 3b and 5.

All AAV2/4TetOn.rpe65-treated retinas showed a tightly
regulated retinal function and displayed rod and cone function
recovery in the ON states, in the presence of Dox. The ERG max
levels 3 months postinduction in the ON states were 23-30 1V for
A4, and 35-40pV for A5 (Table 1 and Figure 5).

For these two dogs, Dox administration started the day after
the subretinal injection of the vector. Restoration of rod and cone

e f

rtTA, 36 kd

o TA, 36 kd = W (TA, 36 kd —

Figure 2 Assessment of retinal morphology and evaluation of humoral immune response against the tTA2 and rtTA.M2 proteins. (a,b) Fundus
photography and OCT image of the AAV2/4TetOff.rpe65 treated eye of A2 before (a) and 6 months postinjection (b). (c,d) Fundus photography and
OCT image of the AAV2/4TetOn.rpe65 treated eye of A4 before (€) and 6 months postinjection (d). (e,f) Fundus photography and OCT image of
the AAV2/4CMV.rpe65 treated eye of A6 before (e€) and 6 months postinjection (f). The white circle on the fundus photography indicates the zone
of the bleb. The white line on the fundus photography indicates the OCT scanning path. The white arrow on the OCT image indicates the retinal
vessel. (g-i) Evaluation of antibody generation against tTA2 and rtTA.M2 before and at 2, 4, and 6 months postinjection in A2 (g), A4 (h), and A6
(i). bi, before injection; mpi, months postinjection; OCT, optical coherence tomography.
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Figure 3 Bilateral full-field electroretinographic (ERG) recordings of AAV2/4TetOff.rpe65 and AAV2/4TetOn.rpe65 treated dogs in the ON and
OFF states. (a) Affected dog A2 treated with the AAV2/4TetOff.rpe65 vector before and at different time points postinjection, in the ON,, OFF , and
ON, states. (b) Affected dog A5 treated with the AAV2/4TetOn.rpe65 vector before and at different time points postinjection, in the ON,, OFF ,
and ON, states. The top two recordings are low- and high-intensity scotopic responses, whereas the bottom two recordings show photopic responses
(responses to light-adapted single flash and 30 Hz flicker stimuli, respectively). bi, before injection; mpi, months postinjection; R, right eye; L, left eye.

photoreceptor function started at 2 mpi and reached a maximum
at 3mpi, and remained stable thereafter in A4 (ON,, Figure 5a).

Upon Dox removal, the rod and cone function returned to the
baseline level within 1 month (OFF ).

Upon the second Dox administration, dogs started to recover
rod and cone function at 2 months (ON,, 10 mpi for A4 and 6 mpi
for A5), and reached the level of retina function observed in the
ON; state, 3 months post-Dox administration. Similar variations
in retinal function were observed for the OFF, and ON, states. In
the ON state, the two dogs started to recover rod and cone func-
tion 2 months after Dox administration and reached the initial rod
and cone function recovery 3 months after Dox administration
(ONa, 16 mpi for A4, and 12 mpi for A5), with a slight increase in
the ERG max. over time.

Both AAV2/4TetOff.rpe65 and AAV2/4TetOn.rpe65 dogs
showed a tightly regulated retinal function with similar profiles.
In all dogs, the maximum recovered b-wave amplitude in the first
ON state (ON,) consistently occurred 3 months postinduction
(in the absence of Dox for the TetOff and in the presence of Dox
for the TetOn) and returned to the baseline level within 1 month
following deinduction (upon administration of Dox for the TetOff,
and withdrawal of Dox for the TetOn). Although the general trend
of ERG profiles was similar in all Briards between the ON and the
OFF states, individual variations were observed. For all animals,
a slight increase in the ERG max. was observed in the ON, state
over time. In all AAV2/4TetOff.rpe65- and AAV2/4TetOn.rpe65-
treated Briards, the maximum recovered amplitude of the dark-
adapted b-wave was consistently between 30 and 60 V.

Comparison between dogs treated with Dox-
regulatable vectors and the control dogs that were
not affected or injected with constitutive vectors

In parallel to the five dogs treated with the Dox-regulatable
vectors, three additional dogs were used as controls. A6 and
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A7 were treated with the constitutive AAV2/4CMV.rpe65 and
AAV2/4RPE65.rpe65 vectors,' respectively. NA is a nonaffected
dog (Table 1). Follow-up with ERG was 9 mpi for A6 and A7 and
9 months (9-18 months of age) for NA. The ERG profiles and the
kinetics of the functional recovery are described in Figure 6.

The amplitude of the dark-adapted b-wave was ~250pV in
the nonaffected dog. In the AAV2/RPE65.rpe65-treated dog, the
recovered amplitude was ~100 1tV at 3mpi and remained stable
thereafter. This result was in accordance with our previous study
in which all affected Briards treated between the age of 8 and
11 months (five dogs) with this same vector displayed a maximum
b-wave amplitude between 86 and 131 uV." In spite of the larger
volume of vector injected into the AAV2/4CMV.rpe65-treated
dog, the amplitude was around 40 uV at 2 and 3 mpi and increased
up to 74 uV between 3 and 6 months.

Assessment of vision recovery

We evaluated visioninall seven treated Briards using behavioral test-
ing at different time points postinjection, as previously described."
Three months postinduction for the regulatable vectors and, postin-
jection for the constitutive vectors, only the AAV2/4RPE65.rpe65-
treated dog (A7) avoided obstacles (Table 1). The AAV2/4TetOff.
rpe65- and the AAV2/4TetOn.rpe65-treated dogs never displayed
recovery of vision at any time. As an example, at 11 mpi, at the
peak of retinal function in the ON, for Al (Figure 4a, ERG max. =
49uV), the time to negotiate the obstacle course did not change
between the two configurations, either when the untreated eye
was covered (20 seconds) or when the treated eye was covered
(17 seconds) (Supplementary Video S1). Although retinal func-
tion slightly increased in the ON, state (ERG max. = 57uV) for
Al, no improvement of vision was observed up to 8 months after
Dox removal in the ON, state (data not shown). Interestingly, the
AAV2/4CMV.rpe65-treated dog (A6) that did not show any detect-
able vision improvement 3 months postvector administration

www.moleculartherapy.org vol. 18 no. 6 june 2010
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Figure 4 Long-term regulation of retinal function in RPE65-deficient dogs following subretinal injection of the AAV2/4TetOff.rpe65 vector.
Affected dogs (a) A1, (b) A2, and (c) A3 before injection and at different time points postinjection, in the ON and OFF states. The b-wave ampli-
tudes of the ERG max. (scotopic) of the treated and untreated eyes were measured and reported in the graphs. Gray, treated eye; black, untreated
contralateral eye. The ON state was obtained in the absence of Dox, whereas the OFF state was obtained upon oral administration of Dox. bi, before

injection; ERG, electroretinography; mpi, months postinjection.

(ERG max. = 43 uV) started to show signs of recovered vision from
6 months onward (ERG max. = 74 V) (Supplementary Video S2).
The time to negotiate the obstacle course was shorter when the
untreated eye was covered (7 seconds), compared to the configura-
tion in which the treated eye was covered (41 seconds).

Considered together, these results indicate that an ERG max.
below 60 1V does not result in the recovery of an effective vision
in RPE65-deficient dogs, as assessed with our ERG and behavioral
test setup.

DISCUSSION

In this study, we demonstrated that a single subretinal injec-
tion into RPE65-deficient dogs of an AAV2/4TetOff.rpe65 or
AAV2/4TetOn.rpe65 vector containing the RPE65 transgene
under a Dox-dependent expression system results in an effective
regulation of retinal function for at least 19 months.

All treated dogs displayed tightly regulated retinal rod and
cone function with similar induction and deinduction kinetics.
The maximum amplitude of the dark-adapted b-wave consistently
occurred 3 months after induction (upon withdrawal of Dox
for the TetOff and upon administration of Dox for the TetOn),
returning to the baseline level within 1 month of deinduction

Molecular Therapy vol. 18 no. 6 june 2010

(upon administration of Dox for the TetOff and withdrawal of
Dox for the TetOn).

In all AAV2/4TetOff.rpe65- and AAV2/4TetOn.rpe65-treated
Briards, the maximum recovered amplitude of the dark-adapted
b-wave was consistently below 60 uV. None of these treated dogs
displayed vision recovery at any time.

Our group has previously shown long-term Dox-regulated
transgene expression (reporter gene EPO) in the retina of non-
human primates following subretinal injection of rAAV vectors.'>!¢
The results in this new study demonstrate for the first time that it
is possible to use a Dox-regulatable system to regulate rod and
cone function in RPE65-deficient dogs, by controlling the expres-
sion of the RPE65 therapeutic transgene.

In our previous study in nonhuman primates, we validated the
TetOn system, in which the ligand (Dox) activates transcription.
In the case of RPE65 gene replacement therapy, gene expression is
to be maintained to a switch-on state over a long period of time,
which makes the TetOff system more attractive. In this case, the
activation of transgene expression depends mainly on the clear-
ance kinetics of Dox.

Surprisingly, the induction and deinduction kinetics of rod
and cone function were similar between both TetOff and TetOn
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Figure 5 Long-term regulation of retinal function in RPE65-deficient dogs following subretinal injection of the AAV2/4TetOn.rpe65 vector.
Affected dogs (a) A4 and (b) A5 before injection and at different time points postinjection, in the ON and OFF states. The b-wave amplitudes of the
ERG max. (scotopic) of the treated and untreated eyes were measured and reported in the graphs. Gray, treated eye; black, untreated contralateral
eye. The ON state was obtained upon oral administration of Dox, whereas the OFF state was obtained in the absence of Dox. bi, before injection;

ERG, electroretinography; mpi, months postinjection.

systems. Similarly to our previous study in nonhuman primates,
no immune response against the chimeric transactivator protein
could be detected.

Unfortunately, in the ON state, all AAV2/4TetOff.rpe65- and
AAV2/4TetOn.rpe65-treated dogs displayed only low levels of reti-
nal function recovery. First, no ERG improvement was detected at
1 month postvector administration. This is in contrast to our previ-
ous study in RPE65-deficient dogs treated with the AAV2/4RPE65.
rpe65 constitutive vector where restoration of rod and cone photo-
receptor function started from 15 days postinjection.” Second,
using the regulatable vectors, the maximum recovered amplitude
of the dark-adapted b-wave at 3 months postvector administration
ranged from 20 to 42 uV. In our previous study of five AAV2/4RPE65.
rpe65-treated dogs, and in the control dog A7, the maximum recov-
ered amplitude of the dark-adapted b-wave 3 months postvector
administration ranged from 94 to 110 uV."* Moreover, given that the
same administration procedure, the same vector titer, and the same
ERG setup was used for all animals (in the previous study Le Meur
et al.”® and in this new study), the lower level of retinal function
restoration observed in the dogs treated with the regulatable vectors
(AAV2/4TetOft.rpe65 and AAV2/4TetOn.rpe65) is likely to be both
real and significant when compared to the dogs treated with the
constitutive AAV2/4RPE65.rpe65 vector.

These small improvements in ERG were confirmed by the
behavioral testing, as none of the regulatable AAV vectors made
it possible for treated dogs to recover their vision. In contrast, all
of the dogs treated with the AAV2/4RPE65.rpe65 vector recov-
ered their vision (five dogs in our previous study Le Meur et al."
and A7 in this study). Using our ERG and behavioral test setup, it
appeared that a dark-adapted b-wave amplitude below 60 uV did
not restore vision.
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This interesting observation is in contrast to what is observed
in treated human patients who displayed improvement in visual
mobility but ERG recordings below detection level. 2"

Our previous results using regulatable AAVTetOn vectors
for gene transfer in the retina of nonhuman primates'*-'¢ showed
that the maximum transgene expression was detected as early as
48 hours after oral Dox administration and that the regulation of
transgene expression persisted for up to 5 years postsubretinal
injection with no detection of deleterious side effects. This indi-
cates that the delay in the onset and the lower levels of retinal
function recovery in RPE65-deficient dogs using the TetOff or the
TetOn vectors is not due to a delay in transgene expression, to
the pharmacokinetics of Dox after oral administration, or to the
toxicity of the Tet system.

Our results lean more toward the hypothesis suggesting that
the CMV-based TetOff and TetOn promoters are not as strong
as the RPE65 promoter for transgene expression in the RPE cells
in vivo, and therefore lead to a later onset and a lower recovery
of retinal function in treated RPE65-deficient dogs. Interestingly,
although only one control animal was treated with the constitu-
tive vector AAV2/4CMV.rpe65, it displayed an ERG improve-
ment similar to that obtained in the AAV2/4TetOff.rpe65- and
AAV2/4TetOn.rpe65-treated animals. This observation lends
support to our hypothesis suggesting that the strength of the
CMYV and CMV-based promoters is lower than the strength of the
RPE65 promoter in vivo. Additional experiments would, however,
be necessary in dogs to confirm such a hypothesis.

Unfortunately, the low level of retinal function recovery using
the Dox-regulated system prevented any dose-response study.

Different regulatory elements controlling expression of the
RPE65 cDNA were used in the three clinical trials. Bainbridge et al.
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Figure 6 Retinal function in control dogs. (a) Bilateral full-field electroretinographic recordings of control dogs. Nonaffected dog NA at 12 months
of age, affected dog A7 treated with the AAV2/4RPE65.rpe65 vector at 3 months postinjection, and affected dog A6 treated with the AAV2/4CMV.
rpe65 vector at 3 months postinjection. (b) Kinetics of retinal function in control dogs. Nonaffected dog NA at different time points after birth,
affected dog A7 treated in the right eye with the AAV2/4RPE65.rpe65 vector, and affected dog A6 treated in the right eye with the AAV2/4CMV.rpe65
vector at different time points postinjection. The b-wave amplitudes of the ERG max. (scotopic) of both eyes were measured at different times and
reported in the graphs. Gray, right eye; black, left eye. bi, before injection; ERG, electroretinography; mpi, months postinjection.

employed the RPE65 promoter used in our previous study'®?
and in A7. The other two teams employed the chicken B-actin
promoter.'* Moreover, Maguire et al. inserted a modified Kozac
translational initiation sequence before the RPE65 cDNA.?"* In
this condition, it is difficult to know the relative strength of expres-
sion for each of the three vectors. This could only be addressed
by running parallel experiments in RPE65-deficient dogs with a
similar vector containing these three different promoters.

In conclusion, we demonstrate for the first time that it is
possible to use the TetOff and TetOn system to regulate retinal
function in RPE65-deficient dogs. Such a regulatable system will
therefore be valuable to assess the level of RPE65 expression nec-
essary to obtain an optimal rescue of retinal function and vision.
Unfortunately, the CMV-based TetOff and TetOn promoters seem
much less efficient than the specific RPE65 promoter and lead
to a lower level of retinal function recovery, which prevents any
dose-response study or a more accurate evaluation of the pro-
moter strength necessary for an optimized rescue of vision. Future
efforts should focus on designing a strong regulatable promoter.
Our results suggest that the nature of the promoter may be critical
for the recovery of retinal function and vision in RPE65-deficient
dogs and the need to develop AAV vectors that generate optimal
RPE65 expression for the treatment of patients.

MATERIALS AND METHODS

Recombinant AAV2/4TetOn.rpe65, AAV2/4TetOff.rpe65,

and AAV2/4CMV.rpeé65 vectors

rAAV2/4TetOff.rpe65 vector: Generation of expression cassettes encoding
d2GFP (TetO.CMVmin-d2GFP-SV40pA) and the transactivator tTA2

Molecular Therapy vol. 18 no. 6 june 2010

under the control of the CAG promoter (CAG-tTA2-BGHpA) was
previously described.” The expression cassette TetO.CMVmin-hrpe65-
SV40pA was produced by replacing the 951 base-pair (bp) d2GFP cDNA
fragment with the 1,630-bp human RPE65 transgene fragment (kindly
provided by Robin Ali, London, UK).

rAAV2/4TetOn.rpe65 vector: Generation of expression cassettes
encoding EPO (TetO.CMVmin-mEPO-WPRE-SV40pA) and the trans-
activator rtTA.M2 under the control of the CAG promoter (CAG-rtTA.
M2-BGHpA) was previously described.”” The expression cassette TetO.
CMVmin-hrpe65-SV40pA was produced by replacing the 1,237-bp mEPO-
WPRE fragment with the 1,630-bp human RPE65 transgene fragment.

rAAV2/4CMV.rpe65 vector: Generation of expression cassette
encoding human RPE65 cDNA under the control of the human RPE65-
specific promoter (RPE65-hrpe65-BGHpA) was previously described."”
The expression cassette CMV-hrpe65-BGHpA was produced by replacing
the 806-bp human RPE65-specific promoter fragment with the 586-bp
CMYV promoter fragment.

The expression cassettes, flanked by two AAV2 ITRs, were encapsidated
into AAV4 shells. Vectors were produced as described previously by
Rabinowitz et al. in the Vector Core at the University Hospital of Nantes
(http://www.vectors.nantes.inserm.fr). The rAAV titers were determined
by dot blot and expressed as vector genomes (vg) per ml.

Subretinal injection of rAAV vectors. A colony of Briard dogs carrying the
RPE65 null mutation was developed at the Boisbonne Center (Veterinary
School of Nantes, Nantes, France). All animals were cared for in accordance
with the Association for Research in Vision and Ophthalmology statement
for the use of animals in ophthalmic and vision research. The subretinal
injections were performed on 9- to 10-month-old dogs using a transvitreal
approach and following vitrectomy. Procedures were conducted on dogs
under isoflurane gas anesthesia as previously described.” The protocol
was approved by the Institutional Animal Care and Use Committee of the
University of Nantes. All subretinal injections were performed unilaterally
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in the right eye. Volumes injected were between 280 and 600 pl and vector
titers were 10" vg/ml.

Fundus photography. Pupils of the animals were dilated 20 minutes before
anesthesia using tropicamide (Ciba Vision Faure; Novartis, Annonay,
France) and phenylephrine hydrochloride (10% Neo-Synephrine;
Novartis). Dogs were anesthetized with a combination of medetomidine
(Domitor; Pfizer, Paris, France) with ketamine (Imalgene; Rhone Merieux,
Lyon, France).

Fundi were imaged using a Canon UVI retinal camera connected
to a digital imaging system (Lhedioph Win Software; Lheritier, Saint-
Ouen-lAumone, France).

Optical coherence tomography. Retinal morphology was assessed by
optical coherence tomography (Stratus 3000; Zeiss, Jena, Germany).
Dilatation of the pupils and intravenous anesthesia of the animals were
performed as described above. Examination was performed at different
time points, by doing a 3mm horizontal line scan in the area located above
the optical nerve head, within the treated area of the retina.

Humoral immune response against tTA2 and rtTA.M2. Detection of
anti-tTA2 and anti-rtTA.M2 antibodies was performed using western
blot analysis as recently described."” Briefly, recombinant transactivator
protein (200 ng) (Proteogenix, Oberhausbergen, France) was subjected to
SDS-PAGE and transferred to a Hybond ECL nitrocellulose membrane
(Amersham, Saclay, France) for subsequent immunoblotting. Serum
(1/100) from our experimental dogs was tested for the presence of antibod-
ies. A serum (1/100) from a macaque that have previously been shown to
contain antibodies against rtTA.M2 was used as positive control (Mac™).8°
Incubation with sera was performed overnight at 4°C. Peroxidase-
conjugated rabbit anti-dog IgG (Jackson ImmunoResearch, Baltimore, PA)
was used as secondary antibody for the dog samples (1/10,000, 45 minutes
at room temperature).

Peroxidase-conjugated goat anti-rhesus monkey IgG (Southern Bio-
technology Associates, Birmingham, AL) was used as secondary antibody
for the positive control (1/2,000, 45 minutes at room temperature).

Bilateral full-field ERG. Dogs were dark-adapted for 20 minutes, and ERGs
were performed under general anesthesia. Rod and cone function was
tested using simultaneous bilateral flash photopic and scotopic ERG. ERGs
were recorded in a standardized fashion, according to the International
Society for Clinical Electrophysiology of Vision (ISCEV),* using a
computer-based system (Neuropackp MEB-9102K; Nihon-Kohden,
Tokyo, Japan) and contact lens electrodes (ERG-jet; Microcomponents,
Grenchen, Switzerland).

In fully dark-adapted dogs, attenuated white flash (0.028 cd-s/m?) was
used to elicit a rod ERG b-wave. Four flashes, presented at a rate of 0.5Hz,
were used to average the rod system response. To elicit a maximal mixed
rod and cone response, we used a single white light flash (2.8 cd-s/m?). The
maximum mixed rod and cone responses were averaged by using three
flashes, presented at a rate of 0.1 Hz. Following a 10-min light adaptation,
cone function was tested with 1 Hz white light flashes and the cone flicker
was tested with 30 Hz white light flashes, both in addition to a continuous
rod desensitizing white background light. Ten to twenty responses were
averaged for light-adapted recordings.

The b-wave amplitude of the ERG max of the treated and the
untreated eyes was measured from the a-wave peak to the b-wave peak at
different times postinjection and reported in the graphs. The uninjected
left eye served as an intraindividual control. The method of measurement
was in accordance with the recommendations in the ISCEV standard for
clinical ERG.

Dox administration. Oral administration of Dox consisted of the daily

uptake of 10 mg/kg Dox (Doxy 100 G¢é; Elerte, Aubervilliers, France). In A1,
A2, and A3 injected with the AAV2/4TetOff.rpe65 vector, the ON state was
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obtained in the absence of Dox, whereas the OFF state was obtained upon
oral administration of Dox. In A4 and A5 treated with the AAV2/4TetOn.
rpe65 vector, the ON state was obtained upon administration of Dox,
whereas the OFF state was obtained upon withdrawal of Dox.

Behavioral studies. Ambulation of treated and untreated RPE65 "/~ dogs
through an obstacle course in dim light was recorded using a camcorder.
An opaque lens, specifically designed for dogs, was used to alternatively
cover the treated or the untreated eye. The time to negotiate the obstacle
course was compared between the course for which the untreated eye was
covered and the course in which the treated eye was covered.

SUPPLEMENTARY MATERIAL

Video $1. Visual function of A1 was evaluated 11 months postinjection
by behavioral testing.

Video $2. Visual function of A6 was evaluated 6 months postinjection
by behavioral testing.
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