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efficiency to maximize clinical impact.

Introduction

Retinitis pigmentosa (RP), a progressive neurodegenerative dis-
ease, is the most common cause of hereditary blindness in devel-
oped countries (1, 2). In the early stage of the disease, peripheral
rod photoreceptor degeneration is underway, and patients expe-
rience night blindness; in addition, some cones exhibit struc-
tural pathologies (3). Rod degeneration continues in mid and late
stages, causing tunnel vision. In the late stage, macular cone loss
becomes significant enough that patients lose daylight vision and
are often deemed legally blind (1).

There is currently no treatment for RP (indeed, for any retinal
degenerative disease) that can halt the loss of both photoreceptors
and function. Of those therapies on the horizon, gene therapy may
be the most promising (4-6). Therapeutic development is negatively
impacted by the fact that when the efficacy of a potential gene ther-
apy is low, it is difficult to control for the various possible reasons.
Failure might result if the means of delivering the therapeutic to its
target cells is insufficient, or if a therapeutic is administered too late
to halt the degeneration cascade. In the current study, we address
these 2 potential limitations by first optimizing the means of deliv-
ery, and then by testing a gene therapeutic delivered under opti-
mized conditions at multiple disease stages.
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Hereditary retinal degenerative diseases, such as retinitis pigmentosa (RP), are characterized by the progressive loss

of rod photoreceptors followed by loss of cones. While retinal gene therapy clinical trials demonstrated temporary
improvement in visual function, this approach has yet to achieve sustained functional and anatomical rescue after disease
onset in patients. The lack of sustained benefit could be due to insufficient transduction efficiency of viral vectors (“too
little”) and/or because the disease is too advanced (“too late”) at the time therapy is initiated. Here, we tested the latter
hypothesis and developed a mouse RP model that permits restoration of the mutant gene in all diseased photoreceptor
cells, thereby ensuring sufficient transduction efficiency. We then treated mice at early, mid, or late disease stages. At all
3 time points, degeneration was halted and function was rescued for at least 1 year. Not only do our results demonstrate
that gene therapy effectively preserves function after the onset of degeneration, our study also demonstrates that there
is a broad therapeutic time window. Moreover, these results suggest that RP patients are treatable, despite most being
diagnosed after substantial photoreceptor loss, and that gene therapy research must focus on improving transduction

Currently, therapeutic genes are administered by subretinal
injection. However, there are 3 significant problems with this
approach. First, the therapeutic generally reaches only a fraction
of the diseased cells. Second, injections are inherently highly
variable, leading to large deviations in response and dictating the
use of large numbers of animals to compensate for that deviation.
Third, injections are invasive and can lead to side effects (e.g.,
trauma). Thus, a method that does not involve subretinal injection
would greatly facilitate the study of disease mechanisms and the
development of therapeutics.

A second major issue that impacts the development and test-
ing of any type of therapeutic is the timing of treatment. In preclin-
ical studies, gene therapeutics are almost always delivered before
the onset of cell degeneration. However, most, if not all, neural
degenerative diseases are diagnosed after the onset of degenera-
tion (7). Therefore, a therapeutic must be able to demonstrate effi-
cacy after disease onset —even at mid- or late-stage disease. How-
ever, it has been suggested that treatment at later stages might be
hindered by a “point of no return,” beyond which photoreceptor
cell death is unpreventable (8). An important research priority,
therefore, is to determine the therapeutic time window in order to
understand whether mid- or late-stage treatment is even feasible.

In the current study, we generated an RP mouse model in
which mutant rod-specific cyclic GMP (cGMP) phosphodiesterase
6b (PDE6b) (Online Mendelian Inheritance in Man [OMIM]
#180072) can be restored to WT levels in all rod photorecep-
tors. Mutations in the gene encoding PDE6B are responsible for
36,000 new cases of RP worldwide each year (1, 9-11). Using a tool
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Figure 1. Inducible rod-specific Pde6g*:"? driver
line. (A) Targeting strategy for the generation of
Pdebg‘tR™? mice. Exons 2-4 are represented by black

boxes. Exons 2 and 3 were replaced by CreERT2. The
targeting vector contains a neo/tk cassette (Neo).
After homologous recombination, CreERT2 is placed
under Pde6g locus control. (B) Southern blot analysis

of EcoRI- and EcoRV-digested genomic DNA from 8
ES clones hybridized to the probe shown in A. The
8.5- and 6.6-kb bands represent WT and targeted
Pdeb6g alleles, respectively. (C) X-gal-stained retinal
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section from a 4-week-old ROSA26-lacZ Pdebg‘eR™
mouse injected with tamoxifen at 2 weeks of age.
Blue, lacZ reporter gene signal. Scale bar: 50 pm.
RPE, retinal pigment epithelium. (D) PCR analysis

of ONL DNA isolated from 4-week-old retinae iden-
tified a 284-bp fragment for WT, 284- and 415-bp
fragments for an untreated mutant, and 284-, 415-,
and 362-bp fragments for a mutant treated with
tamoxifen at 2 weeks of age. (E) Retinal sections
from 4-week-old mice immunostained for PDE6b; the
treated mutant was tamoxifen injected at 2 weeks of
age. Scale bar: 30 um.

to achieve optimal gene delivery, we then systematically mapped
the treatment time window for our RP gene therapeutic relative to
disease progression. We demonstrate stable, sustained rescue of
photoreceptor structure and visual function, even when the ther-
apy was administered at mid-to-late disease stages.

Results

In the first part of the Results, we describe an RP mouse that allows
the delivery of a therapeutic gene to all rod photoreceptors and to
do so without subretinal injections. In the second part, we use this
mouse model to determine whether RP can be treated well after
the onset of photoreceptor cell loss.

An inducible rod-specific Cre driver. To generate a preclinical
model for RP, in which the therapeutic gene can be delivered uni-
formly to all rods, we first generated a Pde6g®“**™ mouse and then
crossed it with our Pde6b Pde6b™?°C mice to derive Pde6bS*
Pde6b''9°2 Pde6gCtR2 mice (referred to herein as mutant). In
the Pde6bS” Pde6b™%° mice, 1 allele carries a point mutation
(Pde6b'9°9) that dramatically reduces expression of PDE6b (12,
13). This hypomorphic rod-specific mutation is not as severe as a
null mutation (e.g., Pde6b'™) (14) and, therefore, is a better model of
human RP, which is usually caused by a missense mutation. The sec-
ond allele carries a floxed stop cassette (Pde6b) that prevents gene

expression in the absence of Cre recombinase activity. In addition to
astop codon, the stop cassette contains 3 polyadenylation signals (3).
To generate the Pde6g®*8™ mouse, we inserted tamoxifen-
inducible CreERT?2 into the rod-specific Pde6g locus (Figure 1A).
Insertion of CreERT2 was confirmed at the genomic DNA level by
Southern blot analysis (Figure 1B). To confirm the cell specificity
of the Pde6g® R recombinase, we crossed these mice with the
ROSA26-lacZ reporter mouse line. ROSA26-lacZ reporter mice
contain a loxP-flanked stop cassette preventing expression of the
downstream lacZ gene; when crossed with a Cre Tg strain, the stop
sequence is removed, and lacZ is expressed in cells where Cre is
expressed (15). After i.p. injection of tamoxifen, the ROSA26-lacZ
Pde6gcERT2 double-Tg mice showed X-gal staining in photorecep-
tor cells, but not in cells in the inner nuclear layer (INL) or ganglion
cell layer (GCL) (Figure 1C). The subcellular pattern of X-gal stain-
ing in photoreceptors —in the inner segment (IS) and synaptic ter-
minals (STs) —has been previously described (16). These data val-
idate functional Cre recombinase expression in photoreceptors.
To demonstrate that Pde6g®“**™? can remove the stop cassette
in the Pde6b%* Pde6b"5??° mice, we treated mutant mice with
tamoxifen and then performed PCR analysis on DNA isolated
from the retinal outer nuclear layer (ONL). A 362-bp band was
found in DNA amplified from treated mutant mice, but not in DNA
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amplified from the ONL of untreated mutant or WT retinae (Fig-
ure 1D). A faint 415-bp nonrecombined product was also noted;
this is because, in addition to rods, the ONL also contains cone
nuclei, in which Pde6g° k"2 recombinase is inactive. To analyze
expression of PDE6D protein after tamoxifen-induced Pde6geFrT2-
mediated recombination, retinal sections were immunolabeled
with an Ab against PDE6b. While immunolabeling was absent
from mutant retinae, the outer segment (OS) of treated and WT
retinae exhibited intense levels of staining (Figure 1E). These data
confirm the efficient, near-complete tissue-specific Pde6gcrT2-
mediated recombination.

These reporter gene and target gene experiments demon-
strate the high efficiency of our inducible rod-specific Cre driver.
With this tool, we can restore PDE6b expression in all mutant rods
to levels that are close to those of WT, and we can do so at spe-
cific time points. In the following experiments, in addition to our
mutant mice, we used Pde6b* Pde6b"°*°2, Pde6g“**™ mice as a WT
(positive) control.

Photoreceptor degeneration in Pde6b5? Pde6b"5?°2, Pde6gcrr2
mutant mice. To test our gene therapy after the onset of photore-
ceptor degeneration at early, mid, and late disease stages, we first
needed to gain a basic understanding of the disease progression
timeline in our mutant. To do this, we performed a quantitative
histological analysis of the mutant and WT photoreceptor layer,
known as the ONL, from mice that were 2, 4, or 8 weeks of age. We
measured ONL thickness, cone numbers, and cone and rod photo-
receptor OS lengths.

At 2 weeks of age, OS and ONL morphology in the mutant
retinae (Supplemental Figure 1, A and D; supplemental material
available online with this article; doi:10.1172/JC182462DS1) were
indistinguishable from that of age-matched WT control retinae
(not shown). It is important to note that in 2-week-old retinae,
developing retinal OS maturation and programmed photoreceptor
cell death are ongoing (17, 18); as a result, the 2-week-old mutant
rod OS was reduced, and the ONL was thicker than in WT adult
retinae (Supplemental Figure 1, G and H). Cone OS lengths and
cone numbers were not quantified at 2 weeks, since expression of
the cone marker was low (Supplemental Figure 1D). At 4 weeks of
age, rod OS length and ONL thickness were reduced by roughly
50% and 30%, respectively (P < 0.015 and P < 0.036) compared
with WT adult retinae (Supplemental Figure 1, B and G). In con-
trast, cone OS length and cone numbers were not significantly
changed (P = 0.65 and P = 0.37, respectively) (Supplemental Fig-
ure 1, E, I, and ]). At 8 weeks of age, OS length and ONL thickness
were dramatically deceased — by about 70% — compared with
WT adult retinae (P < 0.009 and P < 0.001, respectively) (Sup-
plemental Figure 1, C, G, and H). In addition, cone OS length and
cone numbers were dramatically decreased — by roughly 65% and

jci.org  Volume125 Number9  September 2015

The Journal of Clinical Investigation

Figure 2. Restoration of PDE6b expression at early, mid, and late stages
of RP. Two-, four-, and eight-week-old mutant mice were treated with
tamoxifen (T2, T4, and T8, respectively). When mice were 20 weeks old,
retinae were lysed, and Western blotting was performed for PDE6b. Blots
for WT and untreated mutant retinae are also shown. Immunoblotting was
performed in triplicate. A representative immunoblot is shown. B-actin
was used as a loading control.

30%, respectively (P < 0.003 and P < 0.023) (Supplemental Figure
1, F, I, and ]). Given this progressive decrease in ONL thickness
and OS length, we defined the 2-, 4-, and 8-week-old mutant reti-
nae as being in early, mid, and late stages of RP disease.

Restoration of PDEG6b expression and retinal function over a broad
time window. To determine the therapeutic time window for photo-
receptor rescue, we injected tamoxifen into 2-, 4-, and 8-week-old
mice (i.e., at early, mid, and late disease stages, respectively). To
determine whether PDE6b expression was rescued by the treat-
ment, retinae were subjected to immunoblot analysis (Figure 2).
PDEG6b expression (i.e., a 90-kDa band) was observed in mutant
mice treated at all 3 stages, but the level of expression was highest
when tamoxifen was administered at 2 weeks of age. This progres-
sive decrease in expression of rod-specific PDE6D correlates tem-
porally with the decrease noted in rod OS length and ONL thick-
ness (Supplemental Figure 1, A-C).

To assess the degree to which retinal function was rescued,
we performed electroretinographic (ERG) analysis in 18-week-
old mice. Under dark-adapted conditions with dim flashes, to
derive rod responses, WT retinae exhibited a rod-specific b-wave
(positive deflection), and mutant retinae showed no response;
tamoxifen treatment rescued the rod-specific b-wave, with earlier
treatment eliciting a higher response (Figure 3A). Under dark-
adapted conditions with bright flashes, to derive mixed rod and
cone responses, WT retinae exhibited an a-wave (negative deflec-
tion), followed by a b-wave. Mutant retinae lacked the a-wave and
exhibited a strongly reduced b-wave; tamoxifen treatment led to
nearly complete restoration of the a- and b-waves at the 2- and
4-week treatment time points and partial restoration at the 8-week
time point (Figure 3A). Under light-adapted conditions with very
bright flashes, to derive cone responses, WT retinae exhibited a
cone-specific b-wave, which was strongly reduced in mutant mice;
treatment at every stage rescued the cone responses (Figure 3A).

We quantified the amplitudes of the a- and b-waves, compar-
ing treated and untreated mutants (Figure 3, B-E). Treatment at 2
and 4 weeks (i.e., early- and mid-stage disease, respectively) sig-
nificantly increased the rod b-wave amplitude (P < 0.001). Treat-
ment at 8 weeks (late-stage disease) appeared to rescue rod ERG
responses, however, the effect was not statistically significant
(P = 0.070) (Figure 3B). This is probably because approximately
70% of rods had died by 8 weeks (Supplemental Figure 1). The
b-wave amplitudes in light-adapted ERG responses were signifi-
cantly greater in treated mice at 2, 4, and 8 weeks of age (P< 0.003,
P < 0.001, and P < 0.011, respectively); this indicates that treat-
ment prevented the progressive degeneration of cones (Figure
3C). Treated mice also exhibited significantly greater mixed rod-
cone a-wave amplitudes at all 3 treatment time points (2 and 4
weeks, P < 0.001; 8 weeks, P < 0.049) (Figure 3D). Similarly, the
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Figure 3. Preservation of retinal function after gene therapy
administered at early, mid, and late disease stages. WT,
mutant, and treated mice were measured at week 18. (A) Rep-
resentative ERG responses for rods, mixed rods and cones, and
cones from WT (black, WT), mutant (red, Mut), and treated
mice. The treated mice were tamoxifen injected at 2 weeks
(dark blue, T2), 4 weeks (green, T4), and 8 weeks (light blue,
T8) of age. (B-E) Statistical analysis of ERG amplitudes for the
scotopic rod-specific b-wave (B), the photopic cone-specific
b-wave (C), the mixed rod-cone-specific a-wave (D), and the
mixed rod-cone-specific b-wave (E). Gray dots represent indi-
vidual mice (for each mouse, the 2 eyes were averaged; n values
are shown below each group), and horizontal lines represent
the group means. A linear regression model was fit to compare
groups. *P < 0.05, **P < 0.01, and ***P < 0.001 for significant
differences between treated and untreated mutant groups

— using linear regression model.
S M M
OverIUN | et P oz
— |]\ b X"\,’fﬁ 8 ease progression manifests structurally as shortening of
\7 ms the rhodopsin-positive rod OS, followed by loss of the
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2o 3 - 2 : - completely absent in mutant retinae (Figure 4B). In ret-
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mixed rod-cone b-wave amplitudes were significantly increased
at all 3 treatment time points (P < 0.001) (Figure 3E).

Thus, we were able to demonstrate functional rescue of pho-
toreceptors, even at late disease stages. On the other hand, earlier
treatment was associated with stronger ERG responses. Mutant
mice treated at weeks 2 or 4 exhibited responses (rod, mixed, and
cone) that were similar to those of WT mice. Treatment at week
8 led to more modest increases in ERG amplitudes, especially rod
responses. Since ERG amplitudes depend on photoreceptor num-
bers, our data suggest that treatment directly prevented further rod
degeneration and indirectly prevented cone degeneration as well.

Halt of photoreceptor degeneration over a broad time window.
We next tested whether treatment at different stages of disease
progression was able to rescue photoreceptor cells. To do this, we
measured OS length in sections of retina from 20-week-old mice
(WT, mutant, and treated mutant) that were immunostained for
rhodopsin, which is highly expressed in normal rod OSs. RP dis-

were immunostained for cone arrestin. In WT retinae,

immunostaining was apparent in cone pedicles, axons,
and in the cytoplasm of cone ISs and OSs (Figure 4F). In mutant
retinae, cone arrestin immunostaining suggested that both the
number of cones and the length of their OSs were reduced (Figure
4G). Tamoxifen injection at 2, 4, or 8 weeks of age preserved cone
numbers and structure (Figure 4, H-J).

We next quantified the observed changes in OS length and
ONL thickness. Rod OS length and ONL thickness were signifi-
cantly greater in retinae of mice treated at either 2 or 4 weeks com-
pared with retinae of untreated mutants (P < 0.001); on the other
hand, there was no significant difference between mice treated at
8 weeks and untreated mutants (P = 0.7 and P = 0.2, respectively)
(Figure 4, K and L). On the other hand, cone OS length was signifi-
cantly greater in mice treated at 2 or 4 weeks (P < 0.001), or at 8
weeks (P < 0.05) (Figure 4M). Thus, while we were able to rescue
the remaining photoreceptors even at late-stage disease, earlier
treatment (when there are more photoreceptors) was associated
with greater functional and structural rescue (Figures 3 and 4).

jci.org  Volume125 Number9  September 2015

3707



3708

RESEARCH ARTICLE

Mutant

Rhodopsin

..
G H

The Journal of Clinical Investigation

T4
.E
1

T2

T8

K L
. E . o ]
L . — @
=« - ok = . £ *kk
E o . = \EE o = *"" dkdk 2 _:. -
__g’ o . dedek g o . .%, 8 N ) *:*
I= L] @ c ] *
2 9 - _E L -— @ .
1] £ 8 . %]
o . = (@] ‘O_ -—
- 2 | . @ 8
=) = c ]
1 - - = % ) .
WT Mut T2 T4 T8 WT Mut T2 T4 T8 WT Mut T2 T4 T8

Figure 4. Preservation of retinal structure after gene therapy administered at early, mid, and late disease stages. WT, mutant, and treated retinae were
sectioned and immunostained at week 20. Treated mice were tamoxifen injected at 2 weeks (T2), 4 weeks (T4), and 8 weeks (T8) of age. (A-E) Images show
anti-rhodopsin Ab (red) labeling of rod 0Ss. (F-J) Images show anti-cone arrestin Ab (green) labeling of cones. Nuclei were stained with Hoechst dye (blue).
(K-M) Quantification of rod OS length (K), ONL thickness (L), and cone OS length (M). Each gray dot represents an individual mouse (n = 3 for each group).
Horizontal lines represent the group means. A linear regression model was fit to compare groups. *P < 0.05 and ***P < 0.001 for significant differences
between treated and untreated mutant groups using linear regression model. Scale bars: 30 um.

Absence of reactive gliosis after gene therapy. Reactive gliosis is
an indicator of damage to the CNS, including damage caused by
significant levels of cell degeneration. In retina, gliosis is indi-
cated by upregulation of glial fibrillary acidic protein (GFAP)
in Miller glial cells. To determine whether our gene therapy
reduces retinal damage, we performed GFAP immunolabeling
on sections of 20-week-old retinae. In WT retina, GFAP immu-
nolabeling was apparent in the endfeet of Miiller glia (Figure
5A). In untreated mutant retina, GFAP immunolabeling was
increased, with intensely labeled stress fibers extending to the
ONL (Figure 5B); this activation of Miiller glia was apparent in

WT

Mutant

T2

..

4-week-old untreated mutant retinae (but not in 2-week-old reti-
nae) and was even more severe by 8 weeks (Supplemental Figure
2). In retinae of mutant mice treated at 2, 4, and 8 weeks of age,
the GFAP immunolabeling pattern was comparable to that seen
in WT retinae (Figure 5, C-E). Thus, treatment prevented Miiller
glial cell activation and infiltration at an early disease stage and
reversed it at mid and late stages.

Long-term effects of treatment. Figures 2-5 demonstrate func-
tional and structural rescue of diseased rods in our PDE6b-defi-
cient RP mouse model. In addition to this direct rescue by gene
therapy, data in Figures 3 and 4 provide evidence for indirect, sec-

T4 T8
- .

Figure 5. Absence of gliosis in treated mutant retina. WT, mutant, and treated retinae were sectioned and immunostained at week 20. The treated mice
were tamoxifen injected at 2 weeks (T2), 4 weeks (T4), and 8 weeks (T8) of age. (A-E) Anti-GFAP Ab (red) was used to label reactive phenotype in Miiller
glia; nuclei were stained with Hoechst dye (blue). IHC was performed on 3 mice for every group. A representative immunostaining is shown. Scale bar: 30 um.
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ondary rescue of cones. To analyze whether these rescue effects
are stable, and thus long lasting, we treated mice at 8 weeks of age
and analyzed retinal function at 10 and 32 weeks of age and retinal
structure at 10, 20, and 32 weeks of age.

In retinae of treated mutant mice, ERG responses at 10 and
32 weeks of age were not significantly different (P= 0.8, P = 0.6,
and P= 0.1forrod, cone, and mixed responses, respectively) (Fig-
ure 6). In contrast, in untreated mutant mice, cone and mixed
b-wave amplitudes decreased significantly between 10 and 32
weeks (P < 0.001). Rod b-wave and mixed a-wave amplitudes
(i.e., rod-based ERG measures) were quite
low, and the modest decrease between 10
and 32 weeks was not significant (P = 0.2
and P = 0.3, respectively) (Figure 6). We
also examined treatment stability by immu-
nolabeling rod OSs with rhodopsin Ab (Fig-
ure 7, A-F) and cones with cone arrestin Ab
(Figure 7, G-L); a nuclear stain was used
to label the ONL. Over the 22-week study,
mutant retinae exhibited rod OS shorten-
ing, progressive and dramatic loss of cones,
and thinning of the ONL. In treated reti-
nae, on the other hand, these structures did
not appear to change. These experiments

10 wk

demonstrate that the gene therapy at a rel-
atively late disease stage prevented degen-
eration of the remaining rods and cones for
up to 6 months.

We have quantitated ONL thickness
in WT and untreated mutant mice at 2, 4,
and 8 weeks of age (Supplemental Figure
1), as well as in WT, untreated, and treated
mutant mice at 20 weeks of age (Figure 4L).
We next examined ONL thickness in WT,
untreated mutant, and treated mutant mice
at 1year and then combined all of these data
(Figure 8). In WT mice (Figure 8, blue line),
the decrease in ONL thickness was due to
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Figure 6. Stable rescue of visual function following treatment at a late
disease stage. At 8 weeks of age, mutant mice were tamoxifen injected or
not; at 10 and 32 weeks of age, ERG responses were recorded. (A)Rod-
specific b-wave, (B) photopic cone-specific b-wave, (C) mixed rod-cone-
specific a-wave, and (D) mixed rod-cone-specific b-wave. Red dots
represent individual treated mutant mice (n = 3 for each time point). Gray
triangles represent individual untreated mutants (n = 10 and 4 at 10 and 32
weeks of age, respectively). Red solid lines and black dashed lines connect
the group means of the treated and untreated mutant mice, respectively.
For each mouse, the 2 eyes were averaged. A paired t test was used to
compare weeks 10 and 32 for the treated group. A 2-sample t test was
used to compare weeks 10 and 32 for the untreated mutant group.

***P < 0.001 for significant differences between weeks 10 and 32.

normal programmed cell death of rods, which occurs from days
5to 24 (17). In untreated mutant mice, ONL thickness decreased
over a longer time frame (Figure 8, black line), reflecting the
combination of normal developmental cell death and progressive
degeneration of mutant photoreceptor cells, which are entirely
gone by 1 year. Treatment at 2 weeks (Figure 8, yellow line) pre-
vented the onset of degeneration caused by the mutation. Treat-
ment at 4 and 8 weeks (Figure 8, green and red lines, respectively)
prevented further degeneration. Earlier intervention was associ-
ated with the rescue of more photoreceptors.

20 wk

32 wk

Figure 7. Stable rescue of retinal structure following treatment at a late disease stage. At 8 weeks
of age, mutant mice were tamoxifen injected (T8) or not (Mut). Mice were then sacrificed at 10, 20,

or 32 weeks of age, and retinae were sectioned and immunostained; nuclei were stained with Hoe-

chst dye (blue). (A-F) Images show anti-rhodopsin Ab (red) labeling of rod 0Ss. (G-L) Images show

anti-cone arrestin Ab (green) labeling of cones. Scale bars: 10 pm.

jci.org  Volume125 Number9  September 2015

3709



3710

RESEARCH ARTICLE

= °

=

-2

Eco

=

Lo

8 T
g WT
£21

—
= T4
Oo . '

e - e imemememem— e < T8
e Mut

20 30 40 50
Age (wk)

Figure 8. Photoreceptor degeneration is halted at all treatment time
points. Quantification of ONL thickness from WT (blue), mutant (black),
and treated mice. Treated mice were tamoxifen injected at 2 weeks (yellow,
T2), 4 weeks (green, T4), and 8 weeks (red, T8) of age. Arrows indicate the
treatment time points. Each symbol represents an individual mouse (n = 3
for each group at 52 weeks). Data for the untreated mutant at weeks 2, 4,
and 8 are taken from Supplemental Figure 1B; data for week 20 are taken
from Figure 4L.

Discussion

In the present study, we generated and validated a tamoxifen-in-
ducible Cre recombinase driver mouse (Pde6g®**™?) (Figure 1,
A-C) that can be crossed with a floxed mouse to conditionally
activate a gene (as we have done in this study) or delete any gene
exclusively in rods. This tool allowed us to uniformly deliver a
gene therapeutic to all rods in the retina, while also eliminating
the problems associated with subretinal injections. We believe
that this tool will have a substantial impact, because it provides a
highly reproducible and precise method for generating and study-
ing “optimally treated” retinae. It will be especially helpful when
the gene of interest is ubiquitously expressed (e.g., genes causing
embryonic or neonatal lethality).

In the current study, we crossed our Pde6g“**™ driver with
our Pde6b*” Pde6b"**°¢ mice (3) to derive our mutant Pde6bs
Pde6b™2°2 Pde6g®FR™ mouse. With this mutant, we were able to
conditionally activate expression of Pde6b in a rod-specific man-
ner, over the entire retina. By administering tamoxifen at early,
mid, and late disease stages, we mimicked the clinical scenario
in which patients are typically diagnosed after onset of degen-
eration, with the majority already exhibiting significant loss of
rods and cones in their peripheral retinae (7). In contrast, most
previous animal studies administered the gene therapy before the
onset of degeneration (20, 21). Our data clearly show significant
and sustained functional and structural rescue at all treatment
time points. These data represent 2 findings: first, that rod gene
therapy can stop both rod and cone degeneration and second,
that it can do so even at mid and late disease stages. The data also
demonstrate a broad time window for gene therapy in our pre-
clinical RP model (Figure 8). These findings are consistent with
the “one-hit” model of cell death, in which mutation imposes a
mutant steady state on the neuron, and a single event randomly
initiates cell death. According to this theory, rescue is not dimin-
ished by age, although fewer neurons are available to rescue as
the disease progresses (22).
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In recent retinal gene therapy clinical trials, some of the
research subjects showed functional improvement (23-30). How-
ever, several follow-up studies clearly showed that photoreceptor
loss had not been halted or even slowed (31-34). It was suggested
that there is a threshold of accumulated changes as a result of the
mutation, after which photoreceptor death is inevitable (31); this
has been called the “point of no return” (8). If such a threshold
(i.e., point of no return) exists, our mouse data demonstrate that
it would have to occur at very terminal disease stages — after our
late stage (i.e., 8 weeks of age). Instead, our data suggest that the
failure to rescue photoreceptors in humans, rather than being the
result of a point of no return, is due to transduction efficiencies
that are therapeutically insufficient. Insufficient transduction
would allow abnormalities in untreated mutant cells to continue to
stress both treated and untreated photoreceptors. This same logic
could be used to explain the failure to halt degeneration in some
previous animal studies (13, 35). In support of this idea are gene
therapy studies demonstrating a delay in photoreceptor degenera-
tion that was limited to the transduced area (36-38).

Although RP is typically diagnosed in young adulthood, pho-
toreceptor degeneration has been detected in RP patients as young
as 6 years of age (1). Therefore, for RP gene therapy, it is espe-
cially important to be able to demonstrate long-term efficacy —
that is, stability that will last over the many remaining decades
of a patient’s life. In addition, any therapy that establishes long-
term rescue of cones could have enormous clinical impact, since
humans spend most of their waking hours in light levels that are
within the dynamic range of cones (i.e., cone loss is blinding). In
the current study, we were able to demonstrate long-term stabil-
ity of both functional and structural rescue (Figures 6-8). In fact,
ours is the first study, to our knowledge, to demonstrate a stable
long-term halt of rod and cone degeneration. There are probably
multiple mechanisms underlying this non-cell-autonomous res-
cue of cones. First, our direct rescue of rods reduced the level of
cell death in the RP retinae, which may lead to an increase in pos-
itive trophic factors (39) and a decrease in toxic factors. For exam-
ple, we demonstrated that gene therapy reverses Miiller glial cell
activation (Figure 5 and Supplemental Figure 2), which, by itself, is
likely to exert a positive impact on cell survival (40).

Our findings in Pde6b-mutant mice are likely to be generaliz-
able to humans, because our RP mouse model recapitulates much
of human RP disease progression. Specifically, disease progres-
sion in both our mutant and RP patients is characterized by early
loss of rods, followed by secondary loss of cones (1). In both our
mutant and human RP patients, the structural and functional phe-
notypes manifest as changes in ONL thickness and ERG record-
ings (41). To develop an effective RP gene therapy for humans,
our work points to the importance of improving delivery of gene
therapeutics and delivering those therapeutics at the earliest point
possible. To improve vector delivery (i.e., to increase both the
area treated as well as the percentage of target cells treated), it is
important to explore newer adeno-associated virus (AAV) vector
variants and promoters, generated to enhance transduction effi-
ciency and specificity (42, 43), and to test single versus repeated
administration of these AAVs. In addition, a new AAV variant has
been evolved to efficiently target cells in the retina from an intra-
vitreal injection (44).
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Our work strongly suggests that RP is treatable with gene
therapy, even at late disease stages. On the other hand, at very
advanced stages — when few or no photoreceptors remain — gene
therapy is not an option, and other therapies (e.g., stem cell-based
transplantations, ref. 45; optogenetics, refs. 46, 47; or retinal
prosthesis, ref. 48) could be considered. Further, our work sug-
gests that to minimize cell loss and maximize visual function, it is
critical to intervene with an effective gene therapy (such as ours)
when photoreceptor loss is still modest. This can be accomplished
with better diagnostic tools and education. The combination of
improved delivery of gene therapies and earlier diagnosis prom-
ises to effectively halt the disease in its earliest stages.

Methods

Animals.ROSA26-lacZ reporter mice (B6.129S4-Gt(ROSA)26Sor™5 /)
were purchased from The Jackson Laboratory. Pde6b%2°2 mice were
re-derived via oviduct transfer from morulae provided by the European
Mouse Mutant Archive (EMMA) (12, 13). Pde6b mice were generated
in the Tsang laboratory, as previously described (3). Pde6g®"r™ mice
were generated as described below. All mice were maintained in the
Columbia University Pathogen-free Eye Institute Annex Animal Care
Services Facility under a 12-hour light/12-hour dark cycle.

Generation of Pde6g® "~ driver mice. KV1 embryonic stem (ES)
cells were resuspended in saline at a density of 4 x 107 cells/ml and
infected with a linearized targeting vector by electroporation (Bio-
Rad electroporator, single pulse, 220 V and 960 pF) (3, 49, 50).
Infected cells were immediately plated on three 10-cm dishes con-
taining mitomycin-c-treated neomycin-resistant primary mouse
embryonic fibroblasts, and the medium was replaced 24 hours later.
After 1 month in culture, the ES cell DNA was screened for gene
replacement using Southern blot analysis; DNA was digested with
EcoRIand EcoRV and the fragments hybridized to the probe shown in
Figure 1A to discriminate between targeted (8.5 kb) and endogenous
WT (6.6 kb) fragments (Figure 1B).

Blastocysts were harvested from pregnant C57BL/6] mice at 3.5
days postcoitus by insertion of a syringe-attached needle into the cer-
vical region on one side of the uterus, which was then flushed (50).
Blastocysts were extracted by mouth pipetting with a drawn-out cap-
illary tube and placed in a culture dish containing 37°C CO,-equili-
brated potassium simplex optimized medium (KSOM). The targeted
ES cells were thawed, passaged once, washed with PBS, dissociated
with trypsin, and then plated on a gelatinized plate. After 1 hour at
37°C, the plate was rinsed, the supernatant centrifuged, and the pel-
leted cells resuspended in 0.1 ml of injection medium; 10-15 targeted
ES cells were injected into each C57BL/6-Tyr*?/] blastocyst and the
injected blastocysts surgically reimplanted into the uterus of a pseu-
dopregnant mother. The contribution of (agouti) KV1 ES cells to chi-
merism was calculated as the percentage of agouti hair on a black-
haired C57BL/6] (blastocyst-derived) background. At 6 weeks of age,
male chimeras were housed with C57BL/6]-Tyr%/] females to test
for germline transmission of the ES genome. ES cell-derived prog-
eny were identified by coat color and screened for the presence of the
targeted allele on the basis of the gain of an EcoRV site. Tg determi-
nation was performed using multiplex PCR and 3 primers: 1 forward,
5-GGTCAGATTCCAGTGTGTGGG-3"; 1 reverse, 5-CTTAGGT-
GGTCCTTTCCTGGG-3; and 2 reverse, 5-GTTTAGCTGGCC-
CAAATGTTG-3'".
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Tamoxifen injection and PCR recombination assay. Tamoxifen
(100 mg/ml in ethanol; catalog T5648; Sigma-Aldrich) was thor-
oughly mixed at 42°C, diluted with corn oil to a final concentration
of 10 mg/ml, and then injected at a concentration of 100 nug/g BW
on 3 consecutive days (1 injection/day), beginning at the time points
indicated in the Results section.

To assay for recombination, ONL DNA was extracted from 10-um
frozen sections using a 22-gauge needle and a surgical microscope
(m690; Leica). PCR was performed as previously described (3). To
target the Pde6b DNA sequence, we used 3 primers: forward primer,
5-TGCTCTGTGGTGTTGCTCTGC-3’; reverse primer, 5-TGG-
CGATGCAGAGTGTCCTGA-3; and internal primer, 5-GTCCT-
GCACGACGCGAGCTG-3'. The PCR-amplified vector sequence
yielded 3 fragments: 284 bp for H620Q/WT, 415 bp for stop, and 362
bp after recombination.

IHC and morphometry. Mice were euthanized according to estab-
lished IACUC guidelines and previously described procedures (36). At
that point, eyes were enucleated and placed in 4% paraformaldehyde
for 5 minutes. Retinae were then dissected from the eyecup, fixed in
4% paraformaldehyde for 45 minutes, washed in 0.1 M phosphate
buffer (PB), cryoprotected in 30% sucrose overnight, and embedded.
Retinae were then sectioned vertically at 10 pm using a Leica cryo-
stat. Sections were washed with 0.1 M PB and incubated overnight
at 4°C in primary Ab in 0.1 M PB containing 5% ChemiBLOCKER
(catalog 2170; EMD Millipore) and 0.3% Triton X-100. The following
Abs were used: rabbit anti-cone arrestin (1:5,000; catalog AB15282;
EMD Millipore); mouse anti-rhodopsin (1:500; catalog sc-57432;
Santa Cruz Biotechnology Inc.); and Cy3-coupled anti-GFAP (1:800;
catalog C9205; Sigma-Aldrich). Subsequently, sections were washed
in 0.1 M PB, and goat anti-mouse Alexa 555-conjugated secondary
Ab (1:500; catalog A-21425; Molecular Probes, Life Technologies)
or goat anti-rabbit Alexa 488-conjugated secondary Ab (1:500; cat-
alog A-11070; Molecular Probes, Life Technologies) was applied for
2 hours at room temperature. Sections were then washed with 0.1 M
PB, incubated for 5 minutes in 5 pg/ml Hoechst 33342 (catalog H1399;
Molecular Probes, Life Technologies), and analyzed using a confocal
microscope (Nikon Al).

Quantitative analyses of ONL thickness, OS lengths, and cone
numbers were performed on sections containing the optic nerve (5
sections per eye). Measurements were performed 250 pum from the
optic nerve using Image] software (NIH). Cones were counted in
200 x 200 pm fields.

LacZ staining. ROSA26-lacZ mice were bred with Pde6g®**™ mice.
Tamoxifen was injected into the 2-week-old offspring. Two weeks
later, retinae were sectioned, stained with X-gal to detect $-gal activity
(LacZ Tissue Staining Kit; InvivoGen), and analyzed using a Leica DM
5000B microscope.

Immunoblot analysis. Retinae were collected from 20-week-old
mice, homogenized (51), and protein concentrations measured using
the BCA protein assay (Thermo Scientific). Proteins were separated
by SDS-PAGE (4%-15%) (Bio-Rad) and transferred to nitrocellulose
(Bio-Rad). After blocking, membranes were incubated in rabbit anti-
PDE6Db Ab (1:1,000; catalog PA1-722; Thermo Scientific) overnight
at 4°C, washed, and then incubated in goat anti-rabbit IgG-HRP sec-
ondary Ab (1:2,000; catalog sc-2004; Santa Cruz Biotechnology Inc.)
for 1 hour at room temperature. $-actin loading control was detected
using mouse anti-B-actin Ab (1:1,000; catalog ab125248; Abcam).
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Membranes were visualized by chemiluminescence detection (EMD
Millipore) using Biomax film (Kodak).

ERG. Mice were dark adapted overnight, and recordings were car-
ried out under dim red light illumination. Mice were first anesthetized
by i.p. injection of 0.1 ml/10 g BW of anesthetic solution (1 ml of 100
mg/ml ketamine and 0.1 ml of 20 mg/ml xylazine in 8.9 ml PBS). Body
temperature was maintained at 37°C using a heating pad. Mouse pupils
were dilated by topical administration of 2.5% phenylephrine hydro-
chloride and 1% tropicamide. Handmade electrodes were placed on the
corneas, and gonioscopic prism solution (Alcon) was applied to each
eye. ERG responses were recorded simultaneously from both eyes using
an Espion Visual Electrophysiological System (Diagnosys). Rod and
mixed rod-cone responses were recorded in dark-adapted mice using
pulses of 0.001 and 3 cd x s/m? (white 6500 K), respectively. Then,
mice were light adapted for photopic responses for at least 10 minutes
in the Ganzfeld dome. Recordings were carried out under rod-suppress-
ing continuous background illumination of 30 cd/m? (white 6500 K),
and cone responses were recorded using pulses of 30 cd x s/m? (xenon).

Statistics. All data were analyzed using Stata 12 and R 3.1.1. Two-
tailed ¢ tests were used to analyze the data, and P values of less than
0.05 were considered significant. To compare ERG data between
groups at a single time point, we first averaged the ERG amplitude
data for the 2 eyes of each mouse and then averaged the data for all of
the mice within a single group (e.g., untreated mutants). To compare
the mean ERG amplitudes between groups, a linear regression model
was fit (where the outcome was the measurement and the predictors
in the model were the group indicators), and pairwise comparisons
between the groups were performed.

To compare ERG data between 2 time points (e.g., between weeks
10 and 32) for a single group, we carried out 2 distinct statistical anal-
yses — one for mutants and a second for treated mutants. This is
because while treated mutant mice were subjected to repeated ERG
recordings, untreated mutant mice were subjected to a single ERG
recording, at 1 time point. For treated mutant mice, we calculated the
change over time for each eye and then calculated the average change
per mouse; we then calculated the average for all mice within this
group. In this way, we were able to study the within-subject changes
for treated mutant mice. In untreated mutants, we first calculated
the average ERG amplitude for the 2 eyes of each mouse, at the sin-
gle time point, and then calculated the average for all mice within the
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mutant group. To compare mean outcomes between time points, we
performed a 2-sample ¢ test.

For analyses of OS lengths and ONL thickness, multiple sections
were taken from a retina at 1 time point. For each measurement (e.g.,
rod OS length), values from multiple sections were averaged. Then, a
linear regression model was fit, where the outcome was a structural
measurement and the predictors were the group indicators, and pair-
wise comparisons between groups were performed.

Study approval. All experiments were approved by the IACUC of
Columbia University. Mice were used in accordance with the State-
ment for the Use of Animals in Ophthalmic and Vision Research of
the Association for Research in Vision and Ophthalmology and the
Policy for the Use of Animals in Neuroscience Research of the Society
for Neuroscience.
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