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potential for treating retinal degenerative disease.

Introduction

Rod-cone dystrophies, such as retinitis pigmentosa (RP), are
genetically heterogeneous retinal degenerative diseases charac-
terized by the progressive death of rod photoreceptors, followed
by the consecutive loss of cones. RP is one of the most common
forms of inherited retinal degeneration, affecting approximately
1 in 3,500 people worldwide (1). Over 40 mutations causing
RP have been identified to date (2), with the majority of these
mutations occurring in rod-specific transcripts. RP patients ini-
tially present with loss of vision under dim-light conditions as a
result of rod dysfunction, with relative preservation of macular
cone-mediated vision. As the disease progresses, however, the
primary loss of rods is followed by cone degeneration and a defi-
citin corresponding cone-mediated vision. In modern society, in
which much of the environment is artificially lit and many activ-
ities rely on high-acuity color vision, retention of cone-mediated
sight in RP patients would lead to a significant improvement in
their quality of life.

The loss of cones in RP subsets caused by rod-specific muta-
tions is poorly understood, although several mechanisms that are
not necessarily mutually exclusive have been proposed. Several
hypothesized mechanisms implicate a “neighbor effect,” whereby
cone death is a consequence of the release of endotoxins from the
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Alternative splicing of nucleoredoxin-like 1 (Nxnl1) results in 2 isoforms of the rod-derived cone viability factor. The
truncated form (RACVF) is a thioredoxin-like protein secreted by rods that promotes cone survival, while the full-length
isoform (RdCVFL), which contains a thioredoxin fold, is involved in oxidative signaling and protection against hyperoxia.
Here, we evaluated the effects of these different isoforms in 2 murine models of rod-cone dystrophy. We used adeno-
associated virus (AAV) to express these isoforms in mice and found that both systemic and intravitreal injection of
engineered AAV vectors resulted in RACVF and RACVFL expression in the eye. Systemic delivery of AAV92YF vectors

in neonates resulted in earlier onset of RACVF and RACVFL expression compared with that observed with intraocular
injection using the same vectors at P14. We also evaluated the efficacy of intravitreal injection using a recently developed
photoreceptor-transducing AAV variant (7m8) at P14. Systemic administration of AAV92YF-RdCVF improved cone function
and delayed cone loss, while AAV92YF-RdCVFL increased rhodopsin mRNA and reduced oxidative stress by-products.
Intravitreal 7m8-RdCVF slowed the rate of cone cell death and increased the amplitude of the photopic electroretinogram.
Together, these results indicate different functions for Nxnl1isoforms in the retina and suggest that RACVF gene therapy has

degeneration of surrounding rods, or occurs as a result of the loss
of contact with rods, retinal pigment epithelium (RPE), or Miiller
glia. Alternatively, activation of Miiller cells and the release of
toxic molecules may play a role. Another hypothesis is that the
quantities of oxygen or retinoids delivered to the photoreceptor
layer by the RPE from the choroidal blood circulation become
excessive and toxic as the metabolic load of rods is lost (3). Punzo
et al. showed evidence that in murine models of retinal degen-
eration, cones die in part as a result of starvation and nutritional
imbalance, driven by the insulin/mammalian target of rapamycin
pathway (4). Additionally, it has been suggested that the loss of a
survival factor secreted by rods and required for cone survival con-
tributes to cone loss (5, 6).

In agreement with the last hypothesis, transplanted healthy
retinal tissue has been shown to support cone survival in areas
distant from the grafted tissue in the rd1 mouse (7, 8). The rod-de-
rived cone viability factor (RACVF) was originally identified from
a high-throughput method of screening cDNA libraries as a candi-
date molecule responsible for this rescue effect (5). Rods secrete
RACVF, and, therefore, as rods die, the source of this paracrine
factor is lost and RACVF levels decrease. The loss of expression
of RACVF, and secreted factors like it, may therefore contribute
to the secondary wave of cone degeneration observed in rod-cone
dystrophies. RACVF has been shown to mediate cone survival
both in culture (9) and when injected subretinally into mouse and
rat models of recessive and dominant forms of RP (5, 10). Disrup-
tion of Nxnll, the gene encoding RACVF, renders mouse photore-
ceptors increasingly susceptible to photoreceptor dysfunction and
cone loss over time (11).
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Nxnll codes for 2 isoforms of RACVF through differential
splicing. The isoform mediating cone survival is a truncated
form of its longer counterpart, RACVFL, which includes a C-ter-
minal extension conferring enzymatic function (12). RACVFL,
which contains all the amino acids of RACVF, is encoded by
exons 1 and 2 of the Nxnll gene and is a member of the thiore-
doxin family (13). Thioredoxins have diverse functions, includ-
ing maintaining the proper reducing environment in cells and
participating in apoptotic pathways. These functions are accom-
plished via thiol oxidoreductase reactions mediated by a con-
served CXXC catalytic site within a thioredoxin fold (14).

The exact mechanisms by which these 2 isoforms function
in the retina remain unclear. Here, we describe experiments that
study the bifunctional nature of the Nxnll gene by evaluating the
effects of expression of the 2 RACVF isoforms RACVF and RACVFL
via gene transfer in the »d10 and P23H mouse models of rod-cone
dystrophy. The rd10 mouse is a well-characterized model of retinal
degeneration resulting from a mutation in the p subunit of PDE6,
the rod-specific cyclic GMP phosphodiesterase (15, 16). rd10
retinal degeneration is slower than the rate of degeneration in the
most widely studied model of recessive retinal degeneration, the
rd1 mouse, which loses the majority of photoreceptors between P15
and P20. In rd10 mice, rod loss begins at P18 and peaks at approx-
imately P25, so that the major phase of rod loss does not overlap
with the terminal differentiation of photoreceptors (17). The rd10
mouse model is amenable to gene therapy (18, 19), and antioxidant
treatments have been shown to slow rod loss in this mouse model
(20). In addition, rearing in dim-light conditions has been shown
to slow the rate of retinal degeneration, extending the window of
opportunity for therapeutic treatment (18).

In contrast, the P23H mouse is a dominant model of RP that
is generated by knock-in of a mouse opsin gene carrying the P23H
mutation (21). In humans, the P23H mutation is the most frequent
opsin mutation associated with autosomal dominant RP, com-
prising about 10% of patients (22). Homozygous P23H mice lose
rod photoreceptors quickly, and by P63, most photoreceptor cells
are lost. Heterozygous P23H/+ mice lose rods more slowly, with
2 rows of cells remaining in the ventral outer nuclear layer (ONL)
and 4 rows in the dorsal ONL at P112.

Here, we investigate the effects of AAV-mediated expression
of RACVF and RACVFL. These studies use 2 routes of viral vec-
tor administration: (a) systemic injection of AAV92YF, a variant
of AAVY, via the tail vein at P1 and (b) intravitreal injection at
P15. Early systemic injection allows for the onset of expression of
the transgene encoded by the AAV vector at an early time point
in the course of degeneration, before the major phase of rod cell
death and safely within the window of opportunity for evaluating
the effect of the transgene expression on rod and cone degener-
ation. Systemic delivery is not yet a clinically relevant mode of
gene delivery to the retina, however, since many other tissues are
simultaneously infected, and the immune responses represent a
major barrier to this approach. Therefore, we also investigated the
effects of intravitreal injection (a commonly used technique for
intraocular delivery) of a novel variant of AAV called 7m8, which
transduces photoreceptors from the vitreous (23).

We show here that expression of the 2 isoforms of RACVF has
positive, contrasting effects on rod and cone survival. Increased
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expression of RACVF via systemic and intravitreal injections led
to structural and functional rescue of cone photoreceptors in
both rd10 and P23H mouse models, but had little effect on rods.
We found that RACVFL on its own did not significantly rescue
cones, although coexpression of RACVF and RACVFL increased
the observed rescue effect in 7410 mice. In contrast, expression of
RACVFL early in the course of the disease in dark-reared rd10 ani-
mals prolonged rod function, increased levels of rhodopsin, and
decreased the by-products of cellular oxidative stress.

These results indicate that RACVF and RACVFL protect
photoreceptors through separate complementary mechanisms
and show proof of concept for a widely applicable viral vector-
mediated gene therapy that may be able to prolong vision, inde-
pendently of the underlying mutation, in patients suffering from
a variety of rod-cone dystrophies.

Results
Systemic delivery of AAV92YF via tail-vein injections at P1. We exam-
ined the therapeutic effects of early RACVF and RACVFL delivery by
Lv. tail-vein injection of a self-complementary AAV9 vector with 2
tyrosine-to-phenylalanine mutations (AAV92YF). Intraocular injec-
tions into the developing eye are impractical in the initial postnatal
week; however, AAV92YF has been shown to cross the blood-retina
barrier when injected into the tail vein at P1, leading to high levels
of gene expression across the retina (24). Systemic delivery leads
to onset of expression in the retina significantly earlier in develop-
ment, before substantial numbers of rods are lost. AAV92YF with a
ubiquitous CAG promoter driving expression of GFP (AAV92YF-sc-
CAG-GFP) resulted in early retinal expression, which was visible
in retinal flat mounts at P8 (Supplemental Figure 1A; supplemental
material available online with this article; doi:10.1172/JC165654DS1)
and by in vivo fundus imaging immediately after eye opening at
P15 (Figure 1A). Retinal flat mounts revealed that large numbers of
photoreceptors were transduced (Figure 1B). At P35, we observed
GFP expression in all retinal layers, in ganglion cells, Miiller glia,
amacrine cells, and photoreceptors, as well as in the RPE. We
observed a similar pattern of widespread and strong expression,
which was easily visible without immunolabeling, in WT (Figure 1C)
and rd10 (Figure 1D) retinae. Quantitative reverse transcriptase PCR
(qQRT-PCR) performed on mRNA collected from rd10 mice raised
in a normal light/dark cycle and injected at P1 with AAV92YF-sc-
CAG-RACVF, AAV92YF-scCAG-RACVFL, or PBS revealed that i.v.
injection of the virus resulted in high levels of RACVF expression in
the retina at P35 (Figure 1E). As expected, Nxn/l mRNA levels were
greatly reduced in PBS-injected rd10 animals compared with levels
in WT animals of the same age (5% * 5% of WT levels). In contrast,
expression levels after AAV-mediated gene delivery were compara-
ble to those of endogenous Nxnil levels in WT animals (AAV92Y-
F-RACVF =79% * 30% of WT levels; AAV92YF-RACVFL = 59% *
13% of WT levels). Rhodopsin mRNA expression levels remained
low across conditions, indicating similar rates of rod photoreceptor
lossin treated and untreated animals at P35 (AAV92YF-RACVF =8%
*+3% of WT levels; AAV92YF-RACVFL = 1% * 1% of WT levels; PBS
6% *1% of WT levels).

Transgene expression from AAV-mediated delivery is dose
dependent (Supplemental Figure 2). Animals injected with 2E+11,
5E+11, or 1E+12 viral particles of AAV92YF-scCAG-GFP and
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imaged 1 month after injection showed that GFP levels increased
with higher viral titers (Supplemental Figure 2A). Addition-
ally, qRT-PCR from animals injected with a range of AAV92Y-
F-scCAG-RACVF titers showed that RACVF expression levels
increased with the injection of higher numbers of viral particles
(Supplemental Figure 2B). qRT-PCR revealed that 4 months after
treatment, injection of E+11 particles resulted in RACVF levels of
11% + 2% of those in WT animals, while injection of E+12 particles
resulted in RACVF levels of 68% +16% of WT levels.

Effect of injection of AAVI2YF-scCAG-RACVF on cone func-
tion. Mice were injected i.v. with AAV92YF-scCAG-RACVF at P1
and subsequently raised in a normal 12-hour light/12-hour dark
cycle. We then measured photopic electroretinograms (ERGs)
to determine the effect of RACVF expression on cone function.
Representative ERG traces illustrated improved waveforms and
amplitudes in the ERGs recorded from AAV92YF-scCAG-Rd-
CVF-injected eyes compared with the ERGs of mice injected
with AAV92YF-scCAG-RACVFL, AAV92YF-scCAG-GFP, or PBS
(Figure 2A). AAV92YF-scCAG-mediated expression of RACVF
resulted in significantly higher amplitudes of photopic ERG
b-waves (97.1 £10.67 uV) compared with those measured in ani-
mals injected with AAV92YF-scCAG-RACVFL (46.7 + 6.4 v,
P <0.005), AAV92YF-scCAG-GFP (46.6 +14.9 uV, P < 0.01), or
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Figure 1. Expression profile of AAV92YF in the retina after systemic
delivery at P1. (A) Injection of AAV92YF-scCAG-GFP resulted in strong
pan-retinal GFP expression, as shown in a fundus image of a P45 WT
mouse. (B) Retinal flat mount showing large numbers of GFP-expressing
photoreceptors in the central retina of a WT mouse 45 days after injection.
(C) AAV92YF transduced cells in the GCL, INL, and ONL in a WT mouse.

(D) Injection of AAV92YF led to gene expression across all layers of the
retina in a P45 rd10 mouse. The ONL was significantly reduced at this time
point (arrowhead). (E) gRT-PCR showing high levels of Nxn/T mRNA from
eyes injected with AAV92YF-scCAG-RdCVF or AAV92YF-scCAG-RdACVFL.
PBS-injected animals had markedly reduced levels of Nxn/T mRNA. Levels
of rhodopsin expression were low across conditions in rd10 eyes. Eyes were
collected at P35 from 3 animals injected in the tail vein at P1and raised

in a normal light/dark cycle. One eye was taken from each animal, and
opposite eyes were used for the cone labeling and quantification shown in
Figure 6. Scale bars: 40 um (B); 50 um (C and D).

PBS (56.5 + 4.64 pV, P < 0.01) (Figure 2B). WT b-wave ampli-
tudes were 156.6 + 11.4 uV. (ERGs were recorded from 5 animals
for each condition.) We also recorded photopic flicker ERGs as
a measure of cone function. Representative flicker ERG traces
illustrated improved amplitudes and waveforms compared with
those measured in GFP-injected animals (Figure 2C). Coadmin-
istration of AAV92YF-RACVF and AAV92YF-RACVFL did not
significantly increase photopic ERG amplitudes compared with
those measured in animals receiving AAV92YF-RACVF admin-
istration alone (photopic ERG amplitudes in coinjected eyes
were 92.71+11.71 uVv).

We found that rescue of the photopic ERG was also dose
dependent (Figure 3), indicating that a minimum level of RACVF
expression must be achieved for significant rescue to occur. ERG
amplitudes were only slightly increased in »d10 mice following
systemic injection of E+11 viral genomes, while injection of E+12
viral genomes resulted in markedly higher ERG amplitudes. Rep-
resentative photopic ERG traces (n = 3) illustrated a higher level
of rescue following injection of greater numbers of viral particles.

Transgene expression following injection of AAV92YF is also
long lasting. GFP expression in AAV9-scCAG-GFP-injected ani-
mals was readily visible in retinal flat mounts imaged 1 year after
injection (Supplemental Figure 3A). In d10 animals injected with
AAV92YF-scCAG-RACVF, RT-PCR revealed elevated levels of
RACVF 1 year after injection (Supplemental Figure 3B).

Cone densities in animals injected with AAV92YF-scCAG-Rd-
CVF. Automated counting of immunofluorescence-labeled
cone outer segments was used to quantify cone survival. Entire
retinae from animals previously used for ERG recordings were
flat mounted and stained with antibodies against S-opsin and
M/L-opsin. High-resolution (x40) z-stack images were collected
across the entire retina and were registered and stitched together
to create mosaics. Mosaics of retinal flat mounts revealed higher
numbers of cones labeled with both S- and M/L-opsin in whole
flat mounts from animals injected with AAV92YF-scCAG-RACVF
(Figure 4A). Higher numbers of surviving cones of both types were
apparent in higher-resolution images near the optic nerve head,
the region of the retina with the most severe degeneration (Fig-
ure 4B). Automated quantification of cone densities in AAV92Y-
F-scCAG-RACVF and PBS-injected retinae revealed significantly
higher numbers of both S- and M/L-cones per mm?in treated eyes

jci.org  Volume 125 Number1 January 2015
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Figure 2. Early delivery of RACVF leads to sustained photopic ERG amplitudes. (A) Photopic b-wave amplitudes were significantly higher in animals
injected with AAV92YF-scCAG-RdCVF compared with those in mice injected with AAV92YF-scCAG-RdCVFL, AAV92YF-scCAG-GFP, or PBS. (B) Quantifica-
tion (n = 5) of photopic ERG traces presented in A. **P < 0.01. Data are presented as the mean + SD, and significance was determined using a 1-way ANOVA
with Tukey's post-hoc multiple comparisons test. (C) Representative flicker ERGs recorded from AAV92YF-scCAG-GFP-injected, AAV92YF-scCAG-RdCVF-
injected, or WT mice (n = 5) illustrate improved amplitudes and more normal waveforms in treated animals. Marks on scale bar indicate 5-uV increments.

compared with those observed in PBS-injected eyes. S-cone den-
sities were: RACVF-treated eyes: 5,573 + 211/mm? PBS-treated
eyes: 2,961+ 917/mm? P< 0.01, WT eyes: 7,446 * 868/mm? M/L-
cone densities were: RACVF-treated eyes: 8,755 + 1,572/mm?
PBS-treated eyes: 2,682 * 293/mm?; P < 0.01; WT eyes: 9,761 *
784 /mm? (Figure 4C).

Effect of systemic injection of AAV92YF-scCAG-RACVFL. Ani-
mals were raised in the dark to slow the rate of rod loss and allow
for onset of RACVFL expression in rods before apoptosis. Reducing
light exposure slowed the rate of photoreceptor degeneration as
shown previously (18). Mice were injected at P1 with AAV92YF-sc-
CAG-RACVFL, AAV92YF-scCAG-GFP, or PBS (n = 6 each group).
We recorded scotopic full-field ERGs on a weekly basis. Recordings
from the highest-intensity light stimulus made 3, 4, and 5 weeks
after injection revealed a smaller loss of a-wave amplitudes at weeks
3 and 4, but this amelioration was no longer apparent at 5 weeks
(Figure 5A). The difference was statistically significant (P < 0.05)
only at 4 weeks after injection. We performed a more detailed anal-
ysis on a second litter of mice injected with AAV92YF-scCAG-Rd-
CVFL or PBS (Figure 5B). In this group, 4 weeks after injection,
we noted the most significant differences in a-wave amplitudes at
lower light intensities (-1 and -2 log cd x s/m?. Representative ERG
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traces illustrated the preservation of a-wave and b-wave amplitudes
in animals injected with AAV92YF-scCAG-RACVFL compared with
those in control animals injected with GFP or PBS (Figure 5C). Pho-
topic ERG recordings revealed a delay in the decrease of the cone
ERGs in RACVFL-expressing eyes that was most noticeable 5 weeks
after injection, but this difference was not statistically significant.

qRT-PCR on rhodopsin mRNA in dark-reared animals injected
systemically with AAV92YF-scCAG-RACVFL. qQRT-PCR performed
on mRNA collected from P28 animals injected with AAV92Y-
F-RACVFL, GFP, or RACVF at P1 and raised in complete darkness
revealed anincrease in rhodopsin mRNA levels in animals injected
with AAV92YF-RACVFL (82% * 21% of WT, P < 0.05), but not in
those injected with PBS (56% + 6% of WT), AAVO2YF-GFP (59%
*15% of WT), or AAV92YF-RACVF (57% + 16% of WT) (Figure
5D). These results, together with the rhodopsin mRNA levels mea-
sured in animals raised in a normal light/dark cycle, indicate the
importance of RACVFL delivery during a short window of oppor-
tunity for the effects of expression to be observed in this relatively
rapid model of retinal degeneration, which begins to lose photo-
receptors in the first few weeks of life, as we observed no effect
onrhodopsin mRNA levels in animals injected with AAV92YF-Rd-
CVFL and raised in the light (Figure 1E).



The Journal of Clinical Investigation

kkﬂk

P23H/+ E+11 vg

RESEARCH ARTICLE

50 pv

50 ms

E+12 vg

Figure 3. Rescue of ERG amplitudes is dose dependent. Representative traces (n = 3) are photopic ERGs from rd70 mice 1 month after injection with E+11

or E+12 particles. Arrows indicate the onset of the light flash.

Measurement of lipid peroxidation. We performed a thiobarbi-
turic acid reactive substances (TBARS) assay to determine levels
of the lipid peroxidation by-product malondialdehyde (MDA) in
retinae treated with AAV92YF-scCAG-RACVFL, AAV92YF-sc-
CAG-RACVF, AAV92YF-scCAG-GFP, or PBS. The test was per-
formed on 3 pooled retinae and repeated 3 times. A representative
assay is shown in Figure 5E. We observed that MDA levels were
decreased by 18% + 0.9% in RACVFL-treated eyes compared with
those in untreated eyes.

Intravitreal injection of the novel viral variant 7m8. We char-
acterized the viral tropism and expression pattern of the novel
viral variant 7m8 in WT and rd10 mice after intravitreal injec-
tion at P15. 7m8 is a variant of AAV2 developed to transduce the
outer retina following intravitreal injection (23). Importantly, this
variant transduces photoreceptors without subretinal injection,
which has been shown to cause injury response and release of tro-
phic factors (25). Intravitreal injections of a self-complementary
7m8 vector encoding GFP at P15 resulted in strong expression by
1 week after injection (Supplemental Figure 1B), which was also
clearly visible in fundus images at P45 (Figure 6A). Flat-mounted
retinae showed that large numbers of photoreceptors were trans-
duced by 7m8 (Figure 6B). Confocal imaging of retinal cross sec-
tions revealed GFP expression in cells lying in the ganglion cell
layer (GCL), inner nuclear layer (INL), and ONL in WT (Figure
6C) and rd10 mice (Figure 6D; arrowhead indicates loss of photo-
receptors in the ONL).

RACVF expression levels following injection of 7m8 were
evaluated by qRT-PCR (Figure 6E). mRNA levels in P45 rd10
mice injected with the viral vectors encoding RACVF, RACVFL,
or GFP were quantified. As expected, levels of RACVF mRNA
were reduced in control GFP-injected rd10 mice compared with
those in WT mice (4% * 1% in WT). Intraocular injection of
7m8-scCAG-RACVF or 7m8-scCAG-RACVFL at P14 resulted in
higher levels of NxnlI mRNA. Levels were 127% * 35% of those in
WT mice in animals injected with 7m8-scCAG-RdCVF and 91%
1 10% of WT levels in 7m8-scCAG-RACVFL-injected animals.
We found that rhodopsin levels were uniformly low in all retinae
measured (RACVF =3% +1% of WT; RACVFL = 1% + 1% of WT;
PBS=1% +1% of WT).

Effects of expression of RACVF and RACVFL on cone structure and
function. We next examined the effect of intraocular injection of
7m8 encoding RACVF and RACVFL on cone rescue in dark-reared
rd10 mice (Figure 7). Injection of 7m8-scCAG-RACVFL at P14
resulted in a small, statistically insignificant increase in photopic
ERG b-wave amplitudes (74 * 4.8 pV) compared with the ampli-
tudes measured in PBS- (65 + 5 pV) and GFP-injected (69 *7.3 uV)
eyes (Figure 7A). Injection of 7m8-scCAG-RACVF significantly
increased ERG b-wave amplitudes (89 * 7.9 pV, P < 0.05) com-
pared with those in GFP- or PBS-injected eyes. We found that coin-
jection of 7m8-scCAG-RACVF and 7m8-scCAG-RACVFL resulted
in greater rescue of the photopic ERG, which was 53% higher than
that in untreated eyes (99.75 + 5.7 uV, P < 0.01) and 17% higher
than that in RACVF-treated eyes alone (P < 0.05). Under the con-
ditions tested, injection of 7m8-RACVF and 7m8-RdCVFL did not
result in any statistically significant change in scotopic ERG ampli-
tudes. In all animals, 1 eye was injected with 7m8-scCAG-GFP or
PBS as an internal control. Representative ERG traces illustrated
increased amplitudes in eyes expressing RACVF or RACVF plus
RACVFL for the photopic b-wave (Figure 7B) and in flicker ERGs
recorded at 30 Hz (Figure 7C).

Cone labeling in eyes injected with 7m8-scCAG-RACVF.
Anti-S-opsin and anti-M/L-opsin antibodies were used to label
cone populations in 7m8-scCAG-RACVF- or 7m8-scCAG-GFP-
injected eyes, and high-resolution (x40) image mosaics were cre-
ated (Figure 7D). Labeling revealed increased numbers of cones,
most notably in central areas of the retina, near the optic nerve
head (asterisk in Figure 7D, lower panels). Automated quantifica-
tion of labeled cones across the entire retina revealed an increase
in cones expressing S- and M/L-opsin in 7m8-scCAG-RACVF-
expressing eyes (S-cones: 1,644 * 436, P < 0.05; M/L-cones:
2,205 * 264) compared with the number of cones in contralat-
eral 7m8-scCAG-GFP-injected eyes (S-cones: 1,254 *+ 326;
M/L-cones 1,112 *+ 419; P < 0.05) (Figure 7E).

Effects of expression of RACVF and RACVFL in the P23H mouse.
7m8 was next used to deliver RACVF or RACVFL in the homozy-
gous (Figure 8A) or heterozygous (Figure 8B) P23H mouse, a model
of dominant RP (21). Quantification of ERG recordings showed that
in homozygous P23H/P23H mice, injection of 7m8-scCAG-RACVF

jci.org  Volume 125 Number1 January 2015
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resulted in an increase in photopic ERG amplitudes compared with
those recorded in PBS-injected eyes (RACVF: 39 + 15.7 uV; PBS: 19
+11.3 pV; P< 0.01 by 2-tailed, paired Student’s ¢ test) 1 month after
injection at P8. In heterozygous P23H/+ mice, which degenerate
more slowly and may more closely model human disease, injection
of 7m8-scCAG-RACVF at P21 resulted in an increase in photopic
ERG recording amplitudes up to 4 months after treatment com-
pared with those in control GFP-treated contralateral eyes (Figure
8B). (One month after injection, RACVF: 175 + 21.4 pV vs. PBS: 107
+17.2uV; 4 months after injection, RACVF:71.5+ 18 pVvs. PBS: 45 *
15.6 uV; 6 months after injection, RACVF: 23.8 £ 14.9 uV vs. PBS: 18
+10.4 pV.) In contrast, we found that treatment with RACVFL did
not result in any significant change in the amplitudes of photopic
ERG recordings at any of the time points measured (results were
calculated by repeated-measures 2-way ANOVA with Sidak’s mul-
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Figure 4. AAV92YF-mediated expression of RACVF promotes cone
survival. (A) Flat mounts of retinae from animals injected with
AAV92YF-scCAG-RdCVF and labeled with antibodies against M/L-opsin
and S-opsin had greater numbers of cones than did PBS-injected mice.
Top row: retinae from PBS-injected mice. Bottom row: retinae from
AAVI2YF-RdCVF-injected mice. (B) Higher-resolution images near
the optic nerve (asterisk, upper right hand corner of each image) show
increased density of M/L-opsin (red) or S-opsin (blue) in the central
retina in RACVF-injected animals. (C) Quantification of cones (n = 3)
revealed an increase in the density of anti-L-opsin- and anti-S-opsin-
labeled cones in retinae expressing RACVF. Data represent the mean
SD. **P < 0.01 by 2-tailed, unpaired Student’s t test.

tiple comparison’s test). (One month after injection, RACVFL:
135+ 47.3 uV vs. PBS: 120.25 + 53.7 uV; 4 months after injec-
tion, RACVFL: 72 * 38 uV vs. PBS: 72.8 * 45.2 uV; 6 months
after injection, RACVFL: 47.2 +55.8 uV vs. PBS: 31+ 32 uV.)

Discussion

The loss of cones is debilitating for patients afflicted with
rod-cone dystrophies such as RP. Much of daily life in mod-
ern industrialized societies requires high-acuity color vision,
which is mediated by cones, and the loss of these cells in the
final stages of retinal degenerative disease severely affects
a patient’s quality of life. It is estimated that half of the dis-
ease-causing genes have been identified for autosomal reces-
sive forms of RP (26). Of those that have been characterized,
many have been identified in fewer than 200,000 people,
relegating them to orphan status. Creating specific gene
replacement therapies for those diseases whose mutations
have not been identified and those affecting few people may
prove impossible. Therefore, a mutation-independent strat-
egy aimed at supporting the survival of cones is an important
goal of translational retinal research.

Here, we demonstrate the efficacy of AAV vectors as a
delivery strategy for RACVF and show that expression of
RACVF is a promising approach to delaying the loss of cones
in patients with rod-cone dystrophy. Viral vectors could poten-
tially be used to express the protein for the life of the patient
following a single treatment, and the recent success of clinical
trials for Leber congenital amaurosis (LCA) have shown the
feasibility and safety of this approach (27-29), indicating that
it may be an appropriate method of treatment for many forms
of retinal degeneration. AAV-mediated delivery of RACVF could
benefit patients carrying the many rod-specific mutations underly-
ing rod-cone dystrophy, making this therapy a flexible approach to
prolonging vision across a spectrum of disorders.

In our study, systemic injection of AAV92YF-scCAG-RACVF
mediated fast onset and high levels of RACVF expression, leading
to greater numbers of surviving cones as well as rescue of cone
function as measured by photopic and flicker ERGs against a rod-
saturating background. RACVF expression had little effect on the
survival or function of rods, however.

We also studied the activity of RACVFL in the retina by sys-
temic administration of AAV encoding the long isoform of RACVF,
which contains a C-terminal extension composed of a thioredoxin
fold. RACVFL is a member of the thioredoxin family, and the
presence of a thioredoxin fold with enzymatic activity suggests
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Figure 5. Effects of AAV92YF-mediated delivery of RACVFL in dark-reared animals. (A) Time course of the amplitude of the full-field scotopic ERG a-wave
recorded in dark-reared rd10 mice injected with AAV92YF-RdCVFL (n = 5) or AAV92YF-scCAG-GFP (n = 5) revealed a delay in loss of retinal responses in
treated animals. Four weeks after injection, a significant difference in the amplitude of the ERG a-wave was observed in RACVFL-injected animals com-
pared with that seen in GFP-injected mice. Five weeks after injection, both groups had progressively reduced a-wave amplitudes, and no difference in ERG
amplitudes between the 2 groups was observed. Significance was determined using a repeated-measures 2-way ANOVA with Sidak’s multiple comparisons
test. (B) A more detailed analysis of ERG traces recorded 4 weeks after injection of AAV92YF-RACVFL or PBS revealed increased a-wave amplitudes over a
range of flash intensities. Significance was determined using a 2-way ANOVA with post-hoc multiple comparisons test. (C) Representative ERG traces from
RdACVFL-treated (left traces) or PBS-injected (right traces) animals illustrating increased amplitudes of the scotopic a-wave and b-wave 4 weeks after injec-
tion in treated mice. (D) Injection of AAV92YF-scCAG-RdCVFL resulted in an increase in the level of rhodopsin mRNA 4 weeks after injection compared with
levels in untreated or GFP- or RACVF-expressing eyes. Significance was determined by 1-way ANOVA with Tukey’s post-hoc multiple comparisons test. (E)
TBARS assay revealed reduced levels of MDA, a marker for oxidative stress and lipid peroxidation, in retinae injected with AAV92YF-RdCVFL and collected
4 weeks after injection compared with MDA levels in AAV92YF-RdCVF, AAV92YF-GFP, or PBS-injected eyes (n = 3 for all groups). Data are presented as the
percentage of change in MDA concentrations compared with those in untreated rd10 eyes + SD. *P < 0.05; **P < 0.01.

that RACVFL has a role similar to that of TRX1 in scavenging
free radicals, inhibiting apoptosis, regulating transcription fac-
tors, and regulating redox homeostasis (12). The NxniI-deficient
mouse has disorganized rods that die over time, is prone to dam-
age from hyperoxia, and has increased levels of the lipid peroxi-

dation by-product MDA, indicative of oxidative damage to retinal
protein (11). In addition, RACVFL has been shown to interact with
the microtubule-binding protein Tau and in vitro to protect against
oxidative stress-related phosphorylation of Tau (30). In Alzhei-
mer’s disease, hyperphosphorylation of Tau is linked to aggrega-
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tion of the protein and a decrease in microtubule binding as well
as to cytotoxicity. The Nxnll/- retina also displays increased Tau
phosphorylation and aggregation (11). Together, this evidence
suggests that RACVFL plays a role in protecting against oxidative
stress through its activity as a thioredoxin-like enzyme.

Here, we show that early systemic administration of AAV92Y-
F-scCAG-RACVFL to rd10 mice led to a decrease in MDA levels,
supporting the role of RACVFL as a protein with redox activity. This
reduction supports the notion that the increased levels of MDA
observed in the Nxn/I7- mouse are a consequence of the absence of
RACVFL expression in that animal model. In addition, we demon-
strate that expression of RACVFL is followed by a delay in the loss
of rod function and that higher levels of rhodopsin mRNA were
observed in animals treated with RACVFL, but not RACVF. While
intravitreal injections of 7m8-RdCVFL alone had a small, statisti-
cally insignificant effect on cone function in rd10 mice, coadmin-
istration with 7m8-RACVF resulted in higher photopic ERG ampli-
tudes. In contrast, light-reared »d10 mice that received systemic
injection of AAV92YF-RACVFL did not show improved photopic
ERGs, possibly because the effect of the underlying mutation on
rodsis too rapid under these conditions to be rescued by expression
of RACVFL. Together, these findings suggest a role for RACVFL in
protecting the retina against oxidative stress.
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Figure 6. Expression profile of 7m8 after intravitreal injection at P15. (A)
Fundus image of P45 WT mouse illustrating strong GFP expression across
the retina after intravitreal injection of 7m8-scCAG-GFP at P15. (B) Flat
mount image of a retina expressing GFP, photoreceptor-side-up, showing
GFP expression in outer segments of the photoreceptors. (€) Confocal
stack of transverse sections showing expression of the reporter gene
across all retinal layers in a WT mouse. (D) Confocal image of a P45 rd10
retina showing GFP expression in the GCL and INL and a loss of photore-
ceptors resulting in loss of the ONL (arrowhead). (E) gRT-PCR indicating
near-WT levels of Nxn/T mRNA expression from eyes injected with
7m8-scCAG-RdCVF and 7m8-scCAG-RdCVFL. GFP-injected eyes had
markedly reduced Nxn/T mRNA levels compared with levels in WT or
AAV-injected eyes. Levels of rhodopsin mRNA were similarly low across
conditions in rd10 eyes. mMRNA was collected at P45 from 5 animals
injected intravitreally at P15. Data represent the mean + SD. n =5 animals
for each condition. Scale bars: 40 um (B); 50 um (C and D).

These results demonstrate, for the first time to our knowledge,
functional photoreceptor rescue in the retina using delivery of AAV
via intravascular injection. However, systemic injections may not yet
be a clinically relevant method of AAV-mediated gene delivery to the
retina, as this route of administration leads to widespread transduc-
tion of many tissues throughout the body, and the immune response
represents a major obstacle to systemic delivery. Immune response
to AAV has previously been shown to include cytotoxic T lymphocyte
responses in animals with prior AAV exposure (31) and a reduction of
AAV infection as a result of neutralizing antibodies (32). However,
this approach illustrates the importance of early treatment in this
model of rapid-progression retinal degeneration and may represent
a better proof of principle for treatments using RACVF in humans.

To examine a more clinically viable mode of delivery, we used
7m8, a novel variant of AAV2, to deliver RACVF via intravitreal injec-
tion. 7m8 was selected for its ability to transduce all retinal layers,
including photoreceptors, from the vitreous with near-endogenous
levels of protein expression, an important aspect of the design of
these experiments. The pan-retinal transduction achieved by 7m8
obviates the need for penetrating subretinal injections, which require
retinotomy and retinal detachment, to deliver large amounts of trans-
gene to photoreceptors. The LCA clinical trials revealed that adverse
effects, including retinal thinning and decreased visual acuity, were
associated with subfoveal injections, indicating that some risk is
involved with this procedure and that the human fovea is potentially
vulnerable to detachment caused by a subretinal approach (33).

We found that like the systemic delivery of AAVO2YF, intraoc-
ular injections of 7m8 encoding RACVF rescued cone function and
prolonged cone survival, although less efficiently so, as 7m8 was
delivered later in the course of 7d10 degeneration. In patients, how-
ever, the rate of photoreceptor loss is much slower, spanning decades
compared with weeks in rodent models, and therefore the window
of opportunity for treatment is likely substantially extended. Finally,
the rescue effects observed in rd10 mice after intravitreal adminis-
tration of 7m8-scCAG-RACVF were accentuated by the coadmin-
istration of 7m8-scCAG-RACVFL, suggesting the potential for a
coexpression gene-therapy strategy that taps into the synergistic
activities of RACVF and RACVFL.

In summary, these experiments support the role of Nxnll as
a bifunctional gene encoding 2 isoforms of RACVF with different
activities in the retina. RACVF was shown here to support cone
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Figure 7. Intraocular injection of 7m8-scCAG-RdCVF rescues cones. (A) Photopic ERG amplitudes in rd10 animals injected at P15 with 7m8-GFP, PBS, 7m8-Rd-
CVFL, 7m8-RdCVF, or a mix of 7m8-RdCVF plus 7m8-RdCVFL. Injection of 7m8-scCAG-RdCVFL resulted in a small but statistically insignificant increase in the
amplitude of the photopic ERG b-wave compared with that measured in PBS- or GFP-injected eyes. Injection of 7m8-scCAG-RdCVF significantly increased the
amplitude of the photopic ERG wave compared with that that of control eyes. Coinjection of 7m8-scCAG-RdCVF and 7m8-scCAG-RdCVFL resulted in greater
rescue of the photopic ERG. n = 5 for all groups. Significance was determined using 1-way ANOVA with Tukey's post-hoc multiple comparisons test. (B) Repre-
sentative ERG traces from eyes injected with 7m8-GFP, 7m8-RdCVFL, 7m8-RdCVF, or a mixture of 7m8-RdCVF plus 7m8-RdCVFL. Arrows indicate the onset of
stimulus. (C) Representative flicker ERGs recorded at 30 Hz of eyes injected with 7m8-RdCVF or a mix of 7m8-RdCVF plus 7m8-RdCVFL indicated improvement
over ERGs of control 7m8-GFP-injected eyes. Marks on scale bar indicate 10-uV increments. (D) Flat-mounted retinae labeled with anti-S-opsin and -M/L-opsin
antibodies revealed higher density of cones in RACVF-treated eyes compared with those in GFP-expressing contralateral eyes. Lower images illustrate improved
densities of surviving cones in the central retina near the optic nerve head (asterisk) in 7m8-RdCVF-injected eyes. (E) Quantification of cone densities revealed
greater numbers of anti-S-opsin- and anti-M/L-opsin-labeled cones in treated eyes compared with those detected in contralateral GFP-expressing eyes (n = 4).
*P<0.05and **P < 0.01 by 2-tailed, paired Student’s t test.

survival, while RACVFL had little direct effect on cones, but pro-
tected rod function through thioloxidoreductase activity. Further
experiments are needed to understand the differing efficacies of
RACVF and RACVFL treatment in various models of retinal degen-
eration, which may help us better understand the function of these
isoforms in different retinal degenerative diseases. The distinct
effects mediated by expression of RACVF and RACVFL on the
survival of rods and cones in the retina support the idea that the

proteins act through different mechanisms to support photorecep-
tors. While further studies are needed to more carefully explore the
pathways underlying these rescue effects of RACVF and RACVFL
and the benefits of their coexpression, our results indicate that
viral vector-mediated delivery of the 2 products of the Nxnll gene,
RACVF and RACVFL, represents a promising approach to treating
a wide variety of retinal degenerations characterized by the loss of
photoreceptors, independent of the underlying genetic cause.

jci.org  Volume 125 Number1 January 2015



RESEARCH ARTICLE

A P<0.01

2]
o

P23H/P23H
Amplitude (V)
n IN
‘? 2 Q ;

& N
v §
5 <«
v
B
P<0.05 RdCVF

—~ 2004

>

= 150 - P23H/+

3 i -= RdCVF

£ 1004 P<0.05

Qo

1S

< 504

0 T T T 1
0 2 4 6 8

+ Months after injection
I
[s¢]
[
[

RdCVFL - P23H/+
<200+ = RACVFL
=
g 150+
©
=}
£ 100+
Q.

g
< 504
0 T T T 1
0 2 4 6 8
Months after injection
Methods

Animals. C57Bl/6], rd10, and P23H mice were obtained from The Jack-
son Laboratory and raised in a 12-hour light/12-hour dark cycle unless
moved to a dark box for dark rearing.

Production of viral vectors. AAV vectors carrying cDNA encoding
murine RACVF, RACVFL, or eGFP were produced by the plasmid
cotransfection method (34). Recombinant AAV was purified by iodix-
anol gradient ultracentrifugation and heparin column chromatography
(GE Healthcare). The viral eluent was buffer exchanged and concen-
trated with Amicon Ultra-15 Centrifugal Filter Units (EMD Millipore)
in PBS and titered by quantitative PCR relative to a standard curve.

Agarose sectioning and confocal microscopy. Retinae were freshly
dissected and immediately placed in 4% paraformaldehyde overnight
at 4°C. Relief cuts were made, and whole retinae were embedded in
5% agarose. Transverse sections (150 pm ) were cut on a vibratome
(VT 1000S; Leica Microsystems). The sections were then mounted
with VECTASHIELD mounting medium (Vector Laboratories) onto
slides for confocal microscopy (LSM710; Carl Zeiss).

Intravascular injections. P1 pups were immobilized, and an operat-
ing microscope was used to visualize the tail vein. Ten microliters of
vector solution was drawn into a 3/10-cc insulin syringe. The 30-gauge
needle was inserted into the vein, and the plunger was manually
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Figure 8. Injection of 7m8-scCAG-RdCVF rescues cones in P23H mice.
(A) Injections of 7m8-scCAG-RdCVF in homozygous P23H/P23H mice,
a model of dominant RP, resulted in sustained amplitudes of the
photopic ERG 1 month after injection (n = 6). (B) Time course of ERGs
recorded from P23H/+ mice injected with 7m8-scCAG-RdCVF

(n =5) or 7m8-scCAG-RACVFL (n = 6). In mice injected with RACVF, ERG
amplitudes were higher in treated eyes compared with those in control,
PBS-injected, and contralateral eyes at 1and 4 months, but not 6
months, after injection. In mice treated with 7m8-scCAG-RdCVFL, ERG
amplitudes were not significantly different from those in sham-
injected eyes at any of the time points measured.

depressed. A total of 5 x 10" DNase-resistant particles were injected.
A correct injection was verified by noting blanching of the vein. After
the injection, the pups were allowed to recover for several minutes on
a 37°C heating pad prior to being returned to their cages.

Intravitreal injections. Mice were anesthetized with ketamine
(72 mg/kg) and xylazine (64 mg/kg) by i.p. injection. A 30.5-gauge
disposable needle was passed through the sclera, at the equator and
posterior to the limbus, into the vitreous cavity. A total of 5 x 10%°
DNase-resistant particles in a 1-ul volume was subsequently injected
into the vitreous cavity with direct observation of the needle directly
above the optic nerve head. Contralateral control eyes received vec-
tors carrying the gene encoding GFP or PBS.

Dark rearing. Dark-reared mice were born and reared under dim
red light in light-safe boxes, which were only opened for brief periods
for animal husbandry, which was done under red light. Animals were
transported to and from the box for experiments in covered cages.

gRT-PCR. Animals were humanely euthanized by CO, over-
dose and cervical dislocation. One retina was collected from each
mouse in each experimental condition (n = 5). RNA was extracted
from each retina separately (RNeasy Micro Kit; QIAGEN) and sub-
jected to DNase digestion, and the resulting RNA was used to cre-
ate cDNA. The housekeeping gene Gapdh was used as an internal
control, and no-RT controls were used to confirm the absence of
genomic DNA. qRT-PCR was performed on samples using validated
primers for RACVF or rhodopsin. The following primers were used:
RACVF: forward, 5-GAAGTGGAGACAGAGGCAGA-3; RACVF:
reverse, 5-AAGAAGTCTTTGAGGACTGGG-3'; rhodopsin: forward,
5-CAAGAATCCACTGGGAGATGA-3'; rthodopsin: reverse, 5'-GTGT-
GTGGGGACAGGAGACT-3; mGAPDH: forward, 5-TGCCCC-
CATGTTTGTGAT-3'; and mGAPDH: reverse, 5-TGTGGTCAT-
GAGCCCTTCC-3. mRNA levels were determined with the relative
standard curve method of qRT-PCR using a WT ¢cDNA standard curve
and are expressed as the percentage of WT mRNA levels. Individual
samples were run in triplicate as technical replicates.

Fundus photography. Fundus imaging was performed with a fun-
dus camera (Micron II; Phoenix Research Labs) equipped with a filter
to monitor GFP expression in live, anesthetized mice. After applica-
tion of proparacaine, pupils were dilated for fundus imaging with
phenylephrine (2.5%) and atropine sulfate (1%).

ERGs. Mice were dark adapted for 2 hours and then anesthetized,
followed by pupil dilation. Mice were placed on a 37°C heated pad, and
contact lenses were positioned on the cornea of both eyes. A reference
electrode was inserted into the forehead and a ground electrode into
the tail. For an examination of retinal function under scotopic condi-
tions, ERGs were recorded (Espion E2 ERG System; Diagnosys) under
flash intensities ranging from -3 to 11log cd x s/m?on a dark background.
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Each stimulus was presented in a series of 3 flashes. For recording of
photopic ERGs, mice were initially exposed to a rod-saturating back-
ground for 10 minutes. Stimuli ranging from -0.9 to 1.4 log cd x s/m?
were presented 20 times on a lighted background. Flicker ERGs were
acquired following presentation of a 30-Hz stimulus on a rod-saturat-
ing background. Stimulus intensity and timing were computer con-
trolled. Data were analyzed with MATLAB, version 7.7 (MathWorks).

Mosaic acquisition and cone quantification. Retinal flat mounts
were blocked overnight using normal donkey serum (Jackson Immu-
noResearch Laboratories) 1:20 in PBS containing 0.5% BSA, 0.1%
Triton X-100, and 0.1% azide (PBTA) at 4°C and placed on a rota-
tor for continuous agitation. Antibody cocktails containing goat
anti-S-opsin (1:100; Santa Cruz Biotechnology Inc.), rabbit anti-M/
L-opsin (1:500; Chemicon International), and mouse anti-rhodopsin
(1:100; gift of Robert Molday, University of British Columbia, Van-
couver, British Columbia, Canada) were then added to a solution
of PBTA and incubated for 2 days. Retinal preparations were then
washed in PBTA 3 times for 15 minutes and 1 time for 1 hour, and
subsequently corresponding secondary fluorophores were added and
incubated overnight at 4°C. Finally, samples were rinsed, mounted,
and coverslipped in VECTASHIELD (Vector Labs). Images of mouse
retinae were viewed and collected using an Olympus FluoView 1000
laser scanning confocal microscope with a x40 UPlanFLN (NA 1.3)
oil-immersion lens. An automated stage (Applied Scientific Instru-
mentation) was used to capture optical sections at 1-um intervals in
the z axis and pixel resolution of 1,024 x 1,024 in the x-y direction.
These files were then used to create maximum-intensity projections
with Imago bioimage analysis software (Mayachitra). Digital images
were captured with 20% overlap among individual images, and the
resulting approximately 300 to 400 images were montaged using
Imago. Cone counting was subsequently performed using Imaris
software (Bitplane) and custom software written in Python.

TBARS assay. MDA concentrations were determined using a
TBARS assay (Cayman Chemical). Three retinae were pooled for each
condition for each assay, and the assay was repeated 3 times. A total of
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25 mg sonicated retinal tissue was used for each assay. Retinae were
sonicated in lysis buffer containing a proteinase inhibitor cocktail,
then centrifuged. Supernatant was used for the TBARS assay, which
was performed according to the manufacturer’s instructions, with
technical replicates prepared in triplicate. A standard curve was pre-
pared using MDA samples of known concentration, and sample MDA
concentrations were determined against the resulting curve.

Statistics. A 1-way ANOVA with Tukey’s post-hoc multiple com-
parisons test or a 2-tailed, paired or unpaired Student’s ¢ test was used
for comparisons of experimental groups. A repeated-measures 2-way
ANOVA with Sidak’s multiple comparisons test was used for deter-
mining statistical significance in time courses. A P value of less than
0.05 was considered statistically significant and is indicated in the fig-
ures by a single asterisk. P values of less than 0.01 are indicated by a
double asterisk. Error bars indicate SD.

Study approval. All experiments were conducted with approval
from the IACUC of the University of California Berkeley and in accor-
dance with the Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic and Vision
Research and the guidelines of the Office of Laboratory Animal Care
of the University of California, Berkeley.
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