Chapter 77

Adeno-Associated Virus Serotype-9 Mediated
Retinal Outer Plexiform Layer Transduction
is Mainly Through the Photoreceptors

Bo Lei, Keqing Zhang, Yongping Yue, Arkasubhra Ghosh,
and Dongsheng Duan

Abstract Due to its high ocular transduction, low immune clearance and capabil-
ity to bypass the brain blood barrier, adeno-associated virus-9 (AAV9) has been
regarded as a promising vector for retinal disease gene therapy. We recently demon-
strated that AAV9 efficiently transduces the retinal outer plexiform layer (OPL).
The OPL consists of synapses formed between axons of the rod and cone photore-
ceptors (cell bodies in the outer nuclear layer, ONL) and dendrites of bipolar and
horizontal cells (cell bodies in the inner nuclear layer, INL). It is not clear whether
AAV9 transduces the OPL through the photoreceptors in the ONL or through bipo-
lar and horizontal cells in the INL. To map the subcelluar pathway(s) involved in
AAV9-mediated OPL transduction, we delivered subretinally AAV9.CMV.eGFP,
an AAV vector carrying the enhanced green fluorescent protein gene (eGFP, 1 x
109 viral genome particles in microliter), to young (21-day-old) and adult (2- to
3-month-old) C57BL/6 mice. Four weeks after subretinal injection, eGFP expres-
sion was examined on retinal cryosections. PSD95 (postsynaptic density protein, a
marker for photoreceptor terminals), CtBP2 (C-terminal binding protein 2, a marker
for the photoreceptor synaptic ribbon), PKCalpha (protein kinase Ca, a marker for
rod bipolar cells), and calbindin (a marker for horizontal cells) were localized by
immunofluorescence staining. In AAV9 infected retina, eGFP expression was seen
in the retinal pigment epithelia, photoreceptor inner segments, ONL, OPL, Miiller
cells in the INL, inner plexiform layer and ganglion cell layer. Interestingly, eGFP
expression co-localized with PSD95 and CtBP2, but not with PKCalpha and cal-
bindin. Our results suggest that AAV9 transduces the photoreceptor side of the
synapses in the OPL rather than the dendrites of bipolar and horizontal cells.
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77.1 Introduction

In the past decade, the world has witnessed tremendous progress in the treat-
ment of inherited retinal degenerations. While no long ago such conditions were
regarded untreatable and incurable by any means, gene therapy has preserved retinal
morphology and restored retinal functions in several animal models of retinal degen-
erations (Ali et al. 2000; Acland et al. 2001; Allocca et al. 2006; Alexander et al.
2007). Promising results have also been reported recently in Leber’s Congenital
Amaurosis (LCA) patients (Bainbridge et al. 2008; Cideciyan et al. 2008; Hauswirth
et al. 2008; Maguire et al. 2008).

To develop more efficient and safe vectors for retinal gene therapy, many
groups have begun to evaluate new gene vectors. Among the newly described AAV
serotypes, AAV serotype-9 (AAV9) stands out as a particularly attractive vehicle
because of its superior performance (Gao et al. 2004, 2005). It was recently reported
that AAVO transduction efficiency can be 200-fold higher than that of other AAV
serotypes (Inagaki et al. 2006; Limberis and Wilson 2006; Pacak et al. 2006; Bostick
et al. 2007; Vandendriessche et al. 2007). In addition, AAV9 is capable to bypass
the brain blood barrier (Foust et al. 2009), an important feature that may be utilized
to treat a wide range of neural degenerations in the central never system. Therefore,
it is imperative to understand details of this novel AAV vector.

In the eye, two previous studies suggest that subretinal administration of AAV9
lead to robust transduction in the retinal pigment epithelium (RPE), the photorecep-
tors (including the outer and inner segments, the cell bodies in the outer nuclear
layer, ONL), the Miiller cells in the inner nuclear layer (INL), and the retinal
ganglion cell (RGC) layer (Allocca et al. 2007; Lebherz et al. 2008). Using three
different genes and two different promoters, we found that AAV9 also transduces
the two retinal synaptic layers (the outer plexiform layer OPL, and the inner plexi-
form layer IPL), a special characteristic that was rarely documented with all AAV
serotypes (Lei et al. 2009). Here, we further showed that AAV9-mediate expres-
sion co-localized with two photoreceptor terminal markers PSD95 and CtBP2, but
not with rod ON bipolar cell and horizontal cell markers. Our results suggest that
AAV9 mediated OPL transduction is through the photoreceptors but not the neurons
in the INL.

77.2 AAV9-Mediated Gene Transfer in the Retina

Two recent studies evaluated AAVY transduction in the retina following subretinal
administration (Allocca et al. 2007; Lebherz et al. 2008). Both studies demonstrated
efficient transduction of the RPE and Miiller cells (Allocca et al. 2007; Lebherz et al.
2008). However, one group found photoreceptor transduction (Allocca et al. 2007),
whereas the other group did not detect photoreceptor transduction (Lebherz et al.
2008). The reasons for these differences are unknown but may relate to experimental
designs such as animal age, the promoter, the reporter gene and the time frame of
observation.
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To further characterize AAV9 mediated transduction in the retina, we performed
a comprehensive study in mice. First, we injected subretinally an RSV promoter
driving alkaline phosphatase (AP) reporter gene vector (AAVO.RSV.AP, 1 pul, 1 x
10° viral genome particles). We found widespread (peripheral-central-peripheral)
and throughout (from RPE to RGC) transduction in mice ranging from 3- to
12-week-old. AP expression was observed in the RPE, ONL, INL, OPL, IPL, RGC
layer and Miiller cells but not the outer and inner segments of the photoreceptor.
Remarkably, two retinal synaptic layers (OPL and IPL) were highly transduced (Lei
et al. 2009).

To exclude the potential bias from the transgene and/or the promoter, we per-
formed another study with the AAV9.CMV.eGFP vector (1 pl, 1 x 1019 viral
genome particles). Four weeks after subretinal injection, we observed intense eGFP
expression in the RPE, ONL and to less extent in the OPL, Miiller cells in the INL,
IPL, and RGC layer in all experimental mice (3- to 12-week-old) (Fig. 77.1). Similar
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Fig. 77.1 Mouse retinal eGFP expression 4 weeks after subretinal delivery of 1 ul
AAV9.CMV.eGFP vector (1 x 100 viral genome particles). Panels A and B were from the same
field except that panel B was taken with a shorter exposure time. Panel C shows schematic outline
of the OPL synapse structure. Panel D shows an enlarge view of the boxed area in panel B. The
highest eGFP expression was seen in the ONL and RPE layers. Substantial eGFP expression was
also found in the OPL, INL, IPL, and RGC layers and the Miiller cells. In panels B and D, eGFP
expression is mainly localized to the distal portion of the OPL. (RGC, retinal ganglion cell; IPL,
inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear
layer)
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Table 77.1 Retinal tropism of AAV9 in mouse

Miiller RGC
RPE Photoreceptors OPL cells IPL layer
AP expression 4+ +++ +++ +++ ++
eGFP expression  +++++ +++++ +++ ++ + +

to those observed in AAV9.RSV.AP injected eyes (Lei et al. 2009), eGFP expression
was widespread and throughout the retina. Our results are consistent with those of
Allocca et al and confirm that AAV9 indeed transduces the photoreceptors (Allocca
et al. 2007). Similar to our findings with the AV.RSV.AP vector, we observed eGFP
expression in the OPL and IPL, the two retinal synaptic layers. Table 77.1 sum-
marizes the retinal tropism of AAV9 mediated gene transduction after subretinal
injection.

77.3 The Sub-Cellular Location of AAV9 Transduction
in the OPL

The finding that AAV9 mediated efficient expression in the OPL is intriguing.
Pathology in the OPL is associated with a wide range of retinal diseases (Miyake
et al. 1986; Alexander et al. 1992; Fitzgerald et al. 1994; Dryja et al. 2005; Chang
et al. 2006). Therefore, AAV9 may be a candidate gene therapy vector for these dis-
orders. Unfortunately, few studies have thoroughly evaluated AAV transduction in
the OPL.

To investigate the pattern of AAV9-mediated OPL transduction, we stained
AAV9.CMV.eGFP infected eyes with CtBP2 (C-terminal binding protein 2, a
marker for the photoreceptor synaptic ribbon), PSD95 (postsynaptic density protein,
a marker for the photoreceptor terminals), PKCa (protein kinase C alpha, a marker
for the rod bipolar cells), and calbindin (a marker for the horizontal cells). Nuclei
were revealed with 4/, 6 diamidino-2-phenylindole dihydrocholoride (DAPI). With
shorter exposure time eGFP expression was only seen in the RPE and photorecep-
tors. Interestingly eGFP co-localized with CtBP2 (Lei et al. 2009) and PSD95 but
not with PKCa and calbindin (Fig. 77.2). These results strongly suggest that the
observed eGFP expression in the OPL is from the photoreceptor terminals, while
the rod bipolar cell and horizontal cell dendrites play minimal role.

77.4 AAV9-Mediated Retinal Gene Transfer in mdx>¢” Mice

Mdx’®” mice are models for Duchene muscular dystrophy (DMD), a lethal child-
hood genetic disease caused by mutations in the dystrophin gene (Pillers et al. 1995;
Pillers et al. 1999). Besides muscle disease, DMD patients also suffer from pathol-
ogy in other tissues including the retina. A 260 kD dystrophin isoform (Dp260) is



77 AAV9 Mediated Retinal Outer Plexiform Layer Transduction 675

RGC
INL
OPL

ONL

RPE

RGC

INL
OPL

ONL

RPE

RGC

INL
OPL

ONL

RPE

Fig. 77.2 Subcellular localization of AAV9 transduction in the OPL. Immunofluorescence stain-
ing of PKCa, calbindin and PSD95 in AAV9.CMV.eGFP infected retina (1 x 10'° viral genome
particles). PKCa and calbindin are the markers for the rod bipolar cells and horizontal cells (and
their dendrites in the proximal portion of the OPL) respectively. PSD95 is a marker for the pho-
toreceptor terminals (distal portion of the OPL). In the overlay images eGFP only co-localize with
PSD95

normally expressed in the photoreceptor terminals in the OPL. Dp260 expression
is lost in the eyes of DMD patients and mdx>® mice (Pillers et al. 1993; Schmitz
and Drenckhahn 1997; Jastrow et al. 2006). Absence of Dp260 has been associated
with the abnormal electroretinogram seen in DMD patients, such as reduced b-wave
amplitude and prolonged implicit time.

To determine whether AAV9 can be used to deliver a therapeutic gene to the OPL,
we performed subretinal injection of AAV9.CMV.AR4/AC vector in mdx’” mice.
The 3.8 kb AR4/AC microgene encodes a truncated dystrophin. This microgene has
been extensively studied as a candidate gene for DMD gene therapy (Harper et al.
2002). At 5 weeks after subretinal injection, we examined dystrophin expression
by immunofluorescence staining. Two epitope-specific antibodies were used in the
study. The Dys-2 antibody recognizes endogenous Dp260 in the wild type retina,
the Dys-3 antibody only reacts with micro-dystrophin. Consistent with our findings
with the reporter AAV vectors, we observed robust microgene expression in the OPL
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of the injected mdx>” mice (Lei et al. 2009). These results raise the hope of using
AAV9 to treat retinal diseases that are associated with defects in the photoreceptor
terminals.

77.5 Subretinal Injection of AAV9 Vector Did Not Cause Acute
Retinal Damage

We also examined whether subretinal injection of AAVY vector causes acute dam-
ages to the retina. At 5 weeks after delivery of AAV9.RSV.AP or a saline control,
we examined retinal histology and recorded dark- and light-adapted electroretino-
gram in the mouse eyes. Compared with untreated eyes, neither saline nor AAV9
RSV.AP resulted in appreciable morphology alterations. We obtained similar mea-
surements in the thresholds and amplitudes of the dark-adapted ERG a-wave,
b-wave and light-adapted b-wave in AAV injected and saline injected eyes (Lei
et al. 2009). Our results suggest that rod and cone photoreceptor and bipolar cell
functions are not affected by subretinal delivery of AAV9 vectors.

77.6 Conclusions

Using three different genes and two different promoters, we confirmed that sub-
retinal delivery of AAV9 mediates robust photoreceptor gene transduction. AAV9
vectors also efficiently ferry transgene products to the photoreceptor terminals in the
OPL. Our data indicated that AAV9 may be a promising vector for retinal disease
gene therapy, especially for disorders that primarily affect the RPE, photoreceptors
and the OPL.
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