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Retinitis pigmentosa (RP) is the most common inherited retinal disease, in which photoreceptor cells
degenerate, leading to blindness. Mutations in the rod photoreceptor cGMP phosphodiesterase 3 subunit
(PDEB) gene are found in patients with autosomal recessive RP as well as in the rd mouse. We have recently
shown that lentivirus vectors based on human immunodeficiency virus (HIV) type 1 achieve stable and efficient
gene transfer into retinal cells. In this study, we evaluated the potential of HIV vector-mediated gene therapy
for RP in the rd mouse. HIV vectors containing a gene encoding a hemagglutinin (HA)-tagged PDE were
injected into the subretinal spaces of newborn rd mouse eyes. One to three rows of photoreceptor nuclei were
observed in the eyes for at least 24 weeks postinjection, whereas no photoreceptor cells remained in the eyes
of control animals at 6 weeks postinjection. Expression of HA-tagged PDEP in the rescued photoreceptor cells
was confirmed by two-color confocal immunofluorescence analysis using anti-HA and anti-opsin antibodies.
HIV vector-mediated gene therapy appears to be a promising means for the treatment of recessive forms of

inherited retinal degeneration.

Retinitis pigmentosa (RP) is a genetically and clinically het-
erogeneous group of retinal degenerative diseases, affecting
approximately 1 in 3,500 people (29). Symptoms include night
blindness, progressive loss of peripheral visual field, and even-
tual loss of central vision caused by degeneration of photo-
receptor cells. There are no adequate therapies for RP at
present. However, increasing numbers of genes responsible for
RP have been identified (11, 33), providing an avenue for gene
therapy in the treatment of RP. Most of the identified genes
responsible for RP are expressed specifically in photoreceptor
cells, and degeneration primarily affects photoreceptor cells.
Therefore, methods for efficient gene transfer into terminally
differentiated photoreceptor cells are essential for gene ther-
apy of RP.

Mutations in the rod photoreceptor cGMP phosphodiester-
ase B subunit (PDER) gene are found in patients with autoso-
mal recessive RP as well as in 7d mice and rcd1 Irish setters (10,
24, 30, 32). The rd mouse is the best-studied animal model of
RP and is characterized by a rapid photoreceptor degenera-
tion, although photoreceptor cells develop normally until post-
natal day 7. Degeneration first appears in the rod photorecep-
tor cells between postnatal days 7 and 9 and is detectable by
electron microscopy, and a majority of photoreceptor cells
have degenerated by 30 days (7, 8, 31). As shown in Fig. 1, the
photoreceptor layer in the rd mice has degenerated completely
by 6 weeks of age. Transgenic rd mice that express a functional
bovine PDER gene showed preservation of photoreceptor
cells, suggesting that somatic gene therapy to prevent degen-
eration is also feasible (20). However, therapeutic gene deliv-
ery to the rd mouse eye by using adenovirus or adeno-associ-
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ated virus (AAV) vectors has been inefficient and could only
delay the degeneration (4, 9, 14, 19, 21).

We have developed a lentivirus vector based on human
immunodeficiency virus type 1 (HIV-1) that can transduce
nondividing cells in vitro and in vivo (6, 15, 27, 28). Recently,
we have shown that HIV vectors can mediate efficient transfer
and sustained long-term expression of the transgene in retinal
cells, particularly in photoreceptor cells, when gene expression
is controlled by the rhodopsin promoter (26). The present
study was designed to evaluate the therapeutic potential of
HIV vectors for treatment of RP.

HIV vector plasmids containing the murine PDEB cDNA
under the control of the cytomegalovirus (CMV) promot-
er (CMV-PDER) or the bovine rhodopsin promoter (Rho-
PDER) were constructed by replacing the green fluorescent
protein (GFP) fragments of pHR'-CMV-GFP and pHR'-Rho-
GFP (26), respectively, with the PDEB cDNA fragment of
plasmid MPB-71 (2). To detect the expression of PDER, the
hemagglutinin (HA) epitope tag was fused to the amino ter-
minus of PDER. Expression of HA-tagged PDER in vitro was
confirmed by immunoblot analysis and immunofluorescence
microscopy by using anti-HA antibody in 293T cells transfected
with the CMV-PDER vector plasmid (data not shown).

HIV vectors pseudotyped with vesicular stomatitis virus G
glycoprotein were generated as described previously (27). The
titer of HIV vectors was determined by measuring the amount
of HIV-1 p24 antigen by using enzyme-linked immunosorbent
assay. Approximately 5 X 10° infectious units of HIV vectors
was injected into the subretinal space of C3H/HelJ rd/rd mouse
eyes between postnatal days 2 and 5. HIV vector containing the
GFP gene under the control of the rhodopsin promoter (Rho-
GFP) was used as a control. Altogether, 18, 58, and 60 rd
mouse eyes were injected with the Rho-GFP, the CMV-PDER,
and the Rho-PDER vectors, respectively. At 6, 12, and 24
weeks postinjection, mice were sacrificed and eyes were sub-
jected to histological and immunohistochemical analyses. In
control eyes collected at 6 weeks postinjection, histological
analysis of hematoxylin-and-eosin-stained paraffin-embedded
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FIG. 1. Light micrographs of retinas collected from normal (a) and rd (b) mice at 6 weeks of age. Paraffin-embedded sections of eyes were counterstained with
toluidine blue. In the rd mouse, the photoreceptor layer that includes the outer segment (OS), the outer nuclear layer (ONL), and the outer plexiform layer (OPL)
has degenerated completely. RPE, retinal pigment epithelium; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Original magnification,

X400.

sections demonstrated a single row of photoreceptor-like nu-
clei (Fig. 2a). However, as shown in Fig. 3d, immunohisto-
chemistry with an anti-opsin antibody showed no opsin immu-
noreactivity, indicating that these retained cells were not
photoreceptor cells but dislocated cells in the inner nuclear
layer. It is often difficult to distinguish cell nuclei in the inner
nuclear layer from remaining pyknotic photoreceptor nuclei in
the degenerated rd mouse retina (Fig. 2b). Thus, we assessed
rescue of photoreceptor cells from degeneration by immuno-
histochemistry in this study.

In eyes injected with either the Rho-PDER vector or the
CMV-PDER vector, numerous opsin-positive photoreceptor

FIG. 2. Light micrographs of retinas collected from rd mice 6 weeks after injection of the Rho-GFP vector (a) or the Rho-PDER vector (b). Paraffin-embedded
sections of eyes were counterstained with hematoxylin and eosin. Arrowheads point to a photoreceptor-like nucleus in the inner nuclear layer (panel a) and a pyknotic
photoreceptor nucleus (panel b). Original magnification, X400.

cells were observed at 6, 12, and 24 weeks postinjection. In
contrast, all control eyes injected with the Rho-GFP vector
showed no opsin-positive photoreceptor cells. Representative
results are shown in Fig. 3. Two-color confocal immunofluo-
rescence analysis using anti-opsin and anti-HA antibodies in-
dicated that most of the rescued photoreceptor cells expressed
HA-tagged PDER (Fig. 4). As expected, HA-tagged PDER as
well as opsin was found localized exclusively in the outer seg-
ments of photoreceptor cells, where it normally exists. Taken
together, these results indicate that HA-tagged PDER was
functional and that its expression was able to rescue photore-
ceptor cells from degeneration. Up to three rows of photore-
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FIG. 3. Immunohistochemical detection of opsin-positive photoreceptor cells in rd mice following injection of HIV vectors. Mice injected with the Rho-PDER
vector (a, b, and ¢) or the Rho-GFP vector (d) were sacrificed at 6 (panels a and d), 12 (panel b), and 24 (panel c) weeks postinjection, and eye sections were prepared
as described previously (26). Sections were stained with mouse anti-opsin antibody (kindly provided by C. J. Barnstable) and then with fluorescein isothiocyanate-
conjugated donkey anti-mouse immunoglobulin G (Jackson Immunochemicals). Immunofluorescence was detected with a confocal laser scanning microscope
(Bio-Rad). Representative confocal microscope images of sections are shown. Opsin-expressing photoreceptor cells (bright green) were seen only in eyes injected with

the Rho-PDER vector. Original magnification, X200.

ceptor nuclei were observed with 4’,6-diamidino-2-phenylin-
dole (DAPI) staining (Fig. 4e). Rescued photoreceptor cells
expressing PDER were seen not only around the injection site
but also over the entire retina, suggesting that virus particles
diffused in the subretinal space. This phenomenon has also
been observed in our previous study of rat pups (26).

Rescued photoreceptor cells were found in 8 of 22, 10 of 28§,
and 3 of 8 eyes injected with the CMV-PDER vector and in 20
of 34, 8 of 18, and 4 of 8 eyes injected with the Rho-PDER
vector at 6, 12, and 24 weeks postinjection, respectively. Fur-
thermore, the total number of rescued photoreceptor cells
varied greatly from eye to eye. These results were presumably
due to technical variations, since the lens opacity of newborn
mice made it difficult to confirm the successful subretinal in-
jection by fundus examination. In the most-successfully res-
cued eyes, however, there was no significant difference in the
numbers of rescued photoreceptor cells in each group at all the
periods evaluated (Fig. 5), although we previously observed
that the rhodopsin promoter was more effective than the CMV
promoter in rat photoreceptor cells (26).

The outer segments are continuously shed from the end of
each photoreceptor cell and phagocytosed by cells of the ret-
inal pigment epithelium. Therefore, constitutive expression of
PDER is required to prevent photoreceptor degeneration and
maintain the outer segments. Others have shown that adeno-
virus and AAV vectors can efficiently transfer a reporter gene

to retinal cells (1, 5, 13, 22). However, when these vectors were
applied for gene therapy of RP in the rd mouse, the therapeu-
tic effect was inefficient and resulted in only a delay of photo-
receptor degeneration until up to 6 weeks after birth (4, 14). A
major problem with the adenovirus vectors is the transient
expression of the transgene due to a cellular immune respons-
e(s) against the transduced cells (16), limiting the use of this
vector for long-term gene therapy. Unsuccessful results ob-
tained with AAV vectors may be due to a slow onset of trans-
gene expression since it takes more than 3 weeks to obtain
maximum expression (1, 3, 13). In contrast, our results clearly
show that HIV vector-mediated PDER gene expression per-
sisted for at least 24 weeks, resulting in significant rescue of
authentic photoreceptor cells detected by anti-opsin antibody.
It is unclear whether more photoreceptor cells survived at
earlier time points as others have reported (4, 9, 14, 19, 21).
However, our goal in the present study was to examine long-
term rescue from photoreceptor degeneration. This is the first
study to establish the therapeutic ability of HIV vectors by
using an animal model. Long-term rescue from photoreceptor
degeneration was achieved, although only one to three rows of
photoreceptor nuclei remained in the HIV vector-injected
mice, in contrast with eight to ten rows in normal mice. How-
ever, clinicopathologic studies in humans with RP have sug-
gested that a single layer of photoreceptor cells is sufficient to
maintain minimal visual function, even though electroretino-
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FIG. 4. Two-color confocal immunofluorescence analysis of rd mouse eyes injected with HIV vectors. Sections of rd mouse eyes obtained 6 weeks after injection
of the Rho-PDER vector (a, ¢, e, and g) or the Rho-GFP vector (b, d, f, and h) were stained with mouse anti-opsin antibody and rabbit anti-HA antibody (MBL, Nagoya,
Japan). Primary antibodies were detected with fluorescein isothiocyanate-conjugated donkey anti-mouse immunoglobulin G (IgG) (green) (panels a and b) and cyan
red-conjugated donkey anti-rabbit IgG (red) (panels ¢ and d) and visualized by confocal laser scanning microscopy. Cell nuclei were counterstained with DAPI (blue)
(panels e and f). Double-labeled cells (yellow) demonstrate HA-tagged PDER expression in the outer segments of photoreceptor cells (panel g). Original magnification,

X400.

gram response is undetectable (23, 34). One possible explana-
tion for partial rescue from photoreceptor degeneration is that
the time of injection (postnatal days 2 to 5) was too late to
rescue all photoreceptor cells. Although photoreceptor devel-
opment appears morphologically normal until postnatal day 7
(7, 31), degeneration at the molecular level may already be
ongoing in the majority of photoreceptor cells at the time of
injection or earlier. Another possible explanation is that the
amount of PDER provided by HIV vectors was insufficient to
rescue all photoreceptor cells. Half of the normal expression
level of PDER is sufficient to maintain normal photoreceptor
morphology and visual function, since the RP phenotype in the
rd mouse is inherited as a recessive trait. In any case, it will be
important to ascertain when and how much PDER is required
to rescue all photoreceptor cells.

RP is an excellent candidate for human gene therapy. Direct
access to the target cells, photoreceptor cells, is possible by
means of subretinal injection. In comparison with the rd
mouse, humans suffering from RP show later onset and slower
progression, i.e., typically onset of night blindness in childhood
and progression to legal blindness by 60 years of age. In addi-
tion, only a small area of the retina, for example, a 500-pum-
diameter area of macula, is sufficient to preserve minimal vi-
sual function. Thus more successful therapeutic effects could
be expected in humans. HIV vector-mediated gene transfer
appeared to be safe, as there were no adverse effects on the
animals at any time point after injection. However, safety is
still a potential concern for clinical application of HIV vectors.
In this regard, recent improvements, including self-inactivating
vectors (25, 35), packaging constructs eliminating all accessory
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FIG. 5. The number of opsin-positive photoreceptor cells per section at each
time point. Four sections near the equator were selected from the most-success-
fully rescued eyes (n = 3) in each group, and opsin-positive cells were counted
under a fluorescence microscope. The mean numbers of opsin-positive cells per
section were calculated and are indicated above the standard deviation bars.

genes (12, 18, 36), and inducible packaging cell lines (17),
could further minimize the risk. Although further studies in
animal models are required to determine the efficacy and
safety of HIV vectors before human clinical trials are con-
ducted, our results substantiate the feasibility of gene therapy
for recessive forms of retinal degenerative disease.
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