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Abstract
Purpose—To evaluate the safety and efficiency of feline immunodeficiency virus (FIV) vectors
for gene delivery into the mammalian retina.

Methods—A first-generation FIV vector was constructed and administered into rabbit eyes at two
different concentrations by intravitreal or subretinal routes. A second-generation FIV vector was also
constructed and administered subretinally into both rabbit and rat eyes at the same concentration.
After vector administration, eyes were monitored using slit-lamp biomicroscopy, indirect
ophthalmoscopy, fundus photography, and electroretinogram. After the rabbits were killed, eye
tissues were processed for light microscopy and immunohistochemical analysis.

Results—Administration of both first- and second-generation FIV vectors produced transient
vitritis and/or papillitis in rabbits, without other pathologic abnormalities. Retinal pigment epithelium
(RPE) cells were the predominant cell type transduced in rabbit eyes, but ganglion cells and Müller
cells were also transduced. Transduction was confined to the retinal bleb area. The second-generation
FIV vector transduced RPE cells much more efficiently than the first-generation vector (95% vs.
4.5%, respectively; P = 0.0015) in rabbit eyes. In contrast, no toxicity was evident over a 24- to 25-
month follow-up period after injection of the second-generation FIV vector into rat eyes. Tropism
in the rat eye was similar, including RPE and ganglion cells, and the RPE transduction rate was also
high (50%). Transgene expression was persistent in both species over the duration of the experiment.

Conclusion—Second-generation FIV vectors can efficiently transfer genes into RPE cells with
resulting long-term expression, properties potentially valuable to gene therapy approaches to some
retinal diseases.
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This study provides data on feline immunodeficiency virus (FIV) vector transduction of retinal
cells in two commonly used species of experimental animals as well as the longest follow-up
yet available of transgene expression and potential toxicity. The second-generation FIV vector
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demonstrated highly effective retinal pigment epithelium transduction and stable transgene
expression in both rabbit and rat eyes, indicating its promising clinical application.

The introduction of a neurotrophic protein or other therapeutic gene into the retina is a
promising strategy for treatment of refractory retinal conditions, including age-related macular
degeneration and other degenerative retinal diseases.1 Several viral vectors have been
successfully used to transfer genes into postmitotic retinal cells.1–10 Among these, adenovirus,
adeno-associated virus, and lentivirus vectors have been found to efficiently deliver genes of
interest into retinal cells in vitro and in vivo.3,8,11–14 Lentiviruses can efficiently infect
nonmitotic cells15 and permanently integrate their reverse-transcribed DNA into the host cell
genome, a major potential advantage over adeno-associated virus and adenovirus for long-term
gene expression. Other advantages of the lentivirus systems include a respectable cloning
capacity (close to 10 kilobases), which is larger than that of adeno-associated virus. In addition,
lentivirus vectors have the ability to mediate high levels of persistent transgene expression in
vivo and induce little host immune response.8,13,14

So far, most gene transfer approaches involving lentivirus vectors have been performed with
HIV-based vectors.8,13,14,16,17 Concerns with HIV-based vectors have included the risk of
generating replication-competent recombinant virus during production, risks of recombination
and vector mobilization in HIV-infected individuals, and potential exposure to HIV proteins,
which may have toxic effects18 and/or produce seroconversion.

Feline immunodeficiency virus (FIV) is another member of the lentivirus family, which is
antigenically and genetically19 distinct from HIV. FIV has not been reported to cause human
infection or disease,20 although veterinary exposure must occur frequently. FIV vectors
pseudotyped with VSV-G have shown the ability to efficiently infect nondividing cells, both
in vitro and in vivo, and to produce persistent transgene expression.21,22 Recently, initial
findings concerning the use of FIV vectors in treating eye diseases have been reported.23–
27 In the current study, the safety, transduction efficiency, and stability of transgene expression
from FIV vectors over a 2-year follow-up period are described, and the cell tropism of first-
and second-generation FIV vectors examined in two experimental animal species is reported.
FIV vectors show considerable promise for retinal gene therapy.

Materials and Methods
FIV Vectors

The first-generation vector system (packaging plasmid CF1Denv and vector pCTRZLb) has
been previously described.22 Briefly, pseudotyped vector for transduction was prepared by
calcium phosphate transfection of 293T fibroblasts with plasmids expressing vesicular
stomatitis virus glycoprotein G (pHCMVGV), CF1Denv, and pCTRZLb. Supernatants were
collected 48 to 96 hours after transfection, cleared by low-speed centrifugation, filtered,
divided into aliquots, and stored at −80°C until use. Vectors were titrated on CRFK and HT1080
cells, and staining foci were scored after X-gal staining, with values expressed as transducing
units per milliliter (TU/mL).

The second-generation FIV vector system (pC34N/pVC-LacZwP) has also been previously
described.28 Differences from the first-generation system include deletion of the principal
packaging domain, a larger deletion in the env gene, use of the SV40 polyadenylation signal
in packaging construct pC34N, and a reduction of retained gag gene sequences (800 base pairs
less) and introduction of the woodchuck hepatitis B virus posttranscriptional regulatory
element downstream of the lacZ gene to enhance transgene expression in the vector construct
pVC-LacZwP.28 These changes facilitated a 40- to 200-fold increase in titer after transfection,
making concentrated preparations of >1 × 108 TU/mL routinely achievable.
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Animal Studies
Thirty-three pigmented adult New Zealand Red rabbits (weighing 1.9–2.6 kg at the beginning
of the experiment) were used in the pCTRZLb vector study in accordance with the guidelines
of the University of California, San Diego, Animal Care and Animal Subjects Programs and
the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Seventeen
animals were used for evaluation of the lower-concentration FIV vector (2 × 105 TU/mL), and
the remaining 16 were used for evaluation of the higher-concentration FIV vector (2.4 × 107

TU/mL). Animals injected with the lower concentration were evaluated at weeks 1, 3, 6, 12,
and 26 after inoculation, and those injected with the higher concentration were evaluated at 1,
2, and 4 weeks after inoculation. Eyes were dilated with one drop each of tropicamide
(Mydriacyl 1%; Alcon, Puerto Rico) and phenylephrine hydrochloride 2.5% (Bausch and
Lomb, Tampa, FL) before anesthesia. After anesthesia and subsequent paracentesis through
the cornea limbus,29 vector was injected into the vitreous body or subretinal space. Intravitreal
and subretinal injections of medium (Dulbecco modified Eagle medium) were also performed
in two eyes at each time point as controls. For intravitreal injection, a 30-gauge needle was
introduced 2 mm behind the limbus, and 50 μL of vector was injected from the 500-μL syringe
into the vitreous cavity between the lens and the retina. One eye at each time point in the low-
dose group received a 100-μL intravitreal vector injection. For subretinal injection, the viral
vector solution was loaded into a 500-μL sterilized Hamilton syringe, and 40 μL was injected
into the subretinal space using a 20-gauge needle tapered to 41 gauge (Storz Ophthamics, Inc.,
St Louis, MO). The injections were made at the retina below the optic nerve head viewed
through a surgical microscope. Dome-shaped neurosensory retinal detachments were
produced, confirming the location of the virus inoculation between sensory retina and retinal
pigment epithelium (RPE). The location and size of the retinal bleb was documented in relation
to the optic nerve head and in comparison with the diameter of the optic nerve head. If
significant vitreous or subretinal hemorrhage occurred, the eyes were excluded from the study.
After the procedure, antibiotic eye ointment (tobramycin) was applied topically.

In the experiments with pVC-LacZwP, 8 pigmented rabbits and 13 Brown Norway rats received
only sub-retinal injections. Right eyes received viral vector injection, and left eyes received an
equivalent volume of diluent (phosphate-buffered saline [PBS]). The rabbits were killed and
evaluated at 1 (3 rabbits), 2 (3 rabbits), and 4 (2 rabbits) weeks; the rats were killed and
evaluated at 1 week (3 rats), 2 weeks (3 rats), 4 weeks (3 rats), 18 months (2 rats), and 24.25
months (2 rats) after viral vector subretinal injections. Vector (40 μL of 1.5 × 107 TU/mL pVC-
LacZwP FIV) was subretinally injected into rabbit eyes, while 5 μL was injected into rat eyes.
The subretinal injection procedure was the same as described above for rabbits. For rats, an
entry hole was made 2 mm behind the limbus with a 27-gauge needle, diluted vector was loaded
into a 250-μL sterilized Hamilton syringe on the Hamilton repeating pipette dispenser system,
and 5 μL was injected into the subretinal space using a 20 × 41-gauge needle (Storz Ophthamics,
Inc.) on an extended tubing apparatus. On this pipette dispenser system, each actuation of the
dispense button delivers exactly 1/50th of the total capacity of the syringe to which it is
connected. Immediately after the injection, the location of retinal detachment was documented
in relation to the 12-o’clock position on the cornea and the optic nerve head. At the same time,
the area of the detachment was also documented as a fraction of the whole retina viewed with
the surgical microscope. After the injections, anterior segment congestion, lens clarity, vitreous
clarity,29 vitreous or retinal hemorrhage, and fundus were assessed and documented by slit-
lamp biomicroscopy and indirect ophthalmoscopy at day 1, day 3, week 1, week 2, week 3,
week 4, and then every other week until the animals were killed. Fundus photographs were
taken to illustrate normal and abnormal fundi at different time points. Full-field scotopic
electroretinograms were obtained before the animals were killed as described previously.30,
31 The animals were killed at scheduled time points after viral vector injection, and the globes
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were enucleated for histologic processing and immunohistochemical analysis for LacZ
detection.

Immunohistochemical Analysis and Pathology Study
After marking the 12-o’clock position of the globe by suture and globe enucleation, one half
of the cornea and the whole lens were removed, and the eye was immediately fixed in 0.5%
glutaraldehyde in PBS (30 minutes at 4°C). For LacZ staining, eyecups were washed with cold
PBS and incubated at 37°C for 4 hours in a solution of 1 mg/mL 5-bromo-4-chloro-3-indolyl-
β-D-galactopyranoside (X-Gal; Sigma Chemical Company, St. Louis, MO), 5 mmol/L K4Fe
(CN)6, 5 mmol/L K4Fe(CN)6–3H2O, 2 mmol/L MgCl2 in PBS. X-Gal–reacted eyecups were
washed in PBS, gross inspection was performed, and the findings were documented on our
standardized gross inspection sheet. Photographs were also taken of selected eyes. The globe
was then postfixed for 2 to 10 hours in a solution containing 2% paraformaldehyde/2%
glutaraldehyde in PBS pH 7.2 or in 4% paraformaldehyde in PBS pH 7.0 at 4°C. If the eye
received an intravitreal injection, the eyecup was cut into two halves through the 12-o’clock
position and through the optic nerve head. If the eye had subretinal injection, the eyecup was
cut into two halves through the middle of the bleb and through the optic nerve head. After a
brief rinse with PBS three times, one half was infiltrated in 30% sucrose overnight and then
frozen in OCT compound; the other half underwent graded dehydration and routine paraffin
infiltration.

The cells stained blue were counted, and the blue intensity was graded from neutral red–
counterstained serial cryosections (6 μm). At least 10 sections, 100 μm apart from each other,
were used to determine the percentage of cell staining. Each section used for cell counting
contained a full-length retina that began from the superior ora, crossed the posterior pole, and
ended at the inferior ora. The ratio of stained cells to non-stained cells was obtained from
averaging the number of RPE cells and ganglion cells that were easily identified according to
their location and morphology. For intravitreally injected eyes, the cell count was performed
from ora to ora; for subretinally injected eyes, the cell count was performed in the retinal bleb
area that was documented previously. The intensity of blue staining of the cells was graded as
3+ (dark blue staining), 2+ (moderate blue staining), or 1+ (weak blue staining) against a control
sample under ×400 magnifications. Each section was assigned one score for each cell type;
averaging the multiple counted sections yielded an average score for each cell type in each
eye.

Retinal toxicity and vitreous inflammation were evaluated from paraffin sections stained with
hematoxylin–eosin or from adjacent cryosections with hematoxylin–eosin staining. Vitreous
inflammation was measured by counting the number of inflammatory cells in the vitreous
cavity from the sections used for stained retinal cell counts under ×400 magnification.
Inflammatory cells were morphologically identified as macrophage or mononuclear cells,
lymphocytes, and granulocytes including neutrophils, eosinophils, and basophils. For each eye,
counts of multiple sections were averaged to obtain one number.

Results
Clinical Observations

No adverse impact on general health attributable to vector injection or any external eye
abnormality was observed in any animal during the course of these experiments. In the group
receiving the low-dose first-generation vector (pCTRZLb), indirect ophthalmoscopy 1 week
after inoculation revealed that the retinal bleb from the subretinal injection had subsided
without obvious chorioretinal scar or atrophy. A demarcation line was also observed in some
control eyes. One week after intravitreal injection, a mild localized vitreous haze was noted
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when compared with the control eyes. By 3 weeks after inoculation, 4 eyes that received 100
μL and 1 eye that received 40 μL had a variable hazy vitreous with white precipitates that was
accompanied by hyperemia and mild swelling of the optic nerve head. The precipitates and
optic nerve changes persisted for up to 4 weeks before resolution. By 8 weeks after inoculation,
fundus examination results were unremarkable. Similar changes were noted in animals
receiving high-dose pCTRZLb: a localized mild vitreous haze was found in 7 of 20 eyes 1
week after inoculation. Of these seven animals (seven eyes), three (three eyes) were killed 1
and 2 weeks after inoculation, and the remaining four eyes had variable white precipitates until
4 weeks after inoculation (the last time point for this substudy).

In the rabbit eyes that received subretinal injections of the second-generation FIV vector (pVC-
LacZwP), variable white precipitates under the retina and in the vitreous around the bleb
appeared 3 days after inoculation and then decreased over time. Subretinal white precipitates
disappeared around 1 week after injection, but the precipitates in the vitreous did not completely
disappear in all eyes before the end point of this experiment (4 weeks after inoculation). One
of these eyes developed optic nerve head hyperemia and swelling (Fig. 1; Table 1). Findings
for all the left eyes that received PBS injections were unremarkable. Electroretinogram results
are shown in Table 2. There was no difference in the parameters between vector and control
eyes except that the b-wave implicit was shorter in the vector-injected eyes than in the control-
injected eyes (P = 0.01, paired t-test).

In the rat eyes that received subretinal injections of pVC-LacZwP, no abnormalities were
observed throughout the entire experiment (24 months), compared with the fellow eyes that
received PBS injection. Of 13 rats, 9 were killed and evaluated between weeks 1 and 4; the
remaining 4 rats were evaluated 18 and 24 months after inoculation. The elevated bleb
disappeared on the third day with clear vitreous and normal retina. Electroretinogram results
for all the eyes were normal, and there were no differences in other parameters between eyes
injected with vector and control eyes (Table 2).

Retinal Cell Transduction and Transgene Expression
In the group receiving the low-dose first-generation vector, transgene expression could be
detected at 1, 6, 12, and 26 weeks after inoculation in RPE, ganglion, or Müller cells in only
4 of 24 vector-injected eyes, all of which received subretinal injections. No transgene
expression could be seen in eyes that received intravitreal injection of vector or control eyes
that received medium. Only scattered RPE cells (≈2%) within the subretinal bleb expressed
LacZ (Fig. 2), and the reporter transgene was also expressed by small numbers of ganglion and
Müller cells (<1%) near the bleb area (unstained Müller cells are difficult to identify, and the
transduction rate was estimated based on the number of blue-stained cells, with their frequency
compared with that of ganglion cells). Transduced cells displayed normal morphology,
including those from eyes enucleated 26 weeks after inoculation. In the group that received
the higher dose of pCTRZLb, 5 of 20 eyes injected with vector had transgene expression in
some retinal cell types; only eyes that received subretinal injection (5 of 10) had transgene
expression. The transduction rate for RPE cells was improved compared with that for eyes
receiving the lower dose of this vector (4.5% vs. 2%, respectively; P = 0.0486, Wilcoxon rank
sum test), but this rate was still low, with only scattered expressing cells observed.

In both rabbit and rat eyes that received subretinal injections of the second-generation vector
pVC-Lac-ZwP, 100% of the eyes had transgene expression in retinal cells within the retinal
bleb (Figs. 3 and 4). In both species, RPE cells were the predominant cell type transduced,
displaying intense blue staining (grade 3) up to 24 months after inoculation. The intensity of
the transgene expression and the percentage of RPE cell transduction did not diminish over
time. The average transduction rate of RPE cells ± SD for rabbits was 95% ± 5.3% and 95%
± 4.5% at 2 and 4 weeks after inoculation, respectively (P > 0.05, Student’s t-test; Fig. 5). For
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rats, the transduction rate of RPE cells ± SD was 47% ± 20% and 50% ± 16% at 2 weeks and
24.25 months, respectively (P > 0.05, Student’s t-test; Fig. 6).

Pathologic Evaluation of Safety and Toxicity
No toxicity was detected in retinal cells transduced with vector, all of which demonstrated
normal morphology. There were more inflammatory cells in the vitreous of vector-injected
rabbit eyes than in control eyes from the high-dose first-generation vector group (32 vs. 8,
respectively; P = 0.0472, t-test) until 4 weeks after inoculation. More inflammatory cells were
also found in vector-injected eyes than in control eyes in the low-dose group (35 vs. 19,
respectively), although the difference was not statistically significant (P = 0.28). Similarly,
rabbit eyes that received subretinal injections of the second-generation vector pVC-LacZwP
had more inflammatory cells in the vitreous than fellow eyes that received the control injection
(difference = 65; P = 0.009, paired t-test). In contrast, rat eyes that received subretinal injections
of pVC-LacZwP did not have any evidence of toxicity compared with their fellow eyes.
Inflammation in the rabbit vitreous of vector-injected eyes peaked around week 3 after the
vector injection and then subsided.

Discussion
Recently, FIV vectors have been used for delivering reporter genes or therapeutic genes into
the ocular cells of laboratory animals.23–27 These studies have demonstrated the potential of
FIV vector–mediated gene transfer into different ocular cell types, according to the method of
vector administration employed. The current study provides data on FIV vector transduction
(at different dose levels with two vectors) in two commonly used species of experimental
animals as well as the longest follow-up yet available of transgene expression and potential
toxicity. This work demonstrates that a high-titer second-generation FIV vector can efficiently
transfer the LacZ reporter gene into RPE and ganglion cells in both rabbit and rat eyes, as well
as into rabbit Müller cells, after subretinal vector administration. Persistent expression without
loss of transduced cells, chronic inflammation, or reduction of intensity of expression was
observed.

In rabbits, intravitreous or subretinal injection of both FIV vectors was associated with transient
vitreous and optic nerve inflammation without other evidence of toxicity. Inflammation peaked
3 weeks after inoculation and subsided without pathologic findings. Although
electroretinograms showed a shorter b-wave implicit time in vector-injected eyes, typically an
abnormal electroretinogram would show a longer implicit time, indicating the delayed signal
transmission. This change could be due to random fluctuation in this small sample size or to
direct or indirect (e.g., inflammatory) vector-induced changes in the status of the bipolar cell
membrane. This response was not seen in rat eyes; no ocular toxicity was seen during the
experiment. The rabbit eye is noted to be very sensitive to foreign substances and may be a
better way to assess the inflammatory potential of retinal gene therapy vectors, whereas many
vector studies to date have been performed in rodent eyes only.8,10,27,32,33 No inflammation
was observed in eyes with control injections in both species. It could be argued that the use of
an “empty” vector control would have been more desirable than use of medium or diluent as
a control, because this might allow the potential of the particular transgene to elicit
inflammatory responses to be assessed. However, it is technically difficult to assure
“equivalence” of concentration (titration must be performed using polymerase chain reaction)
of such control vectors.

Intravitreal injection in rabbit eyes did not produce any ocular cell transduction. Intravitreal
injection has previously been noted to be less efficient than the subretinal route.27,34 This is
likely due to the viscosity of the rabbit vitreous and the low concentration of the vector used
in these experiments. A dose response was clearly evident between low and high titers of the
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first-generation FIV vector, with the higher-titer vector leading to higher transduction rates, as
expected. The RPE was the dominant cell type transduced by the vector (up to 95% in rabbits
and 50% in rats with pVC-LacZwP). In rats, a few ganglion cells located near the injection site
were transduced in some eyes. Transduced retinal ganglion cells demonstrated normal
morphology. It is possible that vector leaking from the subretinal space at the injection site
created a local pocket of vitreous filled with a relatively high concentration of the viral vector,
driving transduction of adjacent ganglion cells. It is possible that without the thick cortical
vitreous barrier (e.g., after vitrectomy), intravitreal injection of the high-titer second-generation
FIV vector could lead to more efficient transduction of ganglion cells and, possibly, other inner
retinal cell types. No transgene expression was found in photoreceptor cells or in any anterior
segment cell types, unlike what has been reported for other vectors after intravitreal injection.
25,26 This difference may result from the use of different species or the age of the animal used,
8 differences in vectors or vector preparations used, or blocks to expression via FIV vectors in
certain cell types.35 In particular, the use of rat pups,27 known to be more susceptible to
transduction,8 rather than adult rats may not be comparable.

This selective targeting or high specificity for RPE cells might be dependent on the
pseudotyping envelope used (VSV-G), reflecting the density of receptor on RPE cells,
differences in efficiency of vector integration, or differential activity of the transgene promoter
(CMV-IE) in other retinal cell types. Selectivity for RPE cells could be a very useful property
for strategies to treat certain retinal diseases, such as choroidal neovascularization in age-
related macular degeneration, without interfering with other retinal cell functions. For example,
pigmented epithelium–derived factor is synthesized in the RPE and secreted into the subretinal
space to balance the action of vascular endothelial growth factor, inhibiting choroidal
neovascularization.36–41 Delivering the pigmented epithelium–derived factor gene into RPE
cells has been shown to inhibit choroidal neovascularization in a laser-induced choroidal
neovascularization rat model.42 Stable gene transfer to RPE cells and the persistent transgene
expression mediated by the second FIV vector described in the current study could have
important clinical applications. Second- or third-generation FIV vectors merit further testing
for safety and efficiency of therapeutic gene transfer in both small animal and eventually in
nonhuman primate models.
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Fig. 1.
Fundus photograph 4 weeks after subretinal injection of the second-generation feline
immunodeficiency virus vector showing white precipitates (white arrow) in the vitreous and
hyperemia of the optic nerve head (black arrow).
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Fig. 2.
Microscopic photograph of a rabbit eye 26 weeks after subretinal injection of the first-
generation feline immunodeficiency virus vector showing two groups of retinal pigment
epithelium cells stained blue with normal morphology and normal retina (original
magnification, ×62.5; cryosection, 10 μm; neutral red staining).
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Fig. 3.
Gross picture of a rabbit eye 4 weeks after subretinal injection of the second-generation feline
immunodeficiency virus vector showing the blue-stained round area (arrows) in the retina that
was the retinal bleb created by the subretinal injection (original magnification, ×49.5).
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Fig. 4.
Gross picture of a rat eye 18 months after subretinal injection of the second-generation feline
immunodeficiency virus vector showing the retinal bleb area stained blue (arrows). The optic
nerve head and major retinal vessels are visible with normal appearance. A 12-o’clock suture
(S) can be seen out of focus (original magnification, ×115).
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Fig. 5.
Microscopic photograph of a rabbit eye 2 weeks after subretinal injection of the second-
generation feline immunodeficiency virus vector showing continuous retinal pigment
epithelium cell blue staining with normal morphology (arrows) and artificially detached normal
retina in which some areas of the outer segment were lightly blue stained due to diffusion of
the transgene product from the adjacent retinal pigment epithelium (original magnification,
×100; paraffin section, 5 μm; neutral red staining).
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Fig. 6.
Microscopic photograph of a rat eye 24.25 months after subretinal injection of the second-
generation feline immunodeficiency virus vector showing retinal pigment epithelium (RPE)
cells stained blue (arrows) with normal morphology. The corresponding areas of the blue-
stained retinal outer segment and choroid to the RPE staining area were obviously from
diffusion of the transgene product from the RPE (original magnification, ×62.5; paraffin
section, 5 μm; neutral red staining).
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