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Abstract

Background Recombinant Sendai virus vectors (rSeV) constitute a new
class of cytoplasmic RNA vectors that have shown efficient gene transfer
in various organs, including retinal tissue; however, the related immune
responses remain to be overcome in view of clinical applications. We recently
developed a novel rSeV from which all envelope-related genes were deleted
(rSeV/dFdMdHN) and, in the present study, assess host immune responses
following retinal gene transfer.

Methods rSeV/dFdMdHN or conventional F-gene deleted rSeV (rSeV/dF)
was injected into subretinal space of adult Wistar rats or C57BL/6 mice.
The transgene expression and histopathological findings were assessed at
various time points. Immunological assessments, including the expression
of proinflammatory cytokines, natural killer (NK)-cell activity, as well as
SeV-specific cytotoxic T lymphocytes (CTLs) and antibodies, were performed
following vector injection,

Results rSeV/dFdMdHN showed high gene transfer efficiency into the
retinal pigment epithelium at an equivalent level to that seen with
rSeV/dF. In the early phase, the upregulation of proinflammatory cytokines,
local inflammatory cell infiltration and tissue damage that were all
prominently seen in rSeV/dF injection were dramatically diminished using
rSeV/dFdMdHN. NK cell activity was also decreased, indicating a reduction
of the innate immune response. In the later phase, on the other hand,
CTL activity and anti-SeV antibodies were similarly induced, even using
rSeV/dFdMdHN, and resulted in transient transgene expression in both

vector types.

Conclusions Deletion of envelope-related genes of rSeV dramatically
reduces the vector-induced retinal damage and may extend the utility
for ocular gene transfer; however, further studies regulating the acquired
immune response are required to achieve long-term transgene expression of
rSeV. Copyright © 2007 John Wiley & Sons, Ltd.

Keywords envelope-related genes; innate immune response; recombinant
Sendai virus; rerinal gene therapy

Introduction

Clinical trials of gene therapy as a new treatment strategy for ocu-
lar diseases, such as age-related macular degeneration or retinoblas-
toma, have demonstrated encouraging results [1,2]. One advantage of
the eyes for gene therapy is the anatomical fact of their being rela-
tively small and isolated organs, which enables efficient geme transfer
with a limited number of virus vectors and limited systemic exposure [3].
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Several vector systems are now available and have
made further modifications for successful gene therapy;
however, much investigation remains to be done to
establish its efficacy and safety.

Sendai virus (SeV) is an enveloped virus with a non-
segmented negative-strand RNA genome and is a member
of the family Paramyxoviridae. It contains six major
genes arranged in tandem on its genome: three virus-
derived proteins [nucleoprotein (NP), phosphoprotein
(P) and large protein (L)] form a ribonucleoprotein
complex (RNP) with the SeV genomic RNA, and
the RNP acts as a template for transcription and
replication. The other three envelope-related proteins
[haemagglutinin-neuraminidase (HN), fusion protein
(F) and marrix protein (M)] mediate the attachment of
virions, penetration of RNPs into infected cells, and virion
formation, respectively [4].

SeV makes use of sialic acid residue on surface
glycoproteins or asialoglycoprotein present as a receptor
[5.6], and SeV-derived vectors (recombinant SeV:
rSeV) have been shown to infect various types of
mammalian cells, such as airway epithelial, skeletal
muscle, ependymal and vascular endothelial cells, and
produce two- to three-fold log higher gene transfer
efficiency than adenoviral vectors or lipofection (7,8].
The gene transfer and expression take place in the
cytoplasm without a DNA phase in the life cycle [9],
avoiding possible malignant transformation due to genetic
alteration of host cells, which is a safety advantage
of rSeV. For use in human gene therapy, we have
constructed F-deficient rSeVs (rSeV/dF), which show
non-self-transmissible properties, as the first generation
of clinically available rSeVs [10]. This type of rSeV
still produces efficient gene transfer, and has been
employed since 1 February 2006 in an ongoing clinical
study of therapeutic angiogenesis for the treatment
of critical limb ischemia at Kyushu University after
approval by Institutional and Governmental Review
Boards.

In ocular tissue, transmissible-type rSeVs exhibited
efficient gene transfer to the retinal pigment epithelium
(RPE) of the rat rerina via subretinal injection; however,
the gene expression was markedly decreased 7 days after
injection [11]. The transgene expression was prolonged
by immunosuppressants, such as corticosteroids or
cyclosporine A, suggesting that host immune responses
play an important role in eliminating viruses. Despite
some advantageous features of rSeV in clinical gene
therapy strategies, the related immune responses against
SeV and the consequential tissue damage have been too
hazardous to expand its utility in some clinical settings,
especially for neurosensory tissues such as the retina.
Host immune responses remain almost unchanged with
the use of r8eV/dF (unpublished data), suggesting that
the first generation is still not applicable for retinal gene
therapy.

To enhance the safety and efficacy of this procedure,
we recently developed a new rSeV vector that is
deficient in all the membranous genes (rSeV/dFdMdHN),

Copyright © 2007 John Wiley & Sons, Lud.
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and succeeded in recovering this vector at high titers.
This vector has shown transduction efficacy equal to
that of rSeV/dF, and reduced cytototoxicity in vitro
and invive [12]. Furthermore, we recently found
that rSeV/dFdAMdHN significantly reduces host immune
responses in pulmonary gene transfer [13]. These vector-
related immune responses might be further reduced in
retinal gene transfer because the eye is known as an
immune privileged site [14,15]. To obtain preclinical
information regarding this new generation of rSeV in
retinal tissue, in the present study, we assessed the in vivo
gene transfer efficiency of rSeV/dFdMdHN into rat and
mouse retinas and the effect on host immune responses
in the early and late phases following vector injection.

Materials and methods
Recombinant Sendai virus vector

F, M and HN gene-deleted SeV vectors (rSeV/dFdMdHN)
and F gene-deleted SeV vectors (rSeV/dF) were con-
structed as previously described [10,12]. The enhanced
green fluorescent protein (EGFP) or firefly luciferase
gene was inserted between the P and L genes of
rSeV/dFdMdHN, and upstream of the NP gene of rSeV/dF.
The schematic genome structures of SeV vectors are
shown in supplementary Figure 1. The titers of recov-
ered viral vectors were expressed as cell infectious units
(ciu) [10]. We repeatedly confirmed the vector titers,
and the final products were also highly purified via chro-
matography.

Animals

Six-week-old male Wistar rats and 8-week-old female
C57BL/6 mice were maintained humanely, with proper
institutional approval, and in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and
Vision Research. All animal experiments were carried
out under approved protocols and in accordance with
the recommendations for the proper care and use
of laboratory animals by the Committee for Animals,
Recombinant DNA, and Infectious Pathogens Experiments
at Kyushu University and according to The Law (No.105)
and Notification (No.6) of the Japanese Government.

Gene transfer procedures

The subretinal injection of each solution was performed
as previously described with minor modifications [11,16].
Briefly, rats or mice were anaesthetized by inhalation
ether. The following procedures were then performed
using an operating microscope. A 30-gauge needle was
inserted into the subretinal space of the peripheral retina
in the nasal hemisphere via an external transscleral
transchoroidal approach. The vector solution (10 pl)
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(rSeV/dFdMdHN or rSeV/dF) or BSS: (137 mm NacCl,
5.3 mM KCl, 0.44 mM KHzPO4, 0.34 mM NazHPQO4 and
13 mMm Tris, pH7.6) was injected, and excess solution
from the injection site was washed out using phosphate-
buffered saline (PBS). Approximately 3 pul of solution
remained in the subretinal space (data not shown).
The appearance of a dome-shaped retinal detachment
confirmed the subretinal delivery. Eyes thar sustained
prominent surgical trauma, such as retinal or subretinal
haemorrhage or bacterial infection, were excluded from
this examination.

Detection and examination of GFP
expression using fundus camera

Ophthalmoscopy was performed at various time points
after gene transfer (days 2, 4, 7, 10 and 14) as previously
described [17]). To detect GFP in the rat retina, we
used a fundus camera (TRC-50X; Topcon, Tokyo, Japan),
which is widely available as a clinical tool for fluorescein
angiography.

Luciferase assay

Enucleated eyes were minced in 500 ul of 1x lysis
buffer with a protease inhibitor cocktail, and centrifuged,
after which 20 ul of the supernatants were subjected
to luciferase assay as previously described [11,18]. Light
intensity was measured by a luminometer (Model LB9507,
EG&G Berthold, Bad Wildbad, Germany) with 10-s
integration. The data are expressed as %RLU (relative
light unit) standardized by the mean value of each RLU
on day 2 following vector injection.

Histological examination

At each time point after gene transfer (days 2, 7 and
14), the eyes of animals injected with rSeV/dFdMdHN,
rSeV/dF or BSS were enucleated, and both paraffin and
cryosections were prepared. For paraffin sections, the
eyes were fixed with ice-cooled 4% paraformaldehyde in
PBS for 1 day at room temperature, and then mounted
in paraffin. For cryosections, the eyes were frozen in
liquid nitrogen. 5 pm-thick paraffin and cryosections were
stained with haematoxylin and eosin, and examined under
light microscopy.

Immunohistochemistry

Immunoperoxidase

Infiltrating inflammatory cells in the rat retina were
identified by immunohistochemistry. The frozen sec-
tions were incubated overnight at 4°C with primary
antibodies: anti-rat CD68 monoclonal antibody (1:150,
Mouse IgG1, Chemicon, Temecula, CA, USA) for mono-
cytes/macrophages, and anti-rat CD45 monoclonal anti-
body (1:150, Mouse 1gG1, Acris GmbH, Hidenhausen,

Copyright © 2007 John Wiley & Sons, Lid.
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Germany) for leukocytes. Then signals were developed
using the avidin-biorinylated peroxidase complex method.
For negative controls, the primary antibody was omitted.

Immunofluorescence

The localization of GFP expression was identified by
immunofluorescence technique. Deparaffinized sections
were incubated overnight at 4 °C with anti-GFP polyclonal
antibody (1: 300, Rabbit IgG, Molecular Probes, Eugene,
OR, USA). Anti-rabbit IgG-FITC (1:50, Bovine, Santa
Cruz, CA, USA) was used as a secondary antibody. All
sections were counterstained with DAPI and mounted
in Crystal/Mount. Immunofluorescence images were
acquired using an Olympus BXS51 microscope with a
fluorescent attachment (Olympus Corp., Tokyo, Japan).
For negative controls, the primary antibody was omitted.

Enzyme-linked immunosorbent assay
(ELISA)

The amounts of interleukin (IL)-18, IL-6, IL-10, interferon
(IFN)-y and tumor necrosis factor (TNF)-« in ocular tissue
and serum were determined by ELISA. Commercially
available assay systems were used (R&D Systems,
Minneapolis, MN, USA). For ocular tissue preparation,
conjunctival and muscular tissues were removed from
enucleated eyes. The eyes were washed with PBS, minced
with scissors in 500 pl of 1x lysis buffer with a protease
inhibitor cocktail, and centrifuged at 15000 r.p.m. for
5 min at 4°C. The supernatants were subjected to ELISA
according to the manufacturer’s instructions.

51Cr release assay for cytolytic activity
of natural killer (NK) cells and
cytotoxic T lymphocytes (CTLs)

Spleen cells were harvested from Wistar rats or C57BL/6
mice on day 2 after rSeV injection for NK cell-lysis
assay, and from CS57BL/6 mice on day 10 for CTL
assay, and contaminated erythrocyres were depleted by
0.83% ammonium chloride. For NK cell-lysis assay, the
splenocytes were directly used as NK effector cells. For
CTL assay, 4 x 10° splenocytes were cultured with 1 um
SeV-peptide (Sigma, St Louis, MO, USA; H-2°-restricted
peptide) in 1 ml of complete medium in a 24-well culture
plate. Two days later, 30 IU/ml human riIl-2 was added
to the medium. After 5 days, the cultured cells were
collected and used as CTL effector cells. Targer cells
[YAC-1, SeV-peptide pulsed EL-4, LCMV peptide (H-2%-
restricted peptide) pulsed EL-4 (for third party)] were
labelled with 100 uCi Nas*'CrO4 for 1.5h, and were
cultured with the spleen cells at various effector-to-target
cell ratios. After 4 h of incubation, radioactivities in the
culture supernatants were counted with an automatic
y-counter. The percentage of specific 'Cr release of
triplicates was calculated as: [(experimental cpm —
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spontaneous cpm)/(maximum cpm — spontaneous cpm)]
% 100, Spontaneous release was always <10% of maximal
Cr release (target cells in 1% Triton X-100).

Anti-SeV antibody

Anti-SeV antibodies in rat serum on day 30 after
gene transfer were evaluated by ELISA kit (Wakamoto
Pharmaceutical Co., Tokyo, Japan). Serum samples were
used for ELISA after appropriate dilutions.

In vitro cytotoxic assay with rSeVs

ARPE-19 cells were seeded in 96-well plates at
3000 cells/well in serum-free Dulbecco’s modified
Eagle’s medium-F12 and, 12 h later, either rSeV/dF or
rSeV/dFdMdHN was added to each well at indicated
concentrations. Forty-eight hours later, cell viability was
assessed by a modified MTT assay using Cell Counting
Kit-8 (Dojindo Laboratories, Kumamoto, Japan). Results
were caleulated as percentage viability standardized by
the mean value of control group without rSeV.

TUNEL staining

TUNEL and quantification of TUNEL-positive cells were
performed using Apoptosis Detection TACS TdT Kit (R&D
Systems) according to the manufacturer's instructions,
PE-conjugated streptavidin (1:50, BD Biosciences) was
used as a secondary antibody. The number of TUNEL-
positive cells in the ARPE-19 cells was counted in a
masked fashion.

Statistical analysis

All values were expressed as the mean £ SEM. Data
were analysed by one-way analysis of variance with
Fisher's adjustment. p < 0.05 was considered statistically
significant.

Results

Transduction efficiency of F, M and HN
gene-deleted recombinant SeV

To assess the transduction efficiency, we first injected
three different titers (2.5 x 108, 2.5x 107, 25x
108 ciu/ml) of rSeV/dFAMdHN expressing the EGFP
(rSeV/dFdMdHN-EGFP) into the subretinal space of rats,
and recorded GFP expression using a fundus camera
48 h after injection. The extent of GFP fluorescence corre-
sponded with the vector-injected area in the middle (2.5 x
107 ciu/ml) and high (2.5 x 10° ciu/ml) titer groups;
the expression level was dose-dependent (Figure 1a).
Moreover, the GFP expression by rSeV/dFAMdHN was
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approximately equal to that by rSeV/dF with the same
titer (Figures 1a and 1b). A histological assessment
demonstrated that the transgene expression was located
in the RPE layer (Figure 1c) as previously described
[11].

Next, we assessed the time course of transgene
expression in vector-injected eyes, monitored by firefly
luciferase expression. The data are expressed as %RLU
standardized by the mean value of each RLU on day
2 following vector injection. As shown in Figures 2a
and 2b, the luciferase expression in rSeV/dF-injected
eyes rapidly decreased to approximately 50% by day
4 in each titer group, whereas that in rSeV/dFdMdHN-
injected eyes was sustained at this time point (p < 0.05,
n = 6-7 each). However, a decline did occur on day 7,
and the luciferase expression by both rSeV vectors had
almost disappeared on day 14. We also confirmed the
transgene expression in the same eye by a fundus camera,
using GFP as a reporter. As with the results of luciferase
expression, the GFP expression by rSeV/dFdMdHN was
sustained until day 4, then decreased, and disappeared
by day 10 following vector injection; by contrast, that by
rSeV/dF showed a more rapid decrease (Supplementary
Figure 2).

These findings indicate that the deletion of all
membranous genes of rSeV might contriburte to the
delayed vector clearance, but does not result in persistent
transgene expression in the rat retina.

Histopathological comparison of
retinal tissue treated with rSeVs

To determine whether rSeV/dFAMdHN reduced the
immunogenicity in the rat retina, we conducted a
histopathological examination of the vector-injected eyes.
We injected a middle titer of rSeV/dFdMdHN-EGFP or
rSeV/dF-EGFP into the subretinal space and examined
the vector-injected site at various time points (days 2,
7 and 14). On day 2 following vector injection, only
a slight mononuclear cell infiltrate was seen around
the RPE layer in both vector types. On day 7, severe
infiltrate of inflammatory cells was found around the
RPE and choroid plexus, and the retinal structure was
significantly destructed by day 14 in eyes treated with
rSeV/dF; by contrast, the retinal inflammation and tissue
damage were remarkably reduced with rSeV/dFdMdHN
at each time point (Figure 3a). Immunohistochemical
studies revealed that both CD68-positive macrophages
and CD45-positive leukocytes decreased in number in eyes
treated with rSeV/dFAMdHN (Figure 3b). Similar results
were obtained in high-titer groups, although the extent
of inflammatory cells was more severe in the high-titer
groups (Figure 3c).

Moreover, the histopathogical findings of the retinal tis-
sue showed a eritical difference between rSeV/dFdMdHN
and rSeV/dF. The RPE layer did not break down in the
eye treated with rSeV/dFdMdHN, probably due to the
reduction of inflammatory responses and vector-related
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Figure 1. The GFP expression in the retinal fundus (a, b) and corresponding immunohistochemical findings (c) following

subretinal injection of rSeV/dFdMdHN or rSeV/dF. (a, b) Three different titers+(2.5+ 10% 2.5+ 107 and 2.5+

10® ciuw/ml) of

rSeV/dFAMdHN-EGFP (a) or rSeV/dF-EGFP (b) were injected into the subretinal space of the rat retina, and the GFP expression was
assessed by fundus camera on day 2 after injection. rSeV/dFdMdHN showed comparable GFP expression to rSeV/dF with the same
titer. (c) The results of immunchistochemical studies against GFP on day 2 after rSeV/dFdMdHN-EGFP injection (2.5+ 10® ciu/ml).
Note the strong staining in RPE (arrows), which was negative for control 1gG antibodies (data not shown). INL, Inner nuclear layer;

ONL, outer nuclear layer. Original magnification (c) » 200

cytotoxicity (Figures 3a and 3¢). As a result, inflamma-
tory cell infiltrare was not apparent over the RPE layer
(in the neuroretina), and the structure of the retinal
tissue was relatively preserved using rSeV/dFdMdHN
(Figures 3a, 3b and 3c).

These findings clearly indicate a significant reduction
of host immune responses and vector-induced retinal
damage in retinal gene transfer by rSeV/dFdMdHN.

Reduced proinflammatory cytokine
production and NK-cell cytotoxicity
following gene transfer with

rSeV/dFdMdHN
To determine the immune mechanisms underlying
the histological differences berween rSeV/dF and

hn Wiley & Sons, Ltd
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rSeV/dFdMdHN, we first evaluated the time course
of expression of typical proinflammarory cytokines
such as IL-18, IL-6, TNF-«, IFN-y and IL-10, which
are known to be upregulated by respiratory infection
with SeV [19]. ELISA revealed that the expressions
of IL-18 and IFN-y immediately
on day 2 following vector injection and sustained
by day 7 in that had injected with
rSeV/dF, whereas these eytokines were markedly reduced
in rSeV/dFdMdHN-injected eyes in each rtiter group
(Figures 4a and 4b, p < 0.05, Other
cytokines (TNF-«, IL-6 and IL-10) were not detectable
in the same samples (data not shown). In the
serum, no significant increase of these inflammatory
cytokines was seen during the time course (data not
shown).

were upregulated

eyes been

n = 5=7each).
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each rSeV in rat retina, The eyes injected with a middle titer
(2.5+ 107 ciu/ml) (a) or +high titer (2.5« 10® ciu/ml) (b) of
each rSeV vector expressing firefly luciferase were subjected
to luciferase assay. The data are expressed as %RLU (relative
light unit) standardized by the mean value of each RLU on
day 2 following vector injection. Note the delayed reduction of
luciferase expression with rSeV/dFEMAHN (day 4, n « 6-7 each;
“p < 0.05)

Next, we evaluated NK cell activities, which are a
crucial component of the innate immune response against
virus infection [20,21]. Two days after vector injection
or Poly 1: C administration, the splenocytes were isolated
and used for NK cell activity assay. Strong and significant
upregulation of NK cell activity was observed in rats
treated with high-titer rSeV/dF, as well as the positive
controls (poly 1:C), whereas no significant NK cell
activity was found in rats treated with rSeV/dFdMdHN
(Figure 5a). We also examined NK cell activities in
CS57BL/6 mice following subretinal injection of each
rSeV vector, and found reduced NK cell activity in
rSeV/dFdMdHN-treated mice (Figure 5b), as in the case
of Wistar rats.

Together with data demonstrated in Figures 2-5, it
has been suggested that, in eyes treated with rSeV/dF,
expression of proinflammatory cytokines and NK cell
activity are immediately increased within a few days,
resulting in local infiltration of inflammatory cells and
early vector clearance by days 4-7; by contrast, the
deletion of membranous genes of rSeV remarkably
attenuates these early responses, possibly contributing
to the dramatic reduction of retinal inflammation and
delay in vector clearance.

Copyright © 2007 John Wiley & Sons, Ltd.
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~ Assessment for adaptive immunity

against rSeVs

To evaluate the late-phase immune response against
rSeVs, we next examined both SeV-specific CTL activity
and antibody production. For CTL assay, we used C57BL/6
strain mice (H-2P), because the target amino acid residue
of CTL against SeV has been identified as NP321-336 in
this strain. Ten days after vector injection, the splenocytes
were isolated, cultured with SeV-peptide and IL-2, and
used for CTL assay. By contrast to NK cell cytotoxicity,
CTLs from mice treated with rSeV/dFdMdHN showed
strong cell lysis activity, which was higher than those
from rSeV/dF-treated mice in each titer group (Figure 6a,
left panel). As a control experiment, third-party peptide
(lymphocytic choriomeningitis virus, LCMV) was used asa
target, and no significant release was observed (Figure 6a,
right panel).

Next, we evaluated the serum levels of anti-SeV
antibody 4 weeks after each vector injection using ELISA.
As shown in Figure 6b, no significant reduction in serum
levels of anti-SeV antibody was found in both rats and
mice treated with rSeV/dFdMdHN in each titer group
(n = 3-5 each).

These findings suggest that the deletion of membranous
genes of SeV have no significant effect on adaptive
immune response, leading to the vector clearance by
day 14 after injection as shown in Figure 2.

Reduced cytopathic effect of
rSeV/dFdMdHN in vitro

Infection by rSeV causes some cytopathic effects and
induces apoptosis in some types of cells [22]. As a
final assessment, we examined the cytopathic effects
of each rSeV on ARPE-19 cells, a human RPE-derived
cell line, We cultured ARPE-19 cells in the presence
of each rSeV and assessed the cellular viability after
48 h of culturing. A mild but significant reducrion of
cellular viability was found in cells with rSeV/dF in a
dose-dependent manner, but not with rSeV/dFdMdHN
(Figure 7a, p < 0.01, n = 4 each). Terminal dUTP-nicked
end labelling (TUNEL) stain revealed that infection with
rSeV/dF induced apoptosis in 10.9 + 1.3% of ARPE-19
cells. By contrast, infection with rSeV/dFdMdHN almost
completely suppressed the appearance of TUNEL-positive
cells (1.4+0.2%) (Figures 7b and 7¢c, p < 0.01, n=5
each).

In addition to the effect on inflammatory responses,
these data suggest that rSeV/dFdMdHN reduce the
cytotoxicity and suppress the apoptosis of infected
cells.

Discussion

In the present study we characterized in vivoe retinal
gene transfer using a new-generation Sendai virus vector
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Figure 3. Histopathological (a, ¢) and immunchistochemical (b) findings of rat eyes injected with each rSeV. (a) Longitudinal
sections of eyes injected with a middle titer (2.5« 107 ciu/ml) of rSeV/dFAMJAHN-EGFP or rSeV/dF-EGFP on days 2, 7 and 14
after gene fer. The eyes d with rSeV/dF showed severe inflammation around RPE and choroid plexus peaked on day 7
and tissue destruction on day 14, Note the marked reduction of inflammatory cell infiltrate in the rSeV/dFdMdHN-injected eyes.
[ histochemical findings in serial sections on day 7. Positive reaction (brown staining) of CD68" and CD45" cells are
demonstrated. Note that'some CD68° and CD45" cells infiltrate into the neuroretina in rSeV/dF-injected eyes (arrows) but not
in rSeV/dFdMdHN-injected eyes, (c) Histopathological and i histochemical findings of rat retina injected with a high titer
(2.5+ 10® ciu/ml) of rSeV vectors on day 7. Arrows indicate the infilkration of CP68+ and CD45+ cells into the neuroretina.

Original magnifications (a, b, ¢) + 200

from which all membranous genes had been deleted,
and compared the results with those using rSeV/dF, the
presently available clinical vector. The major findings
provided by our study were that: (i) subretinal injection of
rSeV/dFdMdHN resulted in efficient transgene expression
in RPEs, in a dose-dependent manner; (if) a delay in vector

Copyright © 2007 John Wiley & Sons, Ltd,

clearance in the rerina was observed approximately 4 days
after gene transfer, but the transgene expression was
diminished by day 14; (iii) histopathologically, the local
infiltration of inflammatory cells was decreased, and the
RPE layer and retinal structure were well preserved; (iv)
both the early production of proinflammatory cytokines
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Figure 3. (Continued)

and NK cell cytotoxicity were significantly reduced,
indicating a reduction of the innate immune response;
and (v) significant levels of SeV-specific CTL and antibody
were nevertheless induced. The most important advance
of this report is that membranous gene-deleted rSeV
significantly reduces retinal damage following gene
transfer because the retina is a neuronal tissue and its
regenerative capacity is limited.

It is of interest that no significant infiltration of
inflammatory cells was observed over the RPE layer (in the
neuroretina) in rSeV/dFdMdHN-injected eyes (Figures 3b
and 3c). By contrast, the retina was extensively inflamed
and underwent degeneration with rSeV/dF. We found
that the deletion of all membranous genes of rSeV
significantly reduced the cytopathic effect in ARPE-19
cells which are human RPE-derived cells (Figure 7a),
as reported in other cell types in previous report [12].
In addition, the apoptosis of ARPE-19 cells, which
was seen in rSeV/dF infection, was almost completely
suppressed in use of rSeV/dFdMdJHN (Figures 7b and 7¢).
Because RPE is part of the blood-eye barrier and
limits the access of blood components to the retina
[23], one reason for these histological differences
might be explained by the difference of cytotoxicity
to RPE. Furthermore, RPE cells have many important
functions in maintaining homeostasis of the outer retina
[24], and so it is necessary to retain the functions
in retinal gene transfer targeting RPE. Together with
the reduction of local inflammatory responses, the
retinal structure is preserved in eyes treated with
rSeV/dFdMdHN.

We demonstrated that the deletion of all membra-
nous genes of rSeV resulted in the reduction of proin-
flammatory cytokine production and NK cell cytorox-
icity; however, the cellular and molecular mechanism
was not precisely elucidated in the present study. For

Copyright © 2007 John Wiley & Sons, Ltd,
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Figure 4. Assessment of proinflammatory cytokines in eyes
injected with each rSeV. Protein level of IL-18 (a) and IFN-y
(b) in whole eyes was assessed on day 2 and 7 after vector
injection by ELISA. The production of IL-18 and IFN-y was
reduced in rSeV/dFAMdHN-EGFP-injected eyes at each time
point (n+ ‘5-7 each; 'p < 0.05, * p < 0.01, rSeV/dFdMdHN-
versus rSeV/dF-injected eyes). No IL-18 or IFN-y were detected
in the BSS-injected eyes
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Figure 5. Assessment for NK cell activity in animal

d with each rSeV, Two days after vector injection or poly 1:C

administration, spleen cells were harvested from rats (a) or mice (b) treated with BSS (- ), rSeV/dF-EGFP (2.5+ 107 ciu/ml) (A),
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NK cell cyrotoxicity, our findings are well-supported
by invitro experiments indicaring the recognition of
the SeV HN protein by NK p44 and p46, the lysis-
triggering receptors of NK cells [20,21], For induction
of proinflammatory cytokines, it is well known that host
pattern-recognition receptors, such as Toll-like recep-
tors (TLRs), have an important role after viral infection
[25]). In paramyxoviruses, several studies have shown
that the envelope proteins (e.g. the respiratory syncy-
tial virus F protein and the measles virus haemagglu-
tinin protein) bind TLRZ and TLR4, respectively, and
trigger production of a variety of cytokines, such as
IL-18 [26,27]. Our findings suggest that there are sim-
ilar mechanisms in the recognition of SeV envelope
proteins. Further studies are required to clarify this
point.

The late-phase reduction of transgene expression by
rSeV/dFdMdHN, illustrated in Figure 2, probably relates

Coyright © 2007 John Wiley & Sans, Led.

to the development of SeV-specific adaptive immunity,
especially the CTL response, Hou et al. [28] reported that
the CTL activity peaked on day 10 after SeV infection,
and CD 8-positive T lymphocytes play a predominant
role in virus clearance in the murine lung. We expected
the tolerated immune responses against rSeV/dFdMdHN
in ocular tissue because tolerance to foreign antigens is
induced in the anterior chamber, vitreous cavity and
subretinal space [14,29]; however, the present study
revealed that a significant level of CTL response against
SeV was induced in retinal gene transfer, as well as that
seen in lung tissue [13]. In addition, the extent of CTL
activity when using rSeV/dFdMdHN was stronger than
that using rSeV/dF. Kast et al. [30] reported that the major
reaction of SeV-specific CTL is directed against the NP
protein. Because the gene expression by rSeV/dFdMdHN
was sustained by day 4 (Figure 2), the higher CTL
response may be explained by the sustained expression
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Figure 6. Assessment for SeV-specific adaptive i resp following subretinal injection of each rSeV. (a) The CTL activity
of C57BL/6 mice treated with rSeV was d with a dard *!Cr-release assay. Ten days after subretinal injection,

spleen cells were harvested from mice treated with rSeV/dF-EGFP (2.5+ 107 ciw/ml) (A), rSeV/dF-EGFP (2.5+ 10° ciu/ml) (00),

rSeV/dFdMdHN-EGFP (2.5+ 107 ciu/ml) (A), or rSeV/dFAMAHN-EGFP (2.5+ 10" clu/ml) (m). C

1s included BSS-injected mice

(+ ). LCMV peptide was also used as a third-party (right panel). Note the stronger cell lysis activity in rSeV/dFdMdHN-treated
mice at the same titer (left panel). The figure shows results from one of three similar experiments. (b) The production of anti-SeV
antibodies 4 weeks after vector injection was assessed by ELISA. No significant difference could be found between the two types of

vectors (n + 3-5 each)

of NP proteins. For further improvement of this vector
system, we are now aiming to introduce murations on the
NP gene to modify the CTL response.

The duration of gene expression by rSeVs is transient
in the present design; however, rSeV-mediated gene
transfer has demonstrated efficient therapeutic effects
in many animal medels, including established tumor
models. For example, the boost of IL-2 via intracerebral
injection of rSeV resulted in a significant antitumor
effect on brain tumors combining with peripheral
vaccination [31]. In addition, we recently found that
rSeV efficiently infects and activates dendritic cells, and
the intratumor injection of rSeV-modified dendritic cells
(DCs) has been shown to have a strong antitumor effect
associated with enhanced CTL responses [32]. These
rSeV-based cancer immunotherapies have demonstrated
superior antitumor effects over the existing strategies.

Copyright © 2007 John Wiley & Sons, Lud.

Thus, we are now assessing whether rSeV-based gene
therapy could be an adjuvant therapy for bilateral
retinoblastoma because its management is still difficulr
in some cases despite multimodal treatment approaches
[2,33].

In conclusion, the present study showed that membra-
nous gene-deleted rSeV retained efficient gene transfer
and remarkably reduced the host innate immune response
in ocular tissue, Moreover, vector-related retinal dam-
age found using the previous SeV vector system was
dramarically improved. These findings may extend the
utility of this new vector system for retinal gene trans-
fer, although the acquired immune response remains to
be overcome for long-term transgene expression of rSeV.
Therefore, further studies refining this vector system are
required for the clinical availability of rSeV for ocular
diseases.
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