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Since standard aminoglycoside treatment progressively
causes hearing disturbance with hair cell degeneration,
systemic use of the drugs is limited. Adeno-associated virus
(AAV)-based vectors have been of great interest because
they mediate stable transgene expression in a variety of
postmitotic cells with minimal toxicity. In this study, we
investigated the effects of requlated AAV1-mediated glial
cell line—derived neurotrophic factor (GDNF) expression in
the cochlea on aminoglycoside-induced damage. AAV1-
based vectors encoding GDNF or vectors encoding GDNF
with an rtTA2s-S2 Tet-on regulation system were directly
microinjected into the rat cochleae through the round
window at 5 x 10'° genome copies/body. Seven days after
the virus injection, a dose of 333 mg/kg of kanamycin was
subcutaneously given twice daily for 12 consecutive days.
GDNF expression in the cochlea was confirmed and suc-
cessfully modulated by the Tet-on system. Monitoring of
the auditory brain stem response revealed an improve-
ment of cochlear function after GDNF transduction over
the frequencies tested. Damaged spiral ganglion cells and
hair cells were significantly reduced by GDNF expression.
Our results suggest that AAV1-mediated expression of
GDNF using a regulated expression system in the cochlea
is a promising strategy to protect the cochlea from
aminoglycoside-induced damage.

Received 12 May 2007; accepted 15 November 2007; published online
8 January 2008. doi:10.1038/s{.mt.6300379

INTRODUCTION »

Aminoglycoside antibiotics are frequently used in empiric ther-
apy for serious infections, such as septicemia, complicated intra-
abdominal infections, complicated urinary tract infections, and
nosocomial respiratory tract infections. However, it is well known

that aminoglycosides are associated with severe side effects, such
as ototoxicity and nephrotoxicity, which attack the cochlea or
vestibule and destroys the auditory and vestibular hair cells that
pass information to the auditory nerve.! In addition, aminogly-
cosides predominantly destroy the outer hair cells by ototoxicity.
Although the exact mechanism of damage is not well established,?
aminoglycoside-induced hair cell loss results in a permanent hear-
ing deficit® that can progressively occur 6 months to a year after
exposure to these drugs. Therefore, the development of a strategy
to prevent aminoglycoside-associated ototoxicity before adverse
events occur is a critical issue in clinical settings.

The expression of a transgene using viral vectors is a potential
approach to introduce neurotrophic factors into the cochlea to
prevent and treat aminoglycoside-induced hearing loss. However,
most of the currently used vectors, such as adenovirus vectors or
herpes simplex virus vectors, have an associated vector-related
cytotoxicity.** Hence, adeno-associated virus (AAV) vectors may
be good candidates for gene transfer into the cochlear cells because
of their efficient transduction and their safety and potential in
long-term expression.® We have previously demonstrated that an
AAV1-based vector efficiently transduced the inner hair cells, the
spiral ganglion cells, and many other types of cells.” Therefore, an
AAV1-based vector should successfully introduce secretory pro-
teins, such as glial cell line-derived neurotrophic factor (GDNF),
into the cochlea to prevent aminoglycoside-induced ototoxicity.

GDNE, a member of the transforming growth factor § fam-
ily, was initially identified as a survival factor for mid-brain dopa-
minergic neurons and for a wide range of neuronal populations
in the central and peripheral nervous systems.>'® Although it is
still unclear whether GDNF protects against ototoxicity, sustained
infusion of recombinant GDNF protected the cochlear structure
and function from noise- and drug-induced damage and stress,"'-*3
although its half-life is very short. However, an overdose of GDNF
was shown to enhance the sensitivity of the cochleae to insult and
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to destroy cochlear function.'? Furthermore, it has been reported
that testicular tumors are formed in GDNF-overexpressing mice.'
Therefore, an appropriate regulation system is required to realize
the therapeutic benefits of GDNF expression.

Regulated transgene expression has been successfully achieved
in various gene therapy experiments using the Tet system.?*-?
Notably, tetracycline derivatives, such as doxycycline (Dox), acti-
vate the Tet-on system at doses 100-fold lower than tetracycline.
Furthermore, the reverse Tet-responsive transcriptional activator
(rtTA) series were improved through the generation of variants
called rtTA2s-S2, which showed lower leakiness and better indu-
cibility in HeLa cells and mice.?*

In this study, we describe in vivo therapeutic experiments uti-
lizing AAV'1 vector-mediated tetracycline-regulated expression of
GDNF in cochleae. We demonstrate that AAV1 vector-mediated
GDNF expression protects sensory cells in the inner ear from
drug-induced degeneration.

RESULTS
Expression and distribution of transgene
in the cochlea
AAV1-EGFP or AAV1-GDNF containing either the enhanced
humanized green fluorescent protein (EGFP) gene or the GDNF
gene under the control of the CAG (human cytomegalovirus
(CMV) immediate-early enhancer and Chicken f-actin pro-
moter) promoter, and the Woodchuck hepatitis virus posttran-
scriptional regulatory element (WPRE) (Figure 1a), was injected
into the cochlea. The GDNF protein level in the perilymph was
measured by enzyme-linked immunosorbent assay (Figure 2a).
There was a significant increase in GDNF concentration in the
cochlea transduced with AAV1-GDNE The widespread distribu-
tion of the GDNF expression was observed in the cochlea, includ-
ing the spiral ganglion and the inner hair cells (Figure 2b).

To examine the possible transduction of the contralateral ear
with the virus diffusion, we analyzed the AAV vector-meditated
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Figure 1 Schematic representation of the viral vectors used in this
study. (@) An adeno-associated virus 1 (AAV1)-based vector was con-
structed using the CAG promoter to drive enhanced green fluorescent
protein (EGFP) or mouse glial cell line-derived neurotrophic factor
(GDNF) with a FLAG tag (GDNFflag). The Woodchuck hepatitis virus post-
transcriptional regulatory element (WPRE) was inserted into the 3" end
of the transgene cassette. (b) The transactivator rtTA2s-S2 is under the
control of the CMV promoter. The minimal CMV promoter (PminCMV)
induces transgene expression (EGFP or GDNFflag) in combination with
the Tetracycline-responsive element (TRE) and transactivator. CAG, human
cytomegalovirus immediate-early enhancer and Chicken g-actin promoter;
CMV, cytomegalovirus immediate-early promoter; pA, the simian virus 40
polyadenylation sequences; ITR, inverted terminal repeat from AAV2,
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transgene expression of the rodents with this transduction
approach using the optical bioluminescence imaging. Luciferase
expression was mainly detected at the injected side of the
cochleae (5,370.3 photons/sec/cm?/sr, Supplementary Figure S1).
Interestingly, the AAV vector also transduced the contralateral
ear (876.8 photons/sec/cm?/sr), along with the brain (792.9 pho-
tons/sec/cm?/sr). Similar results were obtained with repeated
experiments.

Preservation of the hair cells and spiral ganglion

cells in the cochlea

Hair cellloss in the whole-mount cochleae of all the tested rat groups
was analyzed by F-actin staining with rhodamine-phalloidin.
Figure 3a shows a representative dissection through the second
turn of the rat cochlea, in which a full complement of hair cells is
revealed by F-actin phalloidin staining. In the vehicle-treated control
group, outer hair cells in the base and middle turn were drastically
lost after kanamycin treatment (Figure 3b). In the AAV1-GDNF/
kanamycin-treated group, successful protection of the hair cells in
the cochlea was observed (Figure 3c). In the contralateral cochlea,
some of outer hair cells were also protected (Figure 3d). The spiral
ganglion cell loss in the basal turn of the cochlea was assessed using
4’,6-diamino-2-phenylindole dihydrochloride staining (Figure 4a
and b). Survival of the spiral ganglion cells in the AAV1-GDNF
injected cochlea was significantly improved compared to that in the
AAV1-EGFP injected cochlea (Figure 4c).

Protection of cochlear function by GDNF
Auditory brain stem response (ABR) recordings of the amino-
glycoside-treated animals were performed to examine hearing

a 700
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GDNF concentration of
perilymph (pg/m!)

Figure 2 Expression and distribution of transgene in the cochlea.
(a) Cochlear glial cell line~derived neurotrophic factor (GDNF) expres-
sion levels were measured by enzyme-linked immunosorbent assay in the
transduced rats. GDNF expression level of the perilymph in the AAV1-
GDNF/kanamycin group was significantly higher than that in the control
group (n =5, P < 0.001). (b) tmmunchistochemistry was performed to
analyze the expression of the GDNFflag in the rat cochlea. The AAV1-
EGFP-transduced cochlea was used as a control (left). Cochlear sections
were prepared after AAV1-GDNF injection and kanamycin administra-
tion. GDNflag expression was detected in the cochlea with an anti-FLAG
antibody (right). Scale bar = 25um; x400. AAV1, adeno-associated
virus 1; EGFP, enhanced green fluorescent protein.
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Figure 3 Preservation of the hair celis in the transduced cochlea. Hair
cell loss in the cochiea of transduced rats was analyzed by F-actin stain-
ing. The dissected samples were dissected from the middle turn of the
cochlea. The adeno-asssociated virus 1 (AAV1) vector was injected into
the scala tympani of the cochlea prior to 12 days of kanamycin adminis-
tration. (a) The normal cochlea. (b) The cochlea from the vehicle-treated
ear; the many dark spaces represent the loss of outer hair cells. (¢) The
cochlea from the AAV1-GDNF-transduced ear. (d) The cochlea from the
contralateral ear of AAV1-GDNF transduced rats. GONF, glial cel} line-
derived neurotrophic factor.
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Figure 4 Survival of the spiral ganglion cells in the transduced
cochlea. AAV1-GDNF-mediated rescue of the kanamycin-induced
damage to the rat spiral ganglion neurons (SGNs): 4’,6-diamino-2-
phenylindole dihydrochloride (DAPI) staining was performed on the
sections obtained from the rat pretreated with either AAV1-EGFP or
AAV1-GDNF, followed by kanamycin injections. (a, b) Representative
photomicrographs of the cryosections showing the basal turn of the
cochlear spiral (a, AAV1-EGFP; b, AAV1-GDNF). (c¢) The number of
DAPI-positive large-nucleus cells that exhibited SGN morphology was
counted. An asterisk denotes a statistically significant difference between
the AAV1-GDNF and AAV1-EGFP-transduced rats (t-test, P < 0.001).
AAV1, adeno-associated virus 1; EGFP, enhanced green fluorescent
protein; glial cell line-derived neurotrophic factor.

impairment. At all frequencies tested, both GDNF-transduced
and contralateral, untreated ears showed a significant improve-
ment in the threshold shifts compared to the ears transduced with
EGFP (n = 5, P < 0.05) (Figure 5). In the EGFP group, there was
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Figure 5 Protection of cochlear function by glial cell line-derived
neurotrophic factor GDNF. Auditory brain stem response (ABR) thresh- |
old shifts (mean + SD) of the (a) treated and (b) untreated ears at each
tested frequency in the enhanced green fluorescent protein (EGFP) and
GDNF transduced rats. The ABR threshold was measured twice in all
the animals. The ears treated with AAV1-GDNF showed a significant
improvement in the threshold shifts compared to the ears treated with
AAV1-EGFP at all frequencies tested (n = 5, P < 0.05). Arrows indicate
the average ABR thresholds that exceeded the output power of the ABR
apparatus. AAV1, adeno-associated virus 1.

no significant difference in the ABR threshold shifts between the
transduced and contralateral, untreated cochleae at all frequencies
tested. Animals transduced with the AAV1-GDNF demonstrated
lower ABR threshold shifts in the injected side compared to the
contralateral side (at 12, 16, 20, 24 kHz; P < 0.05). These data indi-
cate that both ears were protected even if the AAV1-GDNF was
only injected into one ear.

Induced transgene expression _

Two hundred and ninety three cells were transduced with the
proviral plasmid harboring rtTA2s-S2 and the tetracycline-
responsive element (TRE) to express the EGFP gene (Figure 1b).
In the presence of Dox, a significant level of fluorescence was
detected, suggesting that the rtTA2s-S2 system could switch on
transcription following Dox treatment (Figure 6a). In contrast,
reporter gene expression in the cultured cells was faint in the
absence of Dox, indicating a low basal activity in vitro. Western
blot analysis of GDNF showed that the transgene was induced
in the presence of Dox, while no expression was detected in the
absence of Dox (Figure 6b).

In vivo induction of GDNF expression and

the dose-response to Dox

Enzyme-linked immunosorbent assay analysis of the GDNF
expression level in muscle also showed low basal activity and
induced expression after Dox treatment (Figure 6c). In the
absence of Dox, the expression level of GDNF in the AAV2-
$2-GDNF group was as low as that in the phosphate-buffered
saline and AAV2-LacZ groups. On the other hand, significant
increases in the GDNF level were observed in the muscle with
increasing amounts of Dox, demonstrating that the rtTA2s-S2
system induces gene expression in a dose-dependent manner.

Inducible GDNF expression in the cochlea

Extensive inducible GDNF transgene expression was confirmed by
immunohistochemistry using an anti-FLAG-antibody in the AAV1-
S2-GDNF/kanamycin group in the presence of Dox (Figure 7).
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Figure 6 Induction of the transgene expression. (a) HEK293 cells
were transfected with the proviral plasmid pAAV2-riTA-52-TRE-d2EGFP,
and the expression of enhanced green fluorescent protein (EGFP) was
induced by the doxycycline (Dox) (1 pug/ml). (b) Western blot analysis
with an anti-FLAG antibody to detect the glial cell line—derived neu-
rotrophic factor (GDNF) expression in the transduced 293 cells with
the proviral plasmids. pAAV2-GDNF (lane 1), pAAV2-EGFP (lane 2),
PAAV2-rtTA25-S2-TRE-GDNF with Dox (lane 3), and pAAV2-rtTA2s-S2-
TRE-GDNF without Dox (lane 4). (c) Dose-response of GDNF in the
AAV2-52-GDNF-injected muscle to the various concentrations of Dox.
Mice were injected with phosphate-buffered saline (PBS), AAV2-LacZ, or
AAV2-52-GDNF followed by Dox administered in the drinking water. The
mean muscle GDNF concentration in the animals treated with the AAV2-
$2-GDNF in the absence of Dox was not significantly different compared
to the animals treated with PBS or AAV2-LacZ (P > 0.05). The GDNF
expression levels in the animals transduced with the AAV2-S2-GDNF
significantly increased with increasing Dox concentration (P < 0.05).
AAV1, adeno-associated virus 1.

In contrast, no detectable GDNF expression was observed in the
cochlea of the AAV1-S2-GDNF/kanamycin group in the absence of
Dox (data not shown).

Protection of cochlear function with induced
GDNF expression
To evaluate the adverse effects of the transduction procedure, ABR
recordings were performed on kanamycin-free rats after injection
of the inducible AAV1-52-GDNF vectors and Dox administration.
At all frequencies tested, no significant increase in the ABR thresh-
old was observed after virus injection (Figure 8a). This result indi-
cates that AAV1 vector injection, transgene expression, and Dox
administration did not affect the ABR threshold of the experimen-
" tal rats. Interestingly, even if AAV1-52-GDNF was injected into the
cochlea of one ear, the cochleas of both ears were protected in the
presence of Dox. In particular, the ABR threshold shifts were sig-
nificantly improved in both the AAV1-52-GDNF-injected cochlea
of the kanamycin-treated rats in the presence of Dox (Figure 8b)
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Figure 7 Expression of the GDNFflag in the rat cochlea. (a, b, ¢) The
sections were sampled after the AAV1-52-GDNF injection into the cochlea
in the presence of doxycycline. GDNFflag expression was detected using
an anti-FLAG antibody. (d) Samples from AAV1-EGFP-inoculated cochlea
were analyzed as the negative control. Scale bar = 25 pm; x400. AAV1,
adeno-associated virus 1; GDNF, glial cell line-derived neurotrophic
factor; EGFP, enhanced green fluorescent protein.
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Figure 8 Protection of cochlear function with induced glial cell line-
derived neurotrophic factor (GDNF) expression. (a) Auditory brain
stem response (ABR) thresholds (mean + SD) at each frequency tested in
the AAV1-S2-GDNF-injected rat cochlea in the presence of doxycycline
(Dox). No significant difference in the hearing thresholds was observed
at each frequency between preinjection and postinjection. SPL, sound
pressure level. ABR threshold shifts (mean + SD) at each tested frequency
in the (b) transduced or (¢) nontransduced cochlea with or without Dox.
Significant differences in the hearing threshold shifts were observed at
each frequency between AAV1-S2-GDNF cochlea in the presence and
absence of Dox (n = 5, P < 0.05). Arrows indicate the average ABR
thresholds that exceeded the output power of the ABR apparatus.

and the cochlea of the noninjected contralateral ear {Figure 8c).
However, the ABR threshold shifts at all frequencies were signifi-
cantly lower in the treated group (AAV1-52-GDNF/kanamycin
plus Dox) than in the contralateral, untreated ear.

DISCUSSION

In this study, we showed that both sustained and regulated AAV1-
mediated GDNF expression protected the cochlear function of
rats from aminoglycoside-induced ototoxicity. Indeed, damaged
spiral ganglion cells and hair cells were significantly reduced by
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regulated GDNF expression. The ABR monitoring revealed that
there was no loss of the cochlear function over the frequencies
tested after AAV vector injection and Dox treatment. These data
suggest that regulated expression of GDNF in the cochlea efficiently
preserves the cochlea from kanamycin-induced ototoxicity.

Among the various viral vector systems, the recombinant
AAV-mediated gene transduction system offers several impor-
tant advantages as a tool for direct somatic gene delivery into the
cochlea. These include long-term stable expression of therapeutic
genes in a wide variety of postmitotic tissues and minimal vector-
related cytotoxicity.” In our previous report, we demonstrated the
effective transduction of mouse cochleae with the AAV1-based
vectors.” Generally the therapeutic effectiveness depends on an
appropriate concentration and the half-life of the molecules. AAV
vector-mediated gene transfer is a promising delivery technique
to facilitate a long-term and chronic supply of therapeutic proteins
that have a short half-life, such as GDNE Furthermore, when the
CAG promoter is used, efficient transduction activity is observed
in the cochlear cells including the inner hair cells and spiral
ganglion cells.”®

Our data showed that AAV1-GDNF-mediated transduction
of the rat cochleae provided significant protection of the cochlea
against aminoglycoside-induced damage. This finding is consistent
with previous studies that have used adenovirus-mediated GDNF
expression’*'*'¢ and demonstrates the feasibility of gene therapy
with AAV1-based vectors for drug-induced hearing loss. Although
the exact mechanism has not yet been elucidated, antioxidant path-
ways might be involved in the protective function of GDNF in the
inner ear.”” Free-radical formation following exposure to amino-
glycoside is considered one of the major mechanisms to explain the
aminoglycoside-related hair cell death."**! It has been previously
shown that GDNF is endogenously synthesized in the inner hair
cells and spiral ganglion cells of the cochlea,’? and the two known
GDNF receptors are present in the spiral ganglion.”#2% In the pres-
ent study, we inoculated the cochlea with the AAV1 vectors via the
round window membrane and detected a high level of transgene
expression mainly in the inner hair cells and spiral ganglion cells.
The AAV1-mediated GDNF expression pattern was similar to that
of the endogenous protein; therefore GDNF supplemented in situ
can play a substantial role in protection. Although the transduc-
tion of the GDNF gene was not observed in outer hair cells, GDNF
levels in the perilymph of the manipulated cochleae was much
higher than in the control cochleae. These cells may respond to the
secretion of another growth factor that promotes hair cell survival.
Upregulation of GDNF in inner hair cells and spiral ganglion cells
following noise also support this concept.*

Compared to the vehicle controls, increased cochlear cell sur-
vival was observed in the contralateral ears of the AAV1-GDNF
group, suggesting that the contralateral cochleae in treated rats
were also moderately protected. Expression of the transgene was
detected in the contralateral cochlea of the rats after injection with
5 x 10" genome copies of AAV1 per cochlea (data not shown).

" AAV can diffuse from one ear to the other via the cerebrospinal
fluid in rodents.”® Therefore, secreted GDNF molecules may
also diffuse and exert a protective effect in the opposite ear.
Alternatively, GDNF might enhance the neuronal activity (either
afferent or efferent) of both ears, protecting both the treated and
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the contralateral cochlear function. Moreover, since infusion of
the vectors into the cochlea forces large amounts of the vectors
into the cerebrospinal fluid, any functional effect might be associ-
ated with the transduction of the brain. In this context, it is of great
interest to know whether the otoprotective effect was achieved by
the simple diffusion of the transgene product or direct transduc-
tion of the cells in the contralateral ear. To answer this question, we
analyzed the local expression of the nonsecretory protein marker
in the rodents with this transduction approach. Consequently, we
feel that the direct transduction of the cells in the contralateral ear
might be involved in the neuroprotection.

The present results showed that AAV-mediated delivery of a
Tet-on system was able to control transgene expression. This Tet-on
system incorporates the mutant transactivator rtTA2s-S2 and the
transgene in which messenger RNA transcription is activated in the
presence of an inducer, leading to protein expression. As we showed,
the inducible expression of GDNF efficiently protected the cochlear
structure and function from kanamycin-induced damage. GDNF
was overexpressed in the induced state with the rtTA2s-S2 system,
whereas GDNF expression was nearly normal in the non-induced
state. In our study, cochlear function was significantly protected
from aminoglycoside-induced cochlear damage in the presence of
Dox. Although intracochlear injections did not affect physiological
cochlear function, intramuscular injections of the vectors express-
ing Dox-dependent activators may elicit a cellular and humoral
response against the transactivator in nonhuman primates.’** The
use of tissue-specific promoters that restrict transgene expression to
nonprofessional antigen-presenting cells, and the use of AAV vec-
tors, may reduce the induction of a specific T-cell response.*®

Another attractive feature of the Tet-on system is the high
safety profile of the inducer. In our study, Dox was orally admini-
stered to the rats to induce GDNF expression. Transgene expres-
sion levels were dependent on the dose of Dox, and the dose range
of this inducer was below the normal bactericidal treatment levels
used in similarly sized animals.**! Furthermore, a Dox regimen in
mice that is proportional to a clinically accepted dose of the drug
in humans causes a significant induction of transgene expression.

Sequences of antibiotic administration and withdrawal to
reverse the Dox induction of therapeutic gene expression were
demonstrated in previous studies.**? However, the aminoglyco-
side-induced hearing impairment model is not an appropriate
model for adding and removing the Dox diet because the insulting
phase is too short to successively induce and repress the Tet-on sys-
tem. Furthermore, treatment of age-related hearing loss or genetic
hearing loss ideally needs long-term gene expression studies to
exclude any adverse events associated with the therapeutic genes.

Efficient control of the tetracycline-regulatory system is based
on the specificity of the TetR/tetO interaction and the efficiency and
safety of its inducers, such as tetracycline or Dox.## Mutant tTA2s
are composed of one TetR and three repeated oligonucleotides of the
VP-16-derived minimal activation domain. In the Tet-on system,
rtTA2s-52 showed a high activating ratio because its background
expression level was lower than that of other mutants, such as
rtTA2s-M2, which despite having a higher activation potential had
also a high initial background.? By using the mutant transactivator,
Urlinger et al. demonstrated that stringent regulation of target genes
could be achieved over a range of four to five orders of magnitude
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in stably transfected HeLa cells.* These regulatory systems could
be further optimized to offer several potential advantages. The tet-
racycline-dependent transcriptional silencer allows tight regulation
of transgene expression by eliminating baseline leakage.”*** Gene
regulation mediated by rtTA2s-S2 was substantially tighter when
combined with active silencing by the tetracycline-dependent tran-
scriptional silencer in the non-induced state.*'*

Our results show that AAV1-mediated gene transfer is a pro-
mising gene delivery approach for the inner ear apparatus. To
become an efficient and safe therapeutic method, it will be necessary
to improve vector technology to achieve long-term transduction
in a fail-safe system. We presented data demonstrating successful
AAV-mediated transfer and modulation of transgene expression
in the cochlea using a modified Tet-on system. In addition to the
need for dosage control of neurotrophic factors, the AAV1 and the
Tet-on system maybe useful for the regulation of the expression of
other therapeutic gene products in the cochlea. Following further
improvements, the rAAV-mediated transduction system may be of
potential use for cochlear gene therapy applications in humans.

MATERIALS AND METHODS

Construction and preparation of the plasmids. The AAV vector proviral
plasmid pAAV2-CAG-EGFP-WPRE (pAAV2-EGFP) contained the EGFP
gene under the control of the CAG promoter and the WPRE and was
flanked by inverted terminal repeats. A BamHI fragment containing the
GDNFflag complementary DNA was subcloned into this plasmid to obtain
the pAAV2-CAG-GDNF-WPRE (pAAV2-GDNF) cassette.

The pAAV2-CMV-GDNFflag plasmid with the CMV promoter, the
first intron of the human growth hormone gene, and the simian virus
40 polyadenylation signal sequence, were inserted between the inverted
terminal repeats of the AAV type 2 genome.* The transactivator rtTA2s-S2
complementary DNA in thepUHrT61-1plasmid (BD Biosciences, San Jose,
CA) and the TRE in the pTRE-d2EGFP plasmid (BD Biosciences, CA) were
subcloned together into the pAAV2-CMV-GDNFflag plasmid to obtain
the AAV vector proviral plasmid pAAV2-rtTA2s-52-TRE-GDNE. A Sacll-
EcoRI fragment containing the d2EGFP complementary DNA from
the pTRE-d2EGFP plasmid (BD Biosciences, CA) was subcloned into
this plasmid to create the pAAV2-rtTA2s-52-TRE-EGFP plasmid (see
Supplementary Materials and Methods).

Recombinant AAV vector production. The AAV1 vectors were produced
as previously described by using a 293-cell transfection protocol* with
the proviral plasmid pAAV2-EGFP, pAAV2-Luciferase,” pAAV2-GDNF,
pAAV2-rtTA2s-S2-TRE-EGFP, or pAAV2-rtTA2s-S2-TRE-GDNF; the
AAV packaging plasmid pAAV1RepCap; and the adenovirus helper plas-
mid pAdeno5 using an active gassing system.* The recombinant AAV2
expressing the Escherichia coli B-galactosidase gene under the control of
the CMV promoter (AAV2-LacZ) was generated using the proviral plas-
mid pAAV-LacZ.® (see Supplementary Materials and Methods).

In vitro expression of GDNF. To detect the in vitro expression of the
GDNFflag fusion protein, 293 cells were transduced with the AAVI1-
GDNFflag at 1 x 10* vector genome copies/cell. For the detection of the
regulated expression, 293 cells were transduced with the AAV proviral
plasmid pAAV2-rtTA2s-S2-TRE-d2EGFP or pAAV2-rtTA2s-52-TRE-
GDNF in the presence or absence of 1 pmol/l Dox-HCl (Sigma, St Louis,
MO) (see Supplementary Materials and Methods).

Surgical procedures and cochlear perfusions. All animal studies were
performed in accordance with the guidelines issued by the committee
on animal research at Jichi Medical University. Twenty 5-week-old male
Sprague-Dawley rats with normal Preyer’s reflexes weighing 130-150g
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were utilized (CLEA Japan, Tokyo, Japan). Five-week-old male C57BL/6]
mice were utilized for optical bioluminescence imaging. The animals were
anesthetized with ketamine (50mg/kg) and xylazine (5mg/kg). A post-
auricular approach was performed to expose the tympanic bony bulla.
A small opening (2mm in diameter) to the tympanic bulla was made by
carefully drilling through the bone of the bulla to gain access to the round
window membrane. Subsequently, 5ul of AAV vector solution (AAV1-
EGFP, AAV2-Luciferase, or AAV1-GDNF, 5 x 10'"° genome copies, n=5
each) was microinjected into the cochlea through the round window for
over 10 minutes using a glass micropipette (40um in diameter) fitted
on a Univentor 801 syringe pump (Serial No. 170182, High Precision
Instruments, Univentor Ltd., Malta). The rats were also injected with the
AAV1-52-GDNF in the presence (n = 5) or absence (n = 5) of Dox. A small
plug of muscle was used to seal the cochlea, and the surgical wound was
closed in layers and dressed with an antibiotic ointment.

Transgene expression in vivo. The rats were deeply anesthetized and the
perilymph was sampled from the inoculated cochlea through the round
window. GDNF protein levels were measured using a GDNF Emax
ImmunoAssay System (Promega, Madison, W1) according to the manu-
facturer’s instructions. The GDNF expression in the rat cochlea was deter-
mined by immunohistochemistry using an anti-FLAG antibody.

AAV2-LacZ or AAV2-52-GDNF vector (1 x 10' genome copies) was
injected into the quadriceps of the C57BL/6] mice (6 weeks old, CLEA
Japan, Tokyo, Japan). The mice were injected with phosphate-buffered saline
(n=5) or AAV2-LacZ (n = 5). Animals treated with various concentrations
of Dox were injected with the AAV2-S2-GDNF (n = 5 per group). Two
weeks after the transduction, animals were deeply anesthetized, and the
injected muscle was sampled. The tissue levels of the GDNF protein were
measured with an enzyme-linked immunosorbent assay kit (GDNF Emax
ImmunoAssay System, Promega, WI), according to the manufacturer’s
instructions. The levels of GDNF were expressed as pg/mg protein. The
assay sensitivity ranged from 16 to 1,000 pg/ml.

Two weeks after the injection of the AAV2-Luciferase, optical
bioluminescence imaging was performed using the CCD camera (Xenogen,
Alameda, CA). After intraperitoneal injection of reporter substrate
D-Luciferin (375 mg/kg body weight), mice were imaged for scans.

Kanamycin administration and ABR.assessment. A dose of 333mg of
kanamycin base/kg body weight was obtained by injecting 3 ul/g body
weight. Seven days after virus injection, kanamycin was given subcutane-
ously twice daily for 12 consecutive days. The body weight of the animals
was monitored daily to adjust the kanamycin dosages accordingly.

Auditory thresholds were determined by audiometry of evoked
ABRs using Tucker-DAVIS Technologies and Scope software (Power Lab;
ADInstruments, Coloado Springs, CO). Thresholds were evaluated for
each animal prior to the start of the injection procedure and 2 days after
the termination of kanamycin treatment. The ABRs were measured as
previously described,” using a two-way repeated analysis of variance (see
Supplementary Materials and Methods).

Histological evaluation of the cochlear preservation. Cochlear hair cell
loss was determined by F-actin staining. One month after transduction,
the presence of the cochlear spiral ganglion neurons was determined by
4’ ,6-diamino-2-phenylindole dihydrochloride staining to visualize nuclear
chromatin. After decalcification, 6 um mid-modiolus cryosections of the
cochleae from each animal were histologically analyzed. The number of spi-
ral ganglion neurons was determined in every third section of the cochlear
basal turn from the AAVI-transduced and kanamycin-treated rats (see
Supplementary Materials and Methods).

Statistical analyses. Results are presented as the means + SD. Data were
statistically analyzed using analysis of variance, paired student’s f-test
(injected versus contralateral sides) or unpaired students f-test (therapy
versus control groups) (StatView 5.0 software; SAS Institute, Cary, NC).
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ABSTRACT

Background

Inflammation plays an important role in the pathogenesis of hypertension and hypertensive organ
damage. Interleukin (IL)-10, a pleiotropic anti-inflammatory cytokine, exerts vasculoprotective effects
in many animal models. In the present study, we examined the preventive effects of adeno-associated
virus (AAV) vector-mediated sustained iL-10 expression against hypertensive heart disease and renal
dysfunction in Dahl salt-sensitive rats.

Methods

We injected the rats intramuscularly with an AAV type 1-based vector encoding rat IL-10 or enhanced
green fluorescent protein (EGFP) at 5 weeks of age; subsequently, the rats were fed a high-sodium diet
from 6 weeks of age.

Results

Sustained IL-10 expression significantly improved survival rate of Dahl salt-sensitive rats compared with
EGFP expression (62.5% versus 0%, p < 0.001); it also caused 26.0% reduction in systolic blood
pressure at 15 weeks (p < 0.0001). Echocardiography exhibited a 22.0% reduction in hypertrophy (p<
0.0001) and a 26.3% improvement in fractional shortening (p < 0.0001) of the rat left ventricle in the
IL-10 group compared to the EGFP group. IL-10 expression also caused a 21.7% decrease in the heart
weight/ body weight index and cardiac atrial natriuretic peptide levels. Histopathological studies revealed
that IL-10 decreased inflammatory cell infiltration, fibrosis, and transforming growth factor-[:,1 levels in



the failing heart. Furthermore, IL-10 expression significantly reduced urine protein excretion with
increased glomerular filtration rates.

Conclusions

This is the first study to demonstrate that the anti-inflammatory cytokine iL-10 has a significant anti-
hypertensive effect. AAV vector-mediated IL-10 expression potentially prevents the progression of
refractory hypertension and hypertensive organ damage in humans. Copyright © 2008 John Wiley &
Sons, Ltd.
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Introduction
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inflammation plays an important role in the pathogenesis of hypertension and hypertensive organ
damage. Congestive heart failure (CHF) is a crucial life-threatening sequalae of hypertensive organ
damage, and its severity is closely related with the serum tumor necrosis factor (TNF) levels [1][2].
Recent studies have demonstrated the marked anti-hypertensive and renoprotective effects of an
immunosuppressant in vivo [3][4]. Although these observations suggest a therapeutic potential of anti-
inflammatory molecules, anti-TNF antibody treatments (e.g. infliximab and etanercept) have failed to
improve the survival of CHF patients partly because of their cytokine-inducing effects and

cytotoxicity [5][6].

Interleukin (IL)-10 is a pleiotropic cytokine produced by monocytes/ macrophages and type 2 helper T
cells. It regulates inflammatory and immune reactions by inhibiting macrophage activation, T-cell
proliferation, and the production of proinflammatory cytokines such as TNF-a. [7] . IL-10 also enhances
endothelial nitric oxide synthase expression [8] and inhibits vascular smooth muscle

cell proliferation [9][10]. Previous studies have demonstrated the therapeutic effects of IL-10 on CHF
models resulting from acute viral or autoimmune myocarditis [11][12]. However, no studies have
examined the effects of IL-10 on chronic CHF resulting from hypertensive heart disease that occurs far
more frequently than acute myocarditis. In the present study, we examined the effects of IL-10 using
Dahl salt-sensitive (DS) rats that present with severe hypertension and chronic CHF when fed a salt-rich

diet [13].

We employed an adeno-associated virus (AAV) type 1-based vector in order to sustain serum levels of IL-
10 because it has a short biological half-life. AAV vectors permit long-term transgene expression with
minimal inflammatory and immune responses [14]. If the intramuscular injection of the AAV serotype 1
vector carrying the IL-10 gene (AAV1-IL-10) produces sufficient amount of IL-10 in skeletal myocytes,
then IL-10 should be secreted into the systemic circulation [10]. We examined the preventive effects of
IL-10 on chronic CHF progression in DSrats, focusing on its effects on survival, hypertension, pathological
cardiac remodelling and renal function.

Mat erials and methods

EEEEEEE

AAV vector production

Rat IL-10 was cloned from rat splenocyte cDNA by the polymerase chain reaction (PCR) using the primers:
5’ GCACGAGAGCCACAACGCA-3” (upstream) and 5°-
GATTTGAGTACGATCCATTTATTCAAAACGAGGAT-3” (downstream) [10]. To achieve efficient
transduction of the skeletal muscles, we developed a recombinant AAV type 1-based vector encoding rat
IL-10 (AAV1-IL-10) or enhanced green fluorescence protein (EGFP, AAV1-EGFP) controlled by the
modified chicken B-actin promoter with the cytomegalovirus immediate-early enhancer and by the



woodchuck hepatitis virus post-transcriptional regulatory element [pBS Il SK (+) WPRE-B11, provided by
Dr Thomas Hope, University of lllinois, Chicago, IL, USA]. The AAV vectors were prepared by the
previously described three-plasmid transfection adenovirus-free protocol modified by the use of the
active gassing system [15][16]. Briefly, 60% confluent human embryonic kidney 293 cells were co-
transfected with the proviral transgene plasmid, the AAV-1 chimeric helper plasmid p1RepCap (provided
by Dr James M. Wilson, University of Pennsylvania, Philadelphia, PA, USA), and the adenoviral helper
plasmid pAdeno (provided by Avigen, inc., Alamada, CA, USA). The crude viral lysate was purified by two
rounds of two-tier CsCl centrifugation [14]. The viral stock titer was determined by dot blot hybridization
with plasmid standards.

Animal experiment protocols

All animal studies were performed in accordance with the guidelines issued by the committee on animal
research and approved by the ethics committee of Jichi Medical University. For histopathological and
physiological studies (Protocol 1; Figure 1), we divided the male DS rats (Japan SLC, Shizuoka, Japan) into
the following three groups: IL-10, EGFP and normal (n = 10, respectively). AAV1-IL-10 or AAV1-EGFP[1

51012 genome copies (g.c.)/ body] was injected bilaterally into the anterior tibial muscles of the 5-week-
oId rats in the IL-10 or EGFP groups, respectively. From 6 weeks onwards, these rats were fed a high-
sodium diet (containing 8% NaCl). DS rats in the normal group were fed a low-sodium diet (containing
0.3% NaCl). Systolic blood pressure (SBP) was measured every 2 weeks by the tail-cuff method using a
manometer tachometer (MK-1030; Muromachi Kikai Co., Ltd, Tokyo, Japan). During the acclimatization
period (3-5 weeks), training for biood pressure measurements was performed three times a week. The
mean of the three measurements following a 10-min rest at 37 -C was used in the calculations. Blood was
collected from the tail vein at 5,11 and 18 weeks; the sera and plasma were stored at - 80 -C. At 18
weeks, the rats were sacrificed by administering an overdose of isoflurane, and their hearts and lungs
were harvested and weighed. The tissues were immediat ely frozen in liquid nitrogen and stored at - 80 -C
to obtain proteins and RNA for the subsequent analysis. For survival analysis (Protocol 2; Figure 1), the
rats were randomly divided into three groups (nn = 8 each). Those in the IL-10 or EGFP group were injected

at 5 weeks of age with the AAV1-IL-10 or AAV1-EGFP (1 3 101 g.c./ body), respectively, and this was
followed by a high-sodium diet from 6 weeks of age. By contrast, those in the normal group were fed a
low-sodium diet.

rirTas s Figure 1. Study protocols. The male DS rats were divided into the

.. . threegroups: (1) normal group, (2) EGFP group, and (3) IL-10

LT Y T group. The rats without normal group were injected with AAV1

_— _ vectors at 5 weeks of age. The rats in the normal group were fed a
low-sodium diet (containing 0.3% NaCl), whereas those in the
EGFPor IL-10 group were fed a high-sodium diet (containing 8%
NaCl) from 6 weeks of age
[Normal View 5K | Magnified View 11K]

Echocardiography

Transthoracic two-dimensional echocardiography was performed at 5, 11 and 18 weeks of age using a
13- MHz transducer (ProSound SSD-.5; Aloka Co., Ltd, Tokyo, Japan). The internal diameter in end-
diastole or end-systole of the left ventricle (LVDd or LVDs, respectively) or the posterior wall thickness
(PWT) of the left ventricle (LV) in end-diastole was measured by M-mode tracing at the papillary muscle
level. The relative wall thickness (RWT) or the percentage fractional shortening (%FS) of LV was
calculated according to the formula: RWT = 2 3 PWT/LVDd, %FS = (LVDd - LVDs)/LVDd 7 100(%).

Cytokine measurements

At 18 weeks, protein samples were prepared by homogenizing the frozen heart tissues in a lysis buffer
[10 mmol/ | Tris-HCI (pH 8.0), 0.2% NP40, 1 mmol/| ethylenediaminetetraacetic acid] containing the
protease inhibitor cocktail Complete Mini (Roche Diagnostics, Mannheim, Germany). After centrifugation
of the homogenates or serum samples, the supernatants were used for measurement. The serum IL-10
and the tissue transforming growth factor (TGF)-B1 concentrations were measured by enzyme-linked

immunosorbent assay (ELISA) (Amersham PharmaciaBiotech, Bucks, UK; BioSource International, Inc.,
Camarillo, CA, USA; R&D Systems Inc., Minneapolis, MN, USA). The tissue cytokine levels were
standardized using the total protein concentrations estimated by the BCA Protein Assay Kit (Pierce,
Rockford, IL, USA).



Quantitative reverse transcriptase (RT)-PCR

At 18 weeks, total RNA was extracted from the heart by using RNAzol B (Tel-Test, Inc., Friendswood, TX,
USA) and reverse-transcribed into double-stranded cDNA by using the Superscript Preamplification
System (Invitrogen, Carlsbad, CA, USA) with the T7-dT primer (5°-
GGCCAGTGAATTGTAATACGACTCACTATAGGGA- GGCGGTTTTTTTTTTITTITTTTTI ITTTTT-S'). To
estimate the atrial natriuretic protein (ANP) mRNA levels, quantitative PCR analysis was conducted using
the ABI Prism 7900 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The GAPDH
mRNA was quantified for normalization. The oligonucleotide primers used were: for GADPH, 5”-
CAGCAATGCAT CCTGCAC-3” (upstream) and 5" -GAGTTGCTGTTGAAGTCACAGG-3” (downstream) [17];
for ANP, 5" -GGTAGGATTGACAGGATTGGAGCC-3” (upstream) and 5" -ACATCGATCGTGATAGATGAAGAC-
3’ (downstream) [18]. Quantitative values were obtained from the threshold cycle (G) number that

indicat es exponential amplification of a PCR product.

Histopathology

At 18 weeks of age, the anesthetized rats were perfused with 50 mi of saline, followed by 100 ml of cold
4% paraformaldehyde in 0.1 mol/l phosphate buffer (pH 7.4). The hearts were fixed in the same fixative
and finally embedded in paraffin. For evaluation of light microscopic findings, we stained sections (3 fm
thick) with hematoxylin and eosin (H&E) or the Azan-Mallory stain using the standard methods.

Statistical analysis

The data were assessed using the StatView, version 5.0 (Statview, Abacus Concepts, Berkeley, CA, USA).
Differences in the values at specific stages between the groups were assessed by one-way analysis of
variance combined with Fisher's test. p < 0.05 was considered statistically significant. Survival curves
were analysed by the Kaplan-Meier method and compared using log-rank tests.

Results

Pro-survival effect of systemic IL-10 in DS rats

Compared to the control EGFP transduction, IL-10 transduction significantly improved survival rates in DS
rats fed a high-sodium diet (p < 0.001, Figure 2). After 13 weeks of the gene delivery, serum IL-10
concentrations significantly increased in the IL-10-transduced rats compared to the normal untreated
rats or control EGFP-transduced rats (986.6 7 278.5 pg/ mlversus <3 or20.8718.1 pg/ml, p< 0.001,
respectively; Figure 3). At this time point, the EGFP transduction generated a slight but significant
increase of endogenous IL-10 levels compared to control (p < 0.01).

wp| ==————+  Figure 2. The pro-survival effects of IL-10 in DSrats. The 5-week-

En Lj *, we  Old rats were intramuscularly injected with AAV1-IL-10 or AAV1-
g - hoE ] EGFPat 1 3101 g.c./body. Kaplan-Meier survival analysis was

g 0 cors ] * performed. Closed circle, normal group; open circles, IL-10 group;
L2 S I open squares, EGFP group (n= 8 each).*p < 0.001 versus EGFP
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g Figure 3. AAV vector-mediated systemic IL-10 expression in DS
-t f% “*  rats. AAV1-EGFP or AAV1-IL-10, at 1 3102 g.c./ body,

4 i %/ . respectively, was injected bilaterally into the anterior tibial

i s | cze muscles of the 5-week-old rats. Serum IL-10 levels were

05., “,_,_ﬁ;ﬂ ]

g4 determined periodically by ELISA. The normal group includes DS
oty s e rats fed a low-sodium diet and not administered the vector
injection. The results are presented as means
7D (n=10each).*p< 0.001,**p < 0.01
[Normal View 5K | Magnified View 10K]
Anti-hypertensive effects of IL-10
SBP gradually increased in the EGFP group, resulting in levels of 184 77 mmHg at 15 weeks of
age (Figure 4). At 9 weeks (i.e. after 4 weeks of the vector injection), SBPin the IL-10 group (151 77
mmHg) was significantly lower than that in the EGFP group (p < 0.0001). The anti-hypertensive effect of
IL-10 persisted until the animals were sacrificed at 18 weeks of age.
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Figure 4. The anti-hypertensive effect of IL-10. Longitudinal
Mﬂ% ecrr  tracing of systolic blood pressure evaluated by the tail-cuff

B 8,

3

o 0 method after injecting the AAV vectors in 5-week-old DS rats.
“t Open squares, EGFP group; open circles, IL-10 group; closed

circles, normal group (n= 10 each). The results are presented as

means 7 SD. *p < 0.001 versus EGFP group
REEEEEEE [Normal View 8K | Magnified View 22K]
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Effects of IL-10 on left ventricular hypertrophy, function and CHF
Echocardiography exhibited a 22.0% reduction in the RWT of the LV posterior wall at 11 weeks of age (p <
0.0001) and a26.3% improvement in %FS of the LV wall at 18 weeks of age (p< 0.0001) intheIL-10
group compared to the EGFP group (Table 1). As compared to EGFP expression, IL-10 expression caused a
21.7% or 52.7% decrease in the heart or lung weight/body weight index, respectively (all p < 0.05;
Figures 5a and 5b). Similarly, the cardiac ANP mRNA level significantly increased in the EGFP group
compared to the control (46.5 7 23.8-fold); whereas, IL-10 transduction significantly suppressed this
increase (9.28 7 5.2-fold) compared to control (Figure 5¢).
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" —L "1 , 5:, - Figure 5. Effects of IL-10 on congestive heart failure. The hearts
gl *1’ (a) and lungs (b) of DSrats were harvested and weighed at 18
! L_I it s weeks of age. Data were expressed after normalization using body
= weight. The cardiac ANP mRNA levels determined by real-time RT-
PCR (c). The total RNA was extracted from the heart at 18 weeks
of age. The mBNA levels were corrected by using the GAPDH
mPNA level of each animal and then normalized to the mean value
of the normal group. The results are presented as means 7 SD (n =
10 each). *p < 0.01 versus Normal group, **p< 0.05 versus
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Normal group, Tp < 0.05 versus EGFP
[Normal View 5K | Magnified View 11K]

Table 1. Effects of IL-10 on left ventricular hypertrophy
and function
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RWT
(mm) %FS (%)
Age 5 11 5 18
(weeks)
Normal 0.467 0.487 58.77 57.273.9
0.03 0.02 3.7
EGFP 0.457 0.637 5987 359744"
0.03 004" 1.9
IL-10 0457 0.497 5947 g590746"
0.04 0_02** 2.6 *
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M-mode echocardiograms of the LV at the papillary
muscle level were traced for analysis. RWT of the LV as
an index of LV hypertrophy and %FS as an index of
systolic LV function were calculated as described in the
Materials and methods. The results are presented as
means 7 SD (n = 10 each).

* p < 0.0001 versus Normal group,



** p < 0.0001 versus EGFP group at the same time-
point, respectively.
Eifects of Il.-10 on pathological cardiac remodelling
H&E staining demonstrated increased interstitial and perivascular cell infilt ration in the failing heart of the
EGFP-transduced rats (Figure 6a). Azan-Mallory staining demonstrated that interstitial and perivascular
fibrosis increased in the EGFP group (Figure 6b). IL-10 transduction inhibited fibrosis and significantly
decreased the cardiac TGF—B1 levels in DS rats compared to the EGFP transduction (64.5 7 45.3 pg/ mg

protein versus 197.1 791.9 pg/ mg protein, p < 0.05; Figure 6c) .

Figure 6. Histopathology and cardiac TGF-B1 levels of the 18-

week-old DS rats. (a) Representative micrographs of the H&E
staining. (b) Representative micrographs of Azan-Mallory
staining. Magnification, 7 200; scale bar = 100 #m. (c) TG“—B1

concentrations in the heart homogenates determined by ELISA.
The results are presented as means 7 SD (n= 10 each). *p < 0.05
versus Normal group, **p < 0.05 versus EGFP group

[Normal View 49K | Magnified View 90K]

Effects of IL-10 on renal function

Compared to control rats, DS rats fed a high-sodium diet exhibited a 68.0% increase in serum creatinine,
a 243.0% increase in urine protein levels, and a 49.9% decrease in glomerular filtration rate (all p < 0.05;
Figure 7). Sustained IL-10 expression reduced these changes by 88.2%, 100% and 45.8%, respectively
(all p< 0.05).

", == “L = Figure 7. Effects of IL-10 on renal function in DS rats. (a) Serum
%;::f,m. :@i il h creatinine (Cr), (b) glomerular filtration rate (GFR) and (c) urine
[ l l t-za 'w proteinlevels were determined at 18 weeks of age. The results
- ™ 777 are presented as means 7 SD (n= 10 each). *p < 0.001 versus
Normal group, **p < 0.05 versus EGFP group

{Normal View 5K | Magnified View 1 1K]

Discussion :

The present study demonstrates that systemic IL-10 expression viathe AAV serotype 1 vector
prevented the progression of hypertension, CHF and renal dysfunction in DS rats. A single intramuscular
injection of AAV1-IL-10 achieved long-term systemic IL-10 expression, leading to the prolonged survival
of the rats. The IL-10 transduction not only preserved systolic LV function, but also reduced fibrosis of
the LV at the heart failure phase. The anti-hypertensive effect of IL-10 occurred prior to the
development of CHF and LVH, suggesting that this effect may largely contribute to amelioration of
sodium-induced hypertensive organ damage.

Many studies have suggested the therapeutic potentials of IL-10 for CHF. Serum IL-10 levels decrease in
CHF patients [19], and exogenous IL-10 administration retards progression of the disease in many
cardiovascular disease models [20]. However, these studies used CHF models in which CHF was a result of
acute viral or autoimmune myocarditis, and they examined the short-term IL-10 effects against initial
inflammatory responses [11][12]. In the present study, we demonstrated the effects of long-term IL-10
expression against chronic CHF progression, hypertension and inflammatory changes of the cardiac
tissue.

We detected a slight but significant increase of endogenous IL-10 levels in the heart failure phase in
control DS rats. However, this increase was insufficient to cause beneficial effects. On the other hand,
conventional IL-10 therapies based on recombinant drugs or plasmids require frequent administration for
sufficient and sustained IL-10 expression. Thus, we used AAV vectors that permit long-term transgene
expression in vivo [14] . Previously, we demonstrated that a single intramuscular injection of the AAV5-
based vector caused systemic IL-10 expression for 1 year [21]. Since AAV1 is more efficient for muscle
transduction than AAV2 or AAV5 [22], we used AAV1 as the vector in the present study [23].



A clinical trial using infliximab, a chimeric monoclonal antibody to TNF-¢, failed to prolong the survival of
CHF patients over the long term [5]. We speculate that the failure might be in part based on an
insufficient regulation of the cytokine network, which may be involved in the progression of CHF and other
relat ed diseases such as hypertension and renal failure. Recent studies have shown the marked anti-
hypertensive effects of an immunosuppressant mycophenolate mofetil (MMF) in DS rats [3]{4]. MMF
administration also ameliorat es renal dysfunction via anti-inflammatory effects. Interestingly, an
intramuscular injection of AAV1-IL-10 successfully ameliorated renal function in a rat model after
nephrectomy [24]. We also observed that systemic IL-10 expression significantly attenuated
hypertension and renal dysfunction, along with a decrease of inflammatory cell infiltration, in the kidney
of stroke-prone spontaneously hypertensive rats (T. Nomoto et al., unpublished data). In the present
study, we demonstrate that IL-10 gene therapy successfully ameliorated heart failure and renal
dysfunction along with a suppression of severe hypertension in DS rats. These observations suggest that
anti-inflammatory action of IL-10 may attenuate the target organ damage related to high blood pressure.
However, precise mechanism underlying the anti-hypertensive effect of IL-10 require further
investigation.

The synthesis of ANP, a cardioprotective hormone predominantly produced by the ventricle, as well asits
circulating levels, increases in accordance with the severity of CHF[25][26] . Administration of
exogenous ANP ameliorates CHF in clinical settings via its diuretic and vasodilatory effects. In the present
study, the cardiac ANP mRNA level significantly decreased in the IL-10 group. These observations
suggest that IL-10 ameliorated CHF independently of direct ANP production but inhibited the adaptive
increase in ANP levels.

The present study demonstrates that IL-10 expression attenuated pathological cardiac remodelling with
reduced expression of TGF—B1 , a hallmark of cardiac fibrosis in DS rats [27]. Expression of monocyte

chemoattractant protein (MCP)-1 in the endothelium of intramyocardial arterioles triggers perivascular
macrophage accumulation [28]. Macrophage infiltration induces TGF-B1 production, leading to fibroblast

proliferation and extracellular matrix production [29]. Interestingly, a neutralizing antibody against TGF-B
inhibits fibroblast activation, resulting in reduced collagen production and subsequent myocardial fibrosis
[30]. Previously, we reported that systemic IL-10 expression significantly decreased serum MCP-1 levels,
perivascular macrophage infiltration, and pulmonary tissue TGF—B1 levels in vivo [10][21]. These

observations suggest that the reduced macrophage-derived TGF—B1 expression following MCP-1

suppression might be responsible for the anti-remodelling effects of IL-10. However, the direct effects of
IL-10 on TGF—B1 in the pathogenesis of CHF remain unclear.

Epidemiological studies have demonstrated that the increased pro-inflammatory cytokine expression is
related to the incidence of pre-hypertension [31]. These results suggest a possible link between the
inflammatory response and the development of hypertension. This is the first study to demonstrate the
anti-hypertensive effects of IL-10, which might be a key molecule to explain this relationship. Exploring
the mechanisms underlying the effects of IL-10 would provide new molecular targets for refractory
hypertension and its sequalae.

In conclusion, the sustained IL-10 expression achieved by the single AAV-IL-10 injection ameliorated CHF
and prolonged survival in DS rats. IL-10 expression attenuated salt-sensitive hypertension, LV remodelling
and renal dysfunction. These results suggest that our IL-10-based strategy potent Ially prevents the
progression of refractory hypertensive organ damage in humans.
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