AAV-IL-10 ameliorates hypertensive sequelae

rats fed a high-sodium diet (p < 0.001, Figure 2). After
13 weeks of the gene delivery, serum 1L-10 concentrations
significantly increased in the Il-10-transduced rats
compared to the normal untreated rats or control
EGFP-transduced rats (986.6 + 278.5 pg/ml versus <3
or 20.8 4 18.1 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).

Anti-hypertensive effects of IL-10

SBP gradually increased in the EGFP group, resulting in
levels of 184 + 7 mmHg at 15 weeks of age (Figure 4). At
9 weeks (i.e. after 4 weeks of the vector injection), SBP in
the IL-10 group (151 + 7 mmHg) was significantly lower
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Figure 2. The pro-survival effects of IL-10 in DS rats. The
S-week-old rats were intramuscularly injected with AAV1-11-10
or AAVI-EGFP at 1x 10'! gc./body. Kaplan-Meier survival
analysis was performed. Closed circle, normal group; open
circles, IL-10 group; open squares, EGFP group (n= 8 each).
*p < 0.001 versus EGFP group
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Figure 3. AAV vector | IL-10 expression in
DS rats. AAVI-EGFP or AAVLIL-10, at 1x 10" g.c/body,
respectively, was injected bilaterally into the anterior tibial
muscles of the S-week-old rats. Serum 1L-10 levels were
determined periodically by ELISA. The normal group includes
DS rats fed a low-sodium diet and not administered the vecior
injection. The results are presented as means £ 5D (n= 10
each). *p < 0,001, **p < 0,01
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Figure 4, The anti-hypertensive effect of IL-10. Longitudinal
tracing of systolic blood pressure evaluated by the tail-cuff
method after injecting the AAV vectors in 5-week-old DS rats.
Open squares, EGFP group; open circles, 1L-10 group; closed
circles, normal group (n = 10 each). The results are presented
as means £ 5D, *p < 0.001 versus EGFP group

Table 1. Effects of IL-10 on left ventricular hypertrophy and
function

RWT (mm) %FS (%)
Age (weeks) 5 n 5 18
Narmal 046+003 0484002 S587+37 57.2%39
EGFP 0454003 063+004 598119 329+ta4°
IL-10 0454004 0494002 594+256 592446

M-mode echocardiograms of the LV at the papillary musde level were
traced for analysis. RWT of the LV as an index of LV hypertrophy and
9%F5 as an index of systolic LV function were calculated as described in
the Matenals and methods. The results are presented as means + 5D
(n = 10 each), *p < 0.0001 versus Normal group, *"p < 0.0001 versus
EGFP group at the same time-point, respectively.

than that in the EGFP group (p -= 0.0001). The anti-
hypertensive effect of [L-10 persisted until the animals
were sacrificed at 18 weeks of age.

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 a 26.3% improvement in %FS of
the LV wall at 18 weeks of age (p < 0.0001) in the
IL-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:+ 23.8-fold); whereas,
1L-10 transduction significantly suppressed this increase
(9.28 + 5.2-fold) compared to control (Figure 5¢)
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Figure 5. Effects of IL-10 on congestive heart failure. The hearts (a) and lungs (b) of DS rats were harvested and weighed ai

18 weeks of age. Data were exp d after nor

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 mRNA levels were corrected by using
the GAPDH mRNA level of each animal and then normalized to the mean value of the normal group. The results are presented as
means £ SD (n = 10 each). *p < 0.01 versus Normal group, **p < 0.05 versus Normal group, tp < 0.05 versus EGFP

Effects of IL-10 on pathological cardiac
remodelling

H&E staining demonstrated increased interstitial and
perivascular cell infiltration 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). 11.-10
transduction inhibited fibrosis and significantly decreased
the cardiac TGF-g#; levels in DS rats compared to the
EGFP transduction (64.5-+45.3 pg/mg protein versus
197.1 £ 91.9 pg/mg protein, p < 0.05; Figure 6c).

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%

) HE
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increase in urine protein levels, and a 49.9% decrease
in glomerular filtration rate (all p < 0.05; Figure 7).
Sustained [L-10 expression reduced these changes by
88.2%, 100% and 45.8%, respectively (all p < 0.05).

Discussion

The present study demonstrates that systemic [L-10
expression via the AAV serotype 1 vector prevented the
progression of hypertension, CHF and renal dysfunction
in DS rats. A single intramuscular injection of AAV1-1L-10
achieved long-term systemic 1L-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 1L-10 occurred prior to the

Figure 6. Histopathology and cardiac TGF-8) levels of the 18-week-old DS rats, (a) Representative micrographs of the H&E staining,
(b} Representative micrographs of Azan-Mallory staining, Magnification, x 200; scale bar = 100 pm, (¢) TGF-f; concentrations in
the heart homogenates determined by ELISA. The results are presented as means £ SD (0 = 10 each). *p < 0.05 versus Normal
group, *'p < .05 versus EGFP group
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Figure 7. Effects of IL-10 on renal function in DS rats. (a) Serum creatinine (Cr), (b) glomerular filtration rate (GFR) and (c) urine
protein levels were determined at 18 weeks of age. The results are presented as means £ SD (n = 10 each). *p < 0.001 versus

Normal group, **p < 0.05 versus EGFP group

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 1L-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 [L-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 endoge-
nous 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 1L-10
therapies based on recombinant drugs or plasmids require
frequent administration for sufficient and sustained 1L-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
AAVS-based vector caused systemic IL-10 expression for
1 year [21]. Since AAV1 is more efficient for muscle trans-
duction than AAV2 or AAVS [22], we used AAVI as the
vector in the present study [23].

A clinical trial using infliximab, a chimeric monoclonal
antibody to TNF-w, 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 nerwork, which
may be involved in the progression of CHF and other
related 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
ameliorates renal dysfuncrion via antd-inflammatory
effects. Interestingly, an intramuscular injecrion 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
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of inflammatary 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
artenuate the targer 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 as
its 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 [L-10
group, These observations suggest that 11-10 ameliorated
CHF independently of direct ANP production but inhibited
the adaptive increase in ANP levels.

The present study demonstrates that 1L-10 expression
attenuated pathological cardiac remodelling with reduced
expression of TGF-gy, 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-§, production,
leading to fibroblast proliferation and extracellular matrix
production [29]. Interestingly, a neutralizing antibody
against TGF-f inhibits fibroblast activation, resulting in
reduced collagen production and subsequent myocardial
fibrosis [30]. Previously, we reported that systemic [L-10
expression significantly decreased serum MCP-1 levels,
perivascular macrophage infiliration, and pulmonary
tissue TGF-f; levels in vivo [10,21]. These observations
suggest that the reduced macrophage-derived TGF-
fy expression following MCP-1 suppression might be
responsible for the anti-remodelling effects of 1L-10.
However, the direct effects of IL-10 on TGF-g; in the
pathogenesis of CHF remain unclear,

Epidemiological studies have demonstrated that the
increased pro-inflammatory cytokine expression is relared
to the incidence of pre-hypertension [31]. These results

I {rpne Mal J008; 10; 168-3
BOOR: D0 WL e

— 39—



374

suggest a possible link berween the inflammatory response
and the development of hypertension. This i the first
study to demonstrate the ant-hypertensive effects of
IL-10, which might be a key molecule to explain this
relationship. Exploring the mechanisms underlying the
effects of 1L-10 would provide new molecular targets for
refractory hypertension and lts sequalae.

In conclusion, the sustained I1L-10 expression achieved
by the single AAV-IL-10 injection ameliorated CHF and
prolonged survival in DS rats, [L-10 expression attenuated
salt-sensitive hypertension, LV remodelling and renal
dysfunction. These results suggest that our 1L-10-based
straregy potentially prevents the progression of refractory
hypertensive organ damage in humans,
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