Recombinant adenovirus in gene transfer: Tsuyoshi Tada et al.

Table 1: List of previous gene transfer to the central nervous system with virus

No. of injected Injecting Peak time Observation

Year Authors Virus particles site Animals (days) period (days) Gene
1 1993 Bajocchi et al. Ad 5x10° pfu LV SD rat 4 6 Bgal
2 1995 Ooboshi et al. Ad 1% 10° pfu CM SD rat 1 7 Bgal
3 1995 Betz et al. Ad Particle 1x 10° pfu Lv Rat 5 5 Bgal
5 1998  Kitagawa et al. Ad 2.5x%10° pfu LV Cerbil 1 21 Bgal
6 1998 Yang et al. Ad 1% 10° particle LV CD-1 mice 5 5 Bgal
7 1998 Ghodsi et al. Ad 2 %107 pfu LV CM C57BL/6 mice 21 21 Bgal
8 1998 Abe et al. Ad 2.5x10° pfu LV Gerbil 7 21 Bgal
9 2000  Davidson et al. AAV 3x10' pfu LV C57BL/6 mice 21 105 Bgal
10 2000 Yagi et al. Ad Ad 5 x 107 pfu LV Gerbil 2, 4,7 7 Bgal
11 2000 Mao et al. Ad Unknown LV CD-1 mice 5 5 Bgal
12 2002 Baekelandt et al. HIV-1 Unknown Lv Mice Unknown Unknown GFP
13 2002 Lin et al. Ad 1% 107 pfu Lv LE rat 3 3 GFP
14 2003 Matsuoka et al. Ad 2% 10° pfu Lv Gerbil 2 7 Bgal
15 2003 Shirakura et al. SeV 1x10° pfu Lv Gerbil 4 7 GFP
16 2000 Driesse et al. Ad 7.4%10° pfu LV Monkey - 21 -
17 2000  Driesse et al. Ad 5x 107 pfu LV Rat -] 16 -
18 2000 Muzzin et al. Ad 3x10° pfu Lv Zucker Rat 9 GFP

Ad=adenovirus, pfu=plaque forming units, LV=lateral ventricle, f-gal=

B-galactosidease, GFP=green fluorescent protein, CM=cisterna magna,

AAV=adenoassociated virus; HIV-1=human immunodeficiency virus, SeV=Sendai virus.

atrophy or hydrocephalus. Hydrocephalus in humans is
often accompanied by periventricular lucency, indicat-
ing that the destruction of the ependymal layer permits
influx of CSF from the ventricle to the brain parench-
yma**. In our study, we observed edematous changes in
the center of the hemisphere, but degenerative changes
were apparent in the external capsule. Therefore, we
speculate that the ventricles were compensatory dilated
after degeneration of the neural fibers.

In conclusion, it is important to take this diffuse
encephalo-ventriculitis into consideration for the clin-
ical application of gene transfer into the ependymal
cells or subarachnoid space.
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Postinfarction Gene Therapy Against Transforming Growth
Factor-B Signal Modulates Infarct Tissue Dynamics and
Attenuates Left Ventricular Remodeling and Heart Failure

Hideshi Okada, MD: Genzou Takemura, MD, PhD; Ken-ichiro Kosai, MD, PhD; Yiwen Li, MD, PhD;
Tomoyuki Takahashi, PhD; Masayasu Esaki, MD; Kentaro Yuge, MD, PhD; Shusaku Miyata, MD;
Rumi Maruyama, BS; Atsushi Mikami, MD, PhD; Shinya Minatoguchi, MD, PhD;

Takako Fujiwara, MD, PhD; Hisayoshi Fujiwara, MD, PhD

Background—TFibrosis and progressive failure are prominent pathophysiological features of hearts after myocardial
infarction (MI). We examined the effects of inhibiting transforming growth factor-B8 (TGF-B) signaling on post-MI

cardiac fibrosis and ventricular remodeling and function.

Methods and Results—MI was induced in mice by left coronary artery ligation. An adenovirus harboring soluble TGF-B
type II receptor (Ad.CAG-sTBRII), a competitive inhibitor of TGF-B, was then injected into the hindlimb muscles on
day 3 after MI (control, Ad.CAG-LacZ). Post-MI survival was significantly improved among sTBRII-treated mice (96%
versus control at 71%), which also showed a significant attenuation of ventricular dilatation and improved function 4
weeks after ML At the same time, histological analysis showed reduced fibrous tissue formation. Although MI size did
not differ in the 2 groups, MI thickness was greater and circumference was smaller in the sTARII-treated group; within
the infarcted area, a-smooth muscle actin—positive cells were abundant, which might have contributed to infarct
contraction. Apoptosis among myofibroblasts in granulation tissue during the subacute stage (10 days after MI) was less
frequent in the sTBRII-treated group, and sTERIL directly inhibited Fas-induced apoptosis in cultured myofibroblasts.
Finally, treatment of MI-bearing mice with sTBRII was ineffective if started during the chronic stage (4 weeks after MI).

Conclusions—TPostinfarction gene therapy aimed at suppressing TGF-f signaling mitigates cardiac remodeling by
affecting cardiac fibrosis and infarct tissue dynamics (apoptosis inhibition and infarct contraction). This suggests that
such therapy may represent a new approach Lo the treatment of post-MI heart failure, applicable during the subacute

stage. (Circulation. 2005;111:2430-2437.)

Key Words: heart failure ® gene therapy & myocardial infarction ® transforming growth factors

yocardial infarction (M) often leads to left ventricular

(LV) remodeling, which is characterized by venfricular
dilatation, diminished cardiac performance, and poor recov-
ery of function.! Thus, patients who escape death during the
acute stage of a large MI are at high risk of developing heart
failure during the chronic stage. Indeed, patients with postin-
farcltion heart failure account for nearly half of the candidates
for cardiac transplantation.? The extent of the cardiomyocyte
death during the acute stage of MI is a critical determinant of
the subsequent ventricular remodeling and eventual heart
failure, but the complex process of cardiac remodeling is not
determined solely by that; hypertrophic responses occur in
cardiomyocytes in the surviving portion of the ventricle,
followed by ventricular dilatation due to architectural reas-
rangement of the cardiomyocytes and interstitial cells making

up the myocardivm.*-5 In that regard, myocardial fibrosis is
one of the most characteristic structural changes in infarcted
hearts and contributes to both systolic and diastolic
dysfunction.®’

See p 2416

Several lines of evidence point to the critical role played by
transforming growth factor-8 (TGF-B) during the progression
of myocardial fibrosis: (1) TGF-B1 induces increases in both
the production and secretion of collagen, increases the abun-
dance of collagen type I and III mRNA in cultured rat cardiac
fibroblasts, and stimulates the expression of extracellular
matrix proteins in vivos; (2) in vivo gene transfer of TGF-$1
can induce myocardial fibrosis®; (3) expression of TGE- is
markedly increased in both infarcted and noninfarcted areas
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of hearts after MI®9; and (4) TGF-$ is associated with
angiotensin [l-mediated fibrosis, whereas inhibition of angio-
tensin II signaling mitigates post-MI cardiac remodeling and
improves function.!-2 Collectively, these findings suggest
strongly that TGF-$ plays a critical role during the healing
process after MI and thus affects cardiac remodeling and
function during the chronic stage.

Soluble TGF- type Il receptor (sTBRI) inhibits the action
of TGF-B, most likely by adsorbing TGF-8 or by acting as a
dominant negative receptor.'3 In the present study we hypoth-
esized that postinfarction treatment with sTBRII would mit-
igate chronic heart failure by affecting the LV remodeling
process. We therefore constructed a recombinant adenoviral
vector expressing the exiracellular domain of the TGE- type
1T receptor fused to human immunoglobulin Fe and started its
transduction into mouse hindlimbs (systemic transfection) on
the third day after MI, a time when therapy would not affect
acute ischemic death of cardiomyocytes. We then examined
the effects on LV structure and function during the chronic
stage of MI and sought possible mechanisms responsible for
our observations made both in vitro and in vivo.

Methods

Replication-Defective Recombinant Adenoviral Vectors
A replication-defective adenoviral vector, Ad-TBRIIEx-Fe, which
expresses the extracellular domain of the type II TGF-8 receptor!?
fused to the Fc portion of human IgG1 under the transcriptional
control of cytomegalovirus immediate early enhancer and a modified
chicken B-actin promoter, was constructed by in vitro ligation as
previously described.! Likewise, control Ad-LacZ was prepared as
previously described.!5:16

Measurement of sTSIIR in Plasma

Plasma concentrations of sTBRII after adenoviral transfection were
measured in mice (n=>5) by detecting human IgG-Fe with the use of
an enzyme-linked immunosorbent assay (Institute of Immunology).

Experimental Protocols

The study was approved by our institutional animal research com-
mittee. MI was induced in 10-week-old male C57BL/6J mice (Chubu
Kagaku, Nagoya, Japan) by ligating the left coronary artery as
previously described.™ In sham-operated mice, the suture was
passed but not tied. Ad.CAG-sTBRII (1X10" particles per mouse)
was then injected into the hindlimb muscles of the mice. As a
control, adenovirus harboring the LacZ gene (Ad.CMV-LacZ) was
injected in the same manner.

Protocol 1 (Treatment at Subacute Stage)

MI was induced in 75 mice. Of those, 55 survived (o the third day
after MI and were entered into the study. They were then randomly
assigned into sTBRII (n=27) and LacZ (n=28) treatment groups and
were followed up for 4 weeks after MI. Fifteen sham-operated mice
were subjected to either of the treatments (LacZ, n=7; sTBRII, n= 8)
and similarly assessed. In another experiment, on the third day after
MI, 10 mice were divided into sTBRII and LacZ treatment groups
(n=>5 each), and the survivors (n=4 in the sTBRII group and n=3 in
the LacZ group) were euthanized on day 10 after ML

Protocol 2 (In Vitro Experiment)

MI was induced in mice, and 10 days later cardiac myofibroblasts
were obtained from the infarcted areas of the hearts according to the
method previously described with modification.!s Briefly, the heart
was resected, and the infarcted area was removed. The tissue was
then minced and incubated with collagenase type Il (Worthington) in
Krebs-Ringer buffer for 30 minutes at 37°C. The dissociated cells
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were plated on 10-cm dishes for 1 hour and then rigorously washed
with buffer. The atlached remaining nonmyocytes were cultured in
DMEM supplemented with 5% mouse serum, which was obtained
from mice 7 days after transfection with Ad.CAG-TBRII or
Ad.CMG-LacZ. The cells were used for experimentation during the
second and third passages. More than 90% of the cells were found to
be a-smooth muscle actin (SMA) positive. A mixture of agonistic
anti-Fas antibody (1 pg/mL; Pharmingen) and actinomycin D (0.05
pg/mL: Sigma) was applied for 24 hours to induce apoptosis.!?

Protocol 3 (Treatment at Chronic Stage)

MI was induced in 33 mice that were subsequently observed for 4
weeks with no treatment. At that time, scarring was well established
in the infarcts of the 25 surviving mice, and gene treatment with
LacZ (n=11) or sTBRII (n=14) was started. These mice were then
examined after an additional 4 weeks (8 weeks after MI). In another
set of animals, we evaluated sTBRII in the 5-week-old infarcted area
(1 week after viral injection) by Western blot using LacZ gene~ and
sTBRII gene-treated hearts (n=3 each). This was to confirm
accessibility of sTSBRII into scar tissue.

Physiological Studies

Echocardiograms were recorded 4 weeks after MI with the use of an
echocardiographic system (Aloka) equipped with a 7.5-MHz imag-
ing transducer. The right carotid artery was then cannulated with a
micromanometer-tipped catheter (SPR 407, Millar Instruments) that
advanced into the left ventricle via the aorta for recording pressures
and *dP/dt.

Histological Analysis

After the physiological analyses, all surviving mice were euthanized,
and their hearts were removed. The excised hearts were cut into 2
transverse slices; the basal specimens were fixed in 10% buffered
formalin and embedded in paraffin, after which 4-pm-thick sections
were stained with hematoxylin-eosin, Masson’s trichrome, and
Sirius red F3BA (0.1% solution in saturated aqueous picric acid)
(Aldrich).™ Quantilative assessments of cell size, cell population,
and fibrotic area were performed on 20 randomly chosen high-power
fields (HPF) in each section with the use of a LUZEX F multipurpose
color image processor (Nireco). Quantitative assessments of cardio-
myocyte size (as the transverse diameter), cell population, vessel
population, and fibrotic area were performed on 20 randomly chosen
HPF in each section with a LUZEX F multipurpose color image
processor (Nireco). The number of cardiomyocytes evaluated was
198212 cells per heart. Vessels were identified as the lumens
outlined by Flk-1-positive endothelial cells on the Fik-1-immuno-
stained sections.

Immunohistochemical Analysis
Deparaffinized 4-pm-thick sections or cultured cells were incubated
with primary antibody against e-SMA (Sigma), Flk-1 (Santa Cruz),
or pan-leukocyte antigen (CD45, Pharmingen), after which they were
immunostained with diaminobenzidine hydrochloride or labeled
with immunofluorescent Alexa Fluor 488 or 568 (Molecular Probes).
Nuclei were stained with hematoxylin or Hoechst 33342.
Apoptosis was evalnated with (he use of the in situ terminal
deoxynucleotidyl transferase~mediated nick-end labeling (TUNEL)
method with an ApopTag kit (Intergene) as previously described. ™
For double immunofluorescence. tissue sections or cells were
stained first with the use of an FITC-conjugated ApopTag kit
(Integene) and then with anti~c-SMA or anti-Flk-1 followed by
labeling with Alexa Fluor 568.

Western Blotting

Proteins (100 pg) extracted from hearts in protocol 1 were subjected
to 14% polyacrylamide gel electrophoresis and then transferred onto
polyvinylidene difluoride membranes. The membranes were then
probed with the primary antibody against matrix metalloproteinase-2
(MMP-2) (Daiichi Fine Chemical Co) or atrial natriuretic peptide
(ANP) (Santa Cruz). .
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Figure 1. A, Time courses of changes in sTARI! levels measured
by enzyme-linked immunosorbent assay in plasma from mice
transfected with the LacZ or sTARIl gene. B, Expression of sTERII
protein in infarcted tissues as detected by anti-human IgG.

Infarct tissues were subjected to Western blotting for sTSRII by
anti-human IgG antibody (DAKO).

The blots were visualized by means of chemiluminescence (ELC,
Amersham), and the signals were quantified by densitometry.
B-Actin (analyzed with antibody from Sigma) was the loading
control.

Statistical Analysis

Values are shown as mean®=SEM. Survival was analyzed by the
Kaplan-Meier method with the log-rank Cox-Mantel method. The
significance of differences was evaluated with Student 7 tests. Values
of P<<0.05 were considered significant.

Results
Plasma Levels of Exogenous sTSRII

Among mice receiving sTSRII gene transfection, the plasma
levels of exogenous sTBRII reached 23.7:4.3 and 49054
ug/mlL, respectively, 3 and 7 days after the injection (6 and
10 days after ML, respectively), a time when the infarcted area
was composed of granulation tissue (Figure 1A). Levels
declined steeply thereafter, and sTBRII was undetectable in
the plasma 2 weeks after MI. No sTBRII was detected in the
LacZ-treated mice at any time. Accessibility of sTBRI into
scar tissue was confirmed by Western blotting (Figure 1B).
All sham-operated mice survived until 4 weeks after surgery.

Effect of Anti-TGF-f Treatment at Subacute
Stage (Protocol 1)

Four Weeks After MI

The survival rate was significantly higher among sTSRII-
treated mice than among LacZ-treated confrol mice 4 weeks
after MI (Figure 2A): 26 of 27 mice (96%) in the sTBRII-
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Figure 2. Survival, LV geometry, and LV function during the
chronic stage (4 weeks after M) in Mi-bearing mice receiving
gene therapy on day 3 after Ml. A, Post-Ml survival curves for
LacZ-treated and sTARIl-treated mice. B to G, Effects of sTERII
therapy on cardiac anatomy and function 4 weeks after MI.
LVDd and LVDs indicate left ventricular end-diastolic and end-
systolic diameter, respectively; LVSP and LVEDP, left ventricular
peak systolic and end-diastolic pressure, respectively; sham,
sham-operated control group with LacZ gene treatment.
“P<0.05, significant difference compared with sham; #P<0.05,
significant difference compared with the LacZ-treated M| group.

treated group survived versus 20 of 28 mice (71%) in the
control group (P<<0.05).

Echocardiography and cardiac catheterization performed 4
weeks after MI showed control mice to have severe LV
remodeling with marked enlargement of the LV cavity and
signs of reduced cardiac function compared with the sham-
operated mice (Figure 2B): decreased LV percent fractional
shortening and +dP/dt and increased LV end-diastolic pres-
sure. These parameters were all attenuated in sTSRII-treated
mice (Figure 2B), indicating mitigation of postinfarct remod-
eling and improved cardiac function. In the sham-operated
mice, there was no significant difference in cardiac function
4 weeks after surgery between the sTSRIL gene— and LacZ
gene—treated group, indicating a negligible effect of sTARU
freatment on cardiac function of sham-operated mice (data
not shown).

There was no significant difference in heart weights (Lac
7. 166=9 mg versus sTARIIL, 1686 mg) or in ratios of heart
weight to body weight (Lac Z, 6=0.2 mg/g versus sTBRII,
6=0.3 mg/g) between the groups. Although hearts from
LacZ-treated mice showed marked LV dilatation with a thin
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Figure 3. Morphometry of mouse hearts 4 weeks after MI. A,
Transverse sections of hearts from mice treated with LacZ (A1)
or sTBRII (A2). The sections are stained with Masson’s
trichrome. Note the smaller LV cavity, shorter infarct segment,
and thicker infarct wall in the post-MI heart treated with sTARII
compared with the control heart. B, Absolute area of infarct. C,
Percent area of left ventricle taken up by infarct. D, Thickness of
infarct. E, Circumferential length of infarct segment.

infarcted segment 4 weeks after MI, those from sTSRII-
treated mice presented smaller LV cavities (Figure 3A1 and
3A2). Both the absolute area of the infarct and the percentage
of the whole LV area taken up by the infarct were comparable
between the LacZ- and sTBRII-treated mice (Figure 3B and
3C). On the other hand, the circumferential length of the
infarcted segment was shorter and the infarct was thicker in
the sTBRII-treated mice (Figure 3D and 3E).

By 4 weeks after MI, the infarcted areas of LacZ-treated
mice had been replaced by fibrous scar tissue (Figure 4A1).
The infarcts of sSTBRII-treated mice, by contrast, contained
not only collagen fibers but also numerous cells (Figure 4A2).
The noncardiomyocyte population in the infarcted areas was
significantly greater in the sTSRI-treated mice (Figure 4A3),
as was the percent infarcted area taken up by extravascular
a-SMA-positive cells (Figure 4B1 to 4B3). Some a-SMA-
positive cells accumulated and formed bundles to run parallel
with the infarct wall circumference (Figure 4B2) that were
not observed in the infarcted 1.V walls of the control mice.
Still, the population of vessels was comparable in the 2
groups (LacZ, 7.2%0.7 vessels per HPF versus sTBRIIL,
6.920.8 vessels per HPF; P=NS). There was no significant
difference in population of CD45-positive cells between the
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Figure 4. Histological and immunohistochemical preparations
from mouse hearts collected 4 weeks after Ml. A, Infarcted
areas in hearts from LacZ-treated (A1) and sT3RIl-treated (A2)
mice; graph shows cell density (A3). Sections are stained with
hematoxylin-eosin. B, Immunchistochemical analysis of «-SMA
within infarcted areas of LacZ-treated (B1) and sTARIl-treated
{B2) mice; graph shows percentage of infarcted area taken up
by a-SMA-positive cells (B3). Asterisk in B2 indicates a bundle
of «-SMA-positive cells. C, Sirius red-stained preparations of
noninfarcted (C1 and G2) and infarcted (C4 and C5) areas in
LacZ-treated (C1 and C4) and sTARIl-treated (C2 and C5) mice;
graphs show percentage of noninfarcted (C3) and infarcted (C6)
areas taken up by collagen fibers.

control (0.920.1 cells per HPF) and sTBRII-treated hearts
(0.8+0.2 cells per HPF, P=NS). The amount of fibrosis
assessed in Sirius red-stained sections was significantly
reduced in the noninfarcted LV walls and in the infarct region
of the sTBRII-treated mice (Figure 4C1 to 4C6). MMP-2 in
hearts with 4-week-old MI was greater in hearts with MI
compared with the sham-operated hearts, but it was not
significantly affected by the sTBRII treatment (Figure SA and
5B). suggesting a negligible association of the gelatinase
activity with sTBRI-induced antifibrosis in the present ex-
perimental setting. In addition, the transverse diameters of
cardiomyocytes in the noninfarcted areas were significantly
greater in the LacZ-treated (17.7#0.3 pm) than in the
sTBRII-treated (15.1+0.3 um) mice (Figure 5C), suggesting
that the compensatory cardiomyocyte hypertrophy was more
developed in the control mice. Consistent with this finding,
Western blot analysis revealed reduced ANP expression in
the sTBRII-treated hearts (Figure 5A and 5B).
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Figure 5. A, Western blotting for MMP-2 and ANP of sham-
operated heart and hearts with 4-week-old Mi. B, Densitometry
of MMP-2 (left) and ANP (right). C, Cardiomyocyte size in sham-
operated control hearts and hearts with 4-week-old ML
*P<0.05, significant difference compared with sham; #°<0.05,
significant difference compared with the LacZ-treated M group.

Ten Days After MI

By 10 days after MI, the infarcted areas were composed of
granulation tissue, and TUNEL assays indicated that apopto-
sis was ongoing in both the LacZ- and sTSRII-treated groups.
However, the incidence of TUNEL-positive cells was signif-
icantly smaller in the sTBRII-treated than in the LacZ-treated
group (Figure 6A1 to 6A3). Moreover, double-immunofluo-
rescence assays (TUNEL followed by anti-Flk-1 or anti—
SMA antibody) revealed that within the sTSRII-treated
group, the incidence of apoptosis was reduced among myo-
fibroblasts/smooth muscle cells (Figure 6B1 and 6B2) but not
among endothelial cells (LacZ, 3.5+0.5% versus sTBRIL
3.5:+0.2%; P=NS), which suggests that sTBRI may specif-
ically inhibit apoptosis among myofibroblasts. TUNEL-
positive cardiomyocytes were extremely rare (<<0.01%) in
both groups.

Effect of sTBRII on Fas-Induced Apoptosis In
Vitro (Protocol 2)

Myofibroblasts obtained from the infarcted areas of mouse
hearts 10 days after MI were cultured in medium containing
5% serum collected from LacZ- or sTSRII-treated mice.
When the cells were then subjected to Fas-induced apopto-
sis'® for 24 hours, the incidence of TUNEL-positive myofi-
broblasts was significantly lower among cells cultured with

A3 % TUNEL-positive Cells (%)

3

p <0.05

LacZ sSTBRH

LacZ sTRRIT
Bz f’/nTUN EL-pos'i(‘ivily

in a-SMA-puositive Cells (%)

107

8

6

41

71

0

T p<005

LacZ STRRIT

Figure 6. Apoptosis within infarcted tissue 10 days after Mi. A,
TUNEL-stained preparations from LacZ-treated (A1) and sTARII-
treated (A2) mice. A3, Percentage of TUNEL-positive nonmyo-
cytes within the infarcted area. Arrows indicate positive cells. B,
Infarcted tissue obtained from LacZ-treated mice (B1) was dou-
ble stained with TUNEL and o-SMA immunohistochemistry and
observed under a confocal microscope. B2, Percentage of
TUNEL-positive cells among the a-SMA-positive cells.

sTBRII-containing serum (16+£2.9%) than among those cul-
tured with normal serum (43%=5.2%; P<0.05) (Figure 7).
However, such an apoptosis-inhibitory effect by sTSRI-
containing serum was completely canceled by an addition of
TGF-B1 at the concentration of 1 pg/mL (Figure 7). These
findings suggest that sTARII exerts a direct antiapoptotic
effect on cardiac myofibroblasts.

Effect of Anti-TGF-$ Treatment at Chronic Stage
(Protocol 3)

Using protocol 3, we determined the extent to which inhib-
iting apoptosis among granulation tissue cells is responsible
for the beneficial effects on post-MI heart failure. For this
purpose, the sTARII gene therapy was started at a more
chronic stage of MI, after the granulation tissue had already
been replaced with scar tissue. The sTBRIL (n=14) or LacZ
(n=11) gene was delivered to mice 4 weeks after M1, and the
mice were examined after an additional 4 weeks (8 weeks
after MI). Accessibility of sTBRII into scar tissue was
confirmed by Western blotting (Figare 1B). One of 14
sTARII-treated mice and none of the 11 LacZ-treated mice
died during the additional 4-week follow-up (P=NS). This
time we found no difference in ventricular geometry or
function between (he sTBRII-treated and LacZ-treated groups
(Table), clearly indicating that the preventive effect of
sTARII gene therapy on heart fajlure is attributable to its
action on granulation tissue during the subacute stage of MIL.

Discussion
The present study revealed that postinfarction sTBRII gene
therapy, begun at the subacute stage of M, alleviated adverse
remodeling and improved function of the LV dwring the
chronic stage. In addition, we provide novel insights into the
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Figure 7. Effect of sTBRIl-containing sera on Fas-induced apo-
ptosis among cultured nonmyocytes obtained from the infarcted
tissue of hearts 10 days after Mi (protocol 2). Confocal micro-
graphs (A) show TUNEL-positive/a-SMA-positive cultured cells.
B, Percentage of apoptotic myofibroblasts.

mechanism of the beneficial effect of the TGF-B signal
inhibition.

Mechanisms of Beneficial Effects of sTSRII on
Postinfarction Heart Failure

The mechanisms responsible for the beneficial effects of
inhibiting TGF-B signaling on post-MI heart failure appear

Anti-TGF-$ Against Post-MI Heart Failure 2435

Ventricular Geometry, Function, and Histology 8 Weeks After Mi
Among Mice Transfected With the Indicated Gene 4 Weeks
After MI (Protocol 3)

LacZ sT/RH
(n=11) (n=13) P
LVED diameter, mm 6.00.1 6.3+0.2 0.11
% Fractional shortening 16.7x0.6 16.10.6 0.53
Heart rate, bpm 502=21 54420 0.16
LVSP, mm Hg 85:3 80+3 0.21
LVEDP, mm Hg 91 91 0.84
+dP/dt, mm Hg/s 3847101 3608+150  0.22

~dP/dt, mm Hg/s —3642=166 -3337:+144 0.18
MI area, x10° pm? 2.1+0.2 2.4+03 0.53
% M area 21532 242+3.0 0.57
Ml segmental length, X10% m 6.1+0.9 6.4:+0.7 0.78
MI wall thickness, x10% jun 2.4+04 2.0:x0.2 0.43
% Fibrosis in non-Ml area 17.7+1.8 181+19 0.88
% Fibrosis in Ml area 50.6:3.6 51.5+39 0.56
Cell population in MI area, 1496 1445 0.56
cells/10% pum?

Area of «-SMA~positive cells, % 1.9+0.9 2.0x02 0.75

LVED indicates LV end-diastolic; LVSP, LV peak systolic pressure; and
LVEDP, LV end-diastolic pressure.

somewhat complicated, probably reflecting the multiple bio-
logical effects of TGF-f. TGF- signaling acts as a strong
inducer of extracellular matrix and as an immunomodulator
of chemotaxis by fibroblasts and inflammatory cells.’8-20 Iny
the infarcted heart, TGF-8 expression is regulated by locally
generated angiotensin II via angiotensin I type | receptor
binding, and angjotensin-converting enzyme inhibitors and
angiotensin II type 1 receptor blockade attenuated postinfarc-
tion ventricular remodeling equally.''? However, the manner
in which direct inhibition of TGF-8 signaling in the infarcted
heart affects the postinfarction process has not been well
elucidated . In the present study inhibition of TGF-8 signal-
ing by exogenous sTSRII significantly reduced cardiac fibro-
sis, confirming the fibrogenetic effect of TGF-S on post-MI
hearts. Because myocardial fibrosis contributes to both sys-
tolic and diastolic dysfunction in the heart,57 reducing it by
inhibiting TGF-8 signaling is one way in which to mitigate
LV remodeling and heart failure. MMP-2 activity seemed to
be not significantly associated with sTSRU-induced antifi-
brosis in the present experimental setting.

Perhaps the most notable finding of the present study is the
effect of anti-TGF-B therapy on infarct geomelry, ie, the
shortening of the infarcted segment and the thickening of the
infarcted wall, without a change in absolute infarcted area.
Contraction of the infarcted tissue likely contributes to
suppression of LV dilatation. Because wall stress is propor-
tional to the cavity diameter and inversely proportional to the
wall thickness (Laplace’s law)2! and because wall stress and
adverse LV remodeling (dilatation) have a vicious relation-
ship, accelerating one another, it is easy to surmise that such
an alteration in the geometry of the infarct would markedly
improve the hemodynamic state of the heart.
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Inhibition of TGE- signaling also qualitatively altered the
infarct tissue. We found an increased abundance of o-SMA~
positive cells (myofibroblasts and smooth muscle cells) in the
exiravascular area of infarcts in sTBRII-treated hearts. Those
cells are well known to play an important role in wound
contraction during the healing process,” and (o then disap-
pear via apoptosis.?>>* Recently, we reported that blockade of
myofibroblast apoptosis by the treatment with pan-caspase
inhibitor or with soluble Fas, a competitive inhibitor of Fas,
attenuates postinfarction venlricular remodeling and heart
failure.252 We speculate that the preserved myofibroblasts
may contribute structurally to the thickening of the infarct
scar. In addition, althongh the property of contractile function
of these myofibroblasts has not been elucidated, it is conceiv-
able that contractile myofibroblasts that are running parallel
with the infarct circumference may shrink the infarct into
coronal directions and increase the infarct thickness.

It is thus notable that sTARII had a direct inhibitory effect
on apoptosis among myofibroblasts in granulation tissue,
both in vivo and in vitro. This is consistent with the report by
Hagimoto et al,?’ who showed that TGF-B1 sensitizes pul-
monary epithelial cells to Fas-induced apoptosis. Conversely,
TGF-B is known to promote transdifferentiation of fibroblasts
into myofibroblasts,?® ie, inhibition of TGF-B signaling
possibly results in reduction of myofibroblast population.
Inhibition of TGF-B signaling thus appears to have reciprocal
effects on myofibroblast population: its reduction through
interfering with transdifferentiation from fibroblasts and its
augmentation through blocking apoptotic death. In the pres-
ent experimental setting, the gene product peaked during the
granulation tissue phase (1-week-old infaret) when myofibro-
blasts were already abundant but their apoptosis was ongoing.
In the 4-week-old infarct tissue, however, naturally occurring
apoptosis was already complete in the control MI hearts.
These findings may explain our data that the population of
o-SMA-positive cells was balanced (o gain in the post-MI
scar tissue of the TGF-B signal-inhibited hearts. Taken
together, these findings suggest that myofibroblasts escaping
apoptosis may survive even during the chronic stage of MI,
accumulate, form bundles, and contribute to infarct contrac-
tion. In addition, this mechanism appears critical for func-
tional improvement, as transfection of the sTBRII gene was
ineffective if started during the chronic stage of MI, when
most a-SMA—positive cells have already disappeared (see
protocol 3 above).

Because in the present study sTBRIL gene therapy was
started on the third day after ML, it is unlikely that it
influenced cardiomyocyte apoptosis during the acute stage. It
is also unlikely that this therapy affected cardiomyocyte
survival by inhibiting apoptosis at the subacute or chronic
stages. This is because, in conlrast to an earlier report,* we
found that apoptosis was negligible among cardiomyocytes at
any stage of ML

Time Window Within Which to Inhibit

TGT- Signaling

TGF-f signaling is believed to have cardioprotective effect
during ischemia/reperfusion, perhaps as a result of inhibition
of tumor necrosis factor-a release, improvement of endothe-

lium-dependent relaxation, prevention of reactive oxygen
species generation, and/or inhibition of upregulation of ma-
trix metalloproteinase-1.2%3° For these reasons, inhibition of
TGP-B signaling during the acute stage of MI is considered
harmful. In addition, our data indicate that late inhibition of
TGF-B signaling (during the scar phase of MI) is without
effect. It thus appears that there is a therapeutic time window
that is critical for inhibition of TGF-B signaling to elicit the
beneficial effects on post-MI heart failure.

Limitations and Clinical Implications

There is considerable evidence indicating that the TGF-$
signal exerts a protective effect against atherosclerosis in
mouse models by preventing lipid lesion formation.?'=** This
potential limitation might have to be taken into account in
application of the anti-TGF-8 strategy.

Rapid recanalization of the occluded coronary artery is
presently the best clinical approach to the treatment of acute
MI; if performed in time, it enables salvage of the ischemic
myocardial cells. Unfortunately, most patients miss the
chance for coronary reperfusion therapy because to be effec-
tive it must be performed within a few hours after the onset
of infarction.®* The present findings suggest that this novel
therapeutic strategy may mitigate the chronic progressive
heart failure seen in patients after large MIs. When initiated
during the subacute stage, inhibition of TGF-S signaling may
benefit patients who missed the chance for coronary
reperfusion.
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Critical Roles for the Fas/Fas Ligand System in
Postinfarction Ventricular Remodeling and Heart Failure

Yiwen Li, Genzou Takemura, Ken-ichiro Kosai, Tomoyuki Takahashi, Hideshi Okada, Shusaku Miyata,
Kentaro Yuge, Satoshi Nagano, Masayasu Esaki, Ngin Cin Khai, Kazuko Goto, Atsushi Mikami,
Rumi Maruyama, Shinya Minatoguchi, Takako Fujiwara, Hisayoshi Fujiwara

Abstract—In myocardial infarction (MI), granulation tissue cells disappear via apoptosis to complete a tinal scarring with
scanty cells. Blockade of this apoptosis was reported to improve post-MI ventricular remodeling and heart failure.
However, the molecular biological mechanisms for the apoptosis are unknown. Fas and Fas ligand were overexpressed
in the granulation tissue at the subacute stage of MI (1 week after MI) in mice, where apoptosis frequently occurred.
In mice lacking functioning Fas (/pr strain) and in those lacking Fas ligand (g/d strain), apoptotic rate of granulation
tissue cells was significantly fewer compared with that of genetically controlled mice, and post-MI ventricular
remodeling and dysfunction were greatly attenuated. Mice were transfected with adenovirus encoding soluble Fas
(sFas), a competitive inhibitor of Fas ligand, on the third day of ML The treatment resulted in suppression of granulation
tissue cell apoptosis and produced a thick, cell-rich infarct scar containing rich vessels and bundles of smooth muscle
cells with a contractile phenotype at the chronic stage (4 weeks after MI). This accompanied not only alleviation of heart
failure but also survival improvement. However, the sFas gene delivery during scar tissue phase was ineffective,
suggesting that beneficial effects of the sFas gene therapy owes to inhibition of granulation tissue cell apoptosis. The
Fas/Fas ligand interaction plays a critical role for granulation tissue cell apoptosis after M1. Blockade of this apoptosis
by interfering with the Fas/Fas ligand interaction may become one of the therapeutic strategies against chronic heart
failure after large M. (Circ Res. 2004;95:627-636.)

Key Words: apoptosis m gene therapy & heart failure ® myocardial infarction & remodeling

E arge myocardial infarction (MI) causes severe chronic heart
failure with unfavorable remodeling of the left ventricle (LV),
which is characterized by a ventricular dilatation and diminished
cardiac performance.! The magnitude of acute MJ, which is deter-
mined within several hours after an attack of M1.2 is the most critical
determinant of subsequent heart failure. However, many other
factors, such as late death or hypertrophy of cardiomyocytes,
fibrosis, and the expression of various cytokines, are associated with
the disease progression.*¢ Cardiomyocyte death resulting from
apoptosis during chronic heart failure may play an important role in
the disease progression,™® although its role is still unclear because
of a low incidence.1%-13 In contrast, nonmyocytes in the infarct area,
such as infiltrating inflammatory cells during the acute stage and
granulation tissue cells during the subacute stage of M1, do die via
apoptosis as we reported previously.™* Granulation tissue in partic-
ular contains an abundance of neovasculature, myofibroblasts, and
macrophages. We reported recently that inhibition of granulation
tissue cell apoptosis by use of Boc-Asp-fink, a pancaspase inhibitor,
significantly improved LV remodeling and heart failure at the
chronic stage of MI.!s However, the molecular mechanisms of this

apoptosis have not been determined, although a dependency on
caspases is recognized.

Fas/Fas ligand interaction is an important trigger for
apoptosis in many cell types, particularly cells related to the
immune system.'¢ Because MI ensues inflammation and
post-MI granulation tissue contains chronic inflammatory
cells, we hypothesize that the Fas/Fas ligand system is
involved in the apoptosis of granulation tissuc cells. In the
present study, we first report that the Fas/Fas ligand system is
activated in post-MI granulation tissue cells and significantly
influences the postinfarct process. Next, we show that inhi-
bition of the Fas/Fas ligand system by delivery of the gene for
soluble Fas, a competitive inhibitor of Fas/Fas ligand inter-
action,!” during the subacute stage of MI could potentially
prevent post-MI heart failure at the chronic stage.

Methods

Experimental MI in Mice
The study was approved by our institutional animal research com-
mittee. MI was created in male C57BL/6J wild-type mice and
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Fas ligand
37 kDa

a-tubulin
55 kDa

B

syngenetic Jpr mice and gld mice (Clea Japan; Shizuoka, Japan) at 12
weeks of age by ligating the left coronary artery as described.'s In
sham-operated mice, the suture was passed but not tied. Animals
were killed 2 days, 10 days, 4 weeks, or 10 weeks after surgery.

Figure 1. Augmented expression of Fas
and Fas ligand in the infarct area 10 days
after MI. A, Western blots for Fas and Fas
ligand in normal liver, normal thymus,
sham-operated heart, and heart with
10-day-old M. Expression of both Fas
and Fas ligand was significantly aug-
mented in the heart with Mi compared
with the sham-operated heart. a-tubulin
was a loading control. B, Double immu-
nofluorescence for Fas or Fas ligand (red)
combined with Flk-1, a-SMA, F4/80,
CD34, or cardiac myosin heavy chain
(MHC; green), under a confocal micro-
scope. Fas positivity was seen in endo-
thelial cells, vascular smooth muscle
cells, extravascular myofibroblasts (aster-
isk), macrophages, and leukocytes but
not in cardiomyocytes, whereas Fas
ligand positivity was limited to leukocytes.
Arrows and an asterisk indicate double-
positive cells. Bars=20 um.

Recombinant Adenoviral Vectors

Replication-incompetent adenoviral vector that ubiquitously and
strongly expresses a chimeric fusion protein of exracellular region of
mouse Fas and the Fe region of human IgG, (mFas-Fc), that is,
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Figure 2. Modified post-MI ventricular remodeling and dysfunc-
tion in Jpr and gld mice. A, Apoptotic index on the basis of a
TUNEL assay in granulation tissue 10 days after Ml in wild-type,
lpr, and gld mice. *P<0.05 compared with wild-type. B, Ana-
tomical and hemodynamic data for the hearts with a 4-week-old
Ml obtained from echocardiography and cardiac catheterization.
*P<0.05 compared with wild-type mice. LVEDD indicates LV
end-diastolic dimension; LVESD, LV end-systolic dimension. C,
Magnitude of acute myocardial infarct (2-day-old Mi) evaluated
as the percentage of infarct area to total LV area in wild-type,
lpr, and g/d mice.

soluble Fas (sFas), was generated as follows. Adenoviral vector
plasmid pAd-sFas, which comprises the cytomegalovirus immediate
early enhancer, a modified chicken B-actin promoter and the extra-
cellular region of mouse Fas (sFas) cDNA (Ad.CAG-sFas) was
constructed by the in vitro ligation method (gift from Dr Mark A.
Kay, Stanford University School of Medicine, California) as de-
seribed previously.' Plasmid pFAS-Fcll was generously provided
by Dr S. Nagata (Osaka University Graduate School of Medicine,
Japan).2® Control Ad-LacZ was prepared as reported previously.2!
On day 3 of MI, the sFas gene or LacZ gene was systemically
delivered to mice by injection of Ad.CAG-sFas or Ad-LacZ (1 10°
plaque-forming units[pfu}/mouse) into the hindlimb muscles.
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Measurement of the sFas Level in Plasma

The plasma concentration of sFas was measured by detecting human
IgG-Fe using an ELISA kit (Institute of Immunology).

Physiological Studies

Echocardiograms were recorded with an echocardiographic system
(Aloka) equipped with a 7.5-MHz imaging transducer at 4 or 10
weeks after MI. After cardiac echocardiography, the right carotid
artery was cannulated with a micromanometer-tipped catheter (SPR
407; Millar Instruments) and advanced into the aorta and then into
the LV for recording pressure and *dP/dt.

Histological Analysis

After measurements, hearts were removed and cut into 2 transverse
slices, and the basal specimens were fixed with 10% buffered
formalin and embedded in paraffin. Sections 4-um thick were
stained with hematoxylin-eosin or Masson’s trichrome. Quantitative
assessments including cell size, cell population, and fibrotic area
were performed using multipurpose color image processor LUZEX F
(Nireco).

Western Blotting

An immunoprecipitation assay of the lysate of heart tissues was
performed with Ultra-Link Biosupport medium (Pierce) using anti-
Fas antibody and anti-Fas ligand antibody (both from BD Transduc-
tion Laboratories). Subsequently, the isolated protein was analyzed
by Western blotting using the same antibodies. Sham-operated hearts
10 days afier surgery, hearts with 10-day-old MI, normal thymus,
and normal livers (n=5 each) were subjected to the assay.

Active forms of caspase-8 and caspase-3 were detected, respec-
tively, using the primary antibody against caspase-8 (H-134; Santa
Cruz Biotechnology) and caspase-3 (H-277; Santa Cruz Biotechnol-
ogy) in sham-operated mice and LacZ gene-treated and sFas gene-
treated mouse hearts with 10-day-old MI (n=5 each).

Hindlimb muscles of mice injected with Ad-LacZ or Ad.CAG-
sFas 7 days earlier (n=3 each) were subjected to Western blot for
exogenous sFas by anti-human 1gG antibody (DAKO).

Immunohistochemical Analysis

The sections, 4-um-thick deparaffinized sections or 8-gm-thick
cryosections from the apical half of the ventricle, were incubated
with anti-Fas antibody, anti-Fas ligand antibody, anti-Flk-1 antibody
(Santa Cruz Biotechnology), anti~e-smooth muscle actin (SMA)
antibody (Sigma), anti-CD45 antibody (Pharmingen), antimacro-
phage antibody (F4/80; Biomedicals AG), or anticardiac myosin
heavy chain antibody (Santa Cruz Biotechnology). The ABC kit
(DAKO) was used for the immunostaining of the deparaffinized
sections with diaminobenzidine as the chromogen. For immunofluo-
rescence of cryosections, Alexa Fluor 568 and 488 (Molecular
Probes) were the secondary antibodies. Nuclei were counterstained
with hematoxylin or Hoechst 33342. Sections were observed under a
light, or confocal, microscope (LSM510; Zeiss).

In Situ Nick End-Labeling (TUNEL) and DNA
Gel Electrophoresis
The TUNEL assay was performed in sections using an ApopTag kit
(Intergene) principally according to the instructions of the supplier.
Mammary tissue of mice was used as the positive control.

DNA extraction from cardiac tissue and subsequent electrophore-
sis were performed as reported previously.'

Electron Microscopy

Two to 3 animals in each group were used exclusively for transmis-
sion electron microscopic examinations after the hemodynamic
examination. Afier perfusion fixation with phosphate-buffered 2.5%
glutaraldehyde, pH 7.4, for 30 minutes, they were immersion-fixed
in the same fixative overnight, postfixed with 1% osmium tetroxide
for 1 hour, dehydrated through a graded series of ethanol, and
embedded in Epon medium. Ultrathin sections were stained with
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Figure 3. Effects of sFas gene delivery
on granulation tissue cell apoptosis dur-
ing the subacute stage of Mi. A, Time
course of exogenous sFas levels in the
plasma of mice. ® indicates sFas gene-
treated mice; O, LacZ gene-treated mice
{n=6 each). *P<0.05 compared with the
value for the LacZ gene-treated mice at
the corresponding time point. B and C,
Photomicrographs of granulation tissue
used for TUNEL assays: left, LacZ gene-

treated mouse heart; right, sFas gene-

% treated mouse heart. Arrows indicate

T TUNEL-positive cells. Bars=10 pm.
Graphs showing the apoptotic index on

the basis of TUNEL (right) and cell popu-

lation of granulation tissue (left) of each

group. "P<0.05. D, a-tubuiin was a load-

ing control.
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uranyl acetate and lead citrate and observed in an electron micro-
scope (H700; Hitachi).

Statistical Analysis

Values are shown as mean+SEM. Analyses of survival after the
third or tenth day after M1 were performed using the Kaplan-Meier
method with the log-rank Cox-Mantel method. The significance of
differences was evaluated with Student ¢ test, and a difference at
P<0.05 was considered significant.

sFas

Results

Expression of Fas and Fas Ligand in Granulation
Tissue Cells During MI

We first examined the expression of Fas and Fas ligand in
granulation tissue of the heart at the subacute stage of MI (10
days after MI and 10 days after sham operation; n=> each).
Western blot analysis of the cardiac tissue revealed an
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Figure 4. Effects of sFas gene delivery on hearts at the chronic
stage of Ml (4 weeks after Ml). Graphs show anatomical and
hemodynamic data obtained from echocardiography and car-
diac catheterization. *P<0.05 compared with LacZ gene-
delivered mice. LVEDD indicates LV end-diastolic dimension;
LVESD, LV end-systolic dimension.

augmented expression of Fas and Fas ligand in the heart with
MI (Figure 1A). Under a confocal microscope, Fas was
identified on the plasma membrane of endothelial cells (Fas
positivity 812.9% of the endothelial cells), vascular smooth
muscle cells (69+2.0%), extravascular myofibroblasts
(45%2.9%), macrophages (79%3.2%), and leukocytes
(73£3.6%), whereas Fas ligand was found only on the
plasma membrane of leukocytes (Fas ligand positivity
21£2.7% of the CD45-positive cells; Figure 1B). Under the
present staining conditions, neither Fas nor Fas ligand was
detected on the surface of cardiomyocytes, even at the border
of the infarct area (Figure 1B).

Apoptosis was detectable by TUNEL assay in noncardio-
myocytes of granulation tissue but never in cardiomyocytes.
We failed to detect a ladder pattern on DNA gel electrophore-
sis in the tissue from hearts with 10-day-old MI (data not
shown). This failure was compatible with previous re-
ports'*2* and was probably attributable to the relatively low
incidence of apoptotic cells. Electron microscopy confirmed
this finding, being compatible with previous studies:!415
apoptosis of noncardiomyocytes and no apoptosis of cardio-
myocytes (data not shown).

Attenuated Postinfarction Heart Failure in Mice
with Nonfunctioning Fas and Fas Ligand

MI was induced in animals with a nonfunctioning Fas (/pr
strain: fas™'"; n=10),2* those with a nonfunctioning Fas
ligand (g/d strain: fas ligand™~; n=10),2* and in the synge-
netic control mice (C57BL/6J strain; n=10). The lack of Fas
and Fas ligand was confirmed, respectively, in the hearts of
the [pr strain and the g/d strain mice 10 days after MI (data
not shown). On the basis of the TUNEL assay, granulation
tissue cell apoptosis in surviving mice with 10-day-old MI
was significantly suppressed in the nonfunctioning Fas/Fas
ligand strains (0.74+0.02% in the [pr strain [n=9] and
0.88=0.06% in the gld strain [n=9]) compared with the
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control (2.30.16%; n=38; Figure 2A). Next, MI was simi-
larly evoked in the /pr strain, gld strain, and control (n=10
each), and followed up for 4 weeks. At the chronic stage (4
weeks after MI), echocardiographic and hemodynamic exam-
inations of the surviving mice (9 /pr mice, 10 g/d mice, and
7 control mice) revealed a significant attenuation of LV
remodeling and improvement of LV dysfunction in the Ipr
and g/d strains, compared with the control (Figure 2B).

To check the possible difference in magnitude of acute MI
between the control and nonfunctioning Fas/Fas ligand mice,
we histologically measured the acute infarct size 2 days after
MI (n=6 each). There was no difference in the percentage of
Ml in LV area among the groups (Figure 2C). Also, there was
no difference in the degree of acute inflammatory cell
infiltration at the periphery of the 2-day-old infarct area
(Figure 2C).

Inhibition of Granulation Tissue Cell Apoptosis by
sFas, an Inhibitor of Fas-Mediated Apoptosis

MI was induced in 12-week-old male C57BL/6] mice, and
Ad.CAG-sFas (10° pfu/mouse) was delivered systemically
through injection into the hindlimbs on the third day after MI
(n=10) when cardiomyocyte necrosis was already completed.
The control gene was LacZ cDNA (Ad.CAG-LacZ; n=10).
In the sFas gene~delivered mice, the plasma level of exogen-
ous sFas reached 51.0+11.0 pg/mL and 80.7+4.7 pg/mL,
respectively, 3 and 7 days after the injection (6 and 10 days
after MI), when the infarct area consisted of granulation
tissue (Figure 3A); these levels might be sufficiently high
when considering that in humans, the normal level of plasma
sFas is ~2 ng/mL.25 However, the exogenous sFas was
undetectable in the plasma at 4 weeks after MI. We confirmed
expression of exogenous sFas by Western blotting for human
IgG in the hindlimb muscles injected with Ad.CAG-sFas 7
days earlier, but it was not detected in those treated with
Ad-LacZ (Figure 3B).

The sFas gene treatment significantly reduced the inci-
dence of TUNEL-positive cells in the infarct area consisting
of granulation tissue (Figure 3C); the apoptotic index on the
basis of TUNEL in the infarct area of the treated mice 10 days
after MI was 0.24+0.09% compared with 2.00.18% for the
control mice. Active forms of caspase-§ and caspase-3 were
detected not in the sham-operated mouse hearts but in the
hearts with 10-day-old MI. However, these signals were
apparently attenuated in the hearts treated with the sFas gene
(Figure 3D). The noncardiomyocyte population in the infarct
area was significantly greater in the sFas-treated mice
(56967 cells/high-power field [HPF]) than in the LacZ-
treated mice (324 + 19 cells/HPF; Figure 3C). The number of
vessels, the %area of myofibroblasts, and the number of
macrophages in the infarct was significantly greater in the
sFas-treated group than in the LacZ-treated group: vessels
(vessels/HPF) 23119 versus 168=16, P=0.0022; myofi-
broblasts (%) 31.5+6.4 versus 17.8%2, P=0.0076: and
macrophages (cells/HPF) 7.5+0.66 versus 4.5%0.38,
P£=0.0024. These findings suggest that the inhibition of
apoptosis through the blocking Fas/Fas ligand interaction
resulted in preservation of the postinfarct granulation tissue
cell population.
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Improvement of Postinfarction LV Remodeling
and Heart Failure by the sFas Gene Delivery
The influence of the sFas gene therapy was examined 4 weeks
after MI (sFas gene [n=8] and LacZ gene [n=6}). At the
chronic stage of M1, the LacZ-treated mice showed severe LV
remodeling with a marked LV dilatation accompanying a thin
infarct segment and signs of decreased cardiac function:
decreased LV%FS and +dP/dt; and an increased LV end-
diastolic pressure. Gene delivery on the third day of MI
resulted in a significant improvement of each of these
conditions (Figure 4). Systemic blood pressure and heart rate
were similar between the LacZ-treated and sFas-treated
groups. Treatment with the sFas gene in normal mice did not
cause any hemodynamic alteration or morphological change
in the hearts compared with the LacZ treatment (n=5 each;
data not shown).

Necropsy of the hearts of mice at 4 weeks after Ml revealed
a severely dilated LV cavity with a thin infarct wall in the
LacZ-treated group. However, this unfavorable LV remodel-
ing appeared attenuated in the sFas-treated group (Figure
5A). The absolute infarct size and proportion of infarct area to
total LV area were similar between the LacZ-treated and

sFas-treated mice at 4 weeks after M1 (Figure 5B). Interest-
ingly, the wall thickness of the infarct segment was greater,
whereas the inner circumferential length of the infarct seg-
ment was smaller in the sFas-treated mice (Figure 5B). This
indicated that the remodeling of the infarct wall expanding in
the coronal directions was significantly suppressed in the
sFas-treated mice.

The 4-week-old infarct area of the LacZ-treated mice was
replaced by fibrous scar tissue (Figure 6A). However, that of
the sFas-treated mice contained not only collagen fibers and
fibroblasts but also many small vessels and abundant ex-
travascular a-SMA-positive cells (myofibroblasts). The pop-
ulation of noncardiomyocytes in the old infarct area was
significantly greater in the sFas-treated mice (3909 cells/
HPF in the sFas group versus 259+9 cells/HPF in the
control) and so was that of vessels (165%7 vessels/HPF m the
sFas group versus 1147 vessels/HPF in the control; Figure
6A). The percent area of extravascular a-SMA—positive cells
was significantly greater in the sFas-treated group (18 1.7%)
than in the LacZ-treated group (7.6%1.6%). Some a-SMA~-
positive cells accumulated and formed bundles running par-
allel to the surviving cardiomyocytes. Such bundles were not
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observed in the infarct wall of the LacZ-treated mice. How-
ever, macrophages were scarce even in the infarct area of the
sFas-treated mouse hearts, and the incidence (1.7+0.62
cells/HPF) was similar to that in the LacZ-treated mice
(1.320.56 cells/HPF; P=0.6964). The size of cardiomyo-
cytes in the noninfarct area, which was measured as the
transverse diameter, was significantly greater in the LacZ-
treated mice (17.7=0.3 pm) than sFas-treated
(14.0£0.7 pm) mice, suggesting that the compensatory
hypertrophy of cardiomyocytes was more developed in the
LacZ-treated mice. There was no special difference in thick-
ness or in the degree of fibrosis of the noninfarct LV wall
between the groups. No histological abnormality was found
in the extracardiac organs such as lungs, liver, intestines, and
kidneys of the sFas-treated mice.

Under an electron microscope, 4-week-old infarct areas of
LacZ-treated mouse hearts contained fibroblasts/myofibro-
blasts (mostly fibroblasts), scanty small vessels, and very few
macrophages that were surrounded by massive collagen
fibrils, being consistent with a scar tissue. However, those of
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the sFas-treated hearts contained more abundant cell compo-
nents. They showed not only numerous fibroblasts/myofibro-
blasts and small vessels but also mature smooth muscle cells
with the contractile phenotype. These smooth muscle cells
made bundles in the extravascular areas. The cytoplasms of
the smooth muscle cells were tightly filled with thin filaments
and contained many dense bodies (Figure 6B). The bundles of
such smooth muscle cells were identical to the mass of
a-SMA-positive cells that had appeared under the light
microscope.

Influence of the sFas Gene Delivery on
Postinfarction Survival

Using other litters of mice that were alive on the third day
of MI (n=40), the survival was followed up for a period of
10 weeks. Eighteen mice underwent the sFas gene therapy
and 22 the LacZ gene therapy. The survival rate was 55%
in the control and 83% in the sFas-treated group at 10
weeks after MI (P=0.0834; Figure 7). Although the
difference was not significant, it was notable that in case of
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the sFas treatment, mice were all alive when survived for
the first 10 days after MI. Thus, when the survival was
evaluated later than 10 days after MI, the survival of
sFas-treated mice was significantly better than that of the
LacZ-treated mice (P=0.0389; Figure 7).

The echocardiographic and hemodynamic evaluations of
the surviving mice revealed that the beneficial effects of sFas
gene delivery on post-MI cardiac function were preserved,
even up to 10 weeks after MI (Figure 8). The necropsy study
revealed that the greater MI wall thickness and smaller MI
segmental length in the sFas-treated group was preserved
(Figure 8). These findings indicate that the effect of sFas gene
therapy persisted for many weeks, even after the exogenous
sFas level had become undetectable.
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Ineffectiveness of the sFas Gene Delivery During
the Chronic Stage of MI

In further experiments, we checked whether inhibition of
granulation tissue cell apoptosis is really responsible for the
beneficial effects on post-MI heart faiture. For this purpose,
the sFas gene therapy was started at a more chronic stage of
MI when granulation tissue has already disappeared; the sFas
or LacZ gene (n=10 each) was delivered to mice with a
6-week-old MI that consisted not of granulation tissue but of
scar tissue, and these mice were examined an additional 4
weeks later (10 weeks after MI). This time, we found no
difference in functional and pathological parameters between
the sFas-treated and LacZ-treated groups (Figure 8). These
results clearly indicate that the preventive effect of the sFas
gene therapy on heart failure is attributable to inhibition of
granulation tissue cell apoptosis.

Discussion
In the present study, we suggested a significant role for
Fas/Fas ligand interaction in the apoptosis of granulation
tissue cells in myocardial infarct areas at the subacute stage of
MI. Granulation tissue cells disappear naturally via apoptosis
to eventually make a scar tissue.'* The present study revealed
that suppression of granulation tissue cell apoptosis by
interfering with the Fas/Fas ligand interaction through sFas
gene delivery resulted: anatomically, in attenuation of unfa-
vorable remodeling of the LV; and functionally, in amelio-
ration of cardiac dysfunction at the chronic stage of MI

*®
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Figure 8. sFas gene delivery was effec-

tive even 10 weeks after M, when it was
applied at the subacute stage of MI (3
days after Ml), whereas it was ineffective
when applied at the chronic stage of Ml
(6 weeks after Ml). Graphs show ana-
tomical, hemodynamic, and pathological
data for hearts at the chronic stage of Mi
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Post-MI survival during the chronic stage (later than the
subacute stage) was also affected by the treatment. The
results of the treatment were interesting, especially in terms
of cardiac structure at the chronic stage: a thickened infarct
wall developed containing abundant cellular components
such as vessels and «-SMA~positive cells, part of which were
found to be contractile phenotype smooth muscle cells under
an electron microscope. The following are mechanistic con-
siderations of the beneficial effects of the inhibition of
granulation tissue cell apoptosis. First, the influence of infarct
tissue geometry may be most important (ie, the shortening of
the infarct segment length and increase in the infarct wall
thickness). Contraction of the infarct tissue contributes to the
suppression of ventricular dilatation. Because wall stress is
proportional to the cavity diameter and inversely proportional
to the wall thickness (Laplace’s law),26 and because wall
stress and ventricular remodeling (dilatation) have a vicious
relationship, accelerating each other, it is conceivable that
such an alteration of infarct tissue geometry would bring a
marked benefit of improving the hemodynamic state. Also, a
smaller aneurysm has a lesser effect on cardiac function.
Second, bundles of smooth muscle cells with a contractile
phenotype in the infarct area, rumning in parallel with the
surviving myocytes, might aid the global contractility of the
LV. Third, the preservation of vessels might relieve ischemia
in the surviving tissue. On the other hand, inhibition of
cardiomyocyte apoptosis was not considered important be-
cause of the lack of TUNEL-positive cardiomyocytes during
the subacute stage of MI, even in the LacZ-treated hearts.
Compensatory hypertrophy of cardiomyocytes was indepen-
dent of the beneficial effects because the cardiomyocytes
were smaller in the sFas-treated than LacZ-treated hearts.
Although we showed the beneficial effect of the inhibition
of granulation tissue apoptosis after MI, it should be cau-
tioned that the benefit was evident in cases with large,
transmural infarcts; the outcome would be unknown if the
therapy were applied to cases with subendocardial infarction.
In the present study, we suggested that the apoptosis of
each cell type of postinfarction granulation tissue is, at least
in part, Fas dependent. However, macrophages continued to
die, whereas vascular endothelial cells and myofibroblasts,
having escaped a strong proapoptotic environment (granula-
tion tissue as an inflammatory focus) by antiapoptotic treat-
ment (sFas gene therapy), might continue to live until later.
Speculatively, macrophages may have a higher sensitivity to
apoptotic stimuli compared with the other preserved cells
because inflammatory cells generally show very active pro-
apoptotic interactions through death ligands and receptors.'6
Fas was not immunohistochemically detected in cardio-
myocytes under the present staining conditions. However,
imnumnohistochemical negativity does not always deny the
slight expression of an antigen because the sensitivity de-
pends on the staining conditions. Several previous reports
have shown immunohistochemically Fas expression in the
cardiomyocytes of rats*”?8 and of humans.?® Thus, it may be
possible that our immunostaining method for Fas was less
sensitive compared with those used in the previous studies.
Notwithstanding, we detected Fas expression in the granula-
tion tissue cells. This fact indicates that Fas expression in
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granulation tissue cells is definitely stronger than that in
cardiomyocytes and suggests that the role of the Fas/Fas
interaction in granulation tissue cells may be more significant
than that in cardiomyocytes.

Postinfarct heart failure affects nearly half of all candidates
for cardiac transplantation3® and is one of the most serious
clinical problems to be overcome in cardiovascular medicine.
Recently, we reported that the inhibition of granulation tissue
cell apoptosis by a pancaspase inhibitor after M1 had benefi-
cial effects on cardiac remodeling and dysfunction at the
chronic stage of MI. The present study confirmed this
therapeutic concept. However, because most of the apoptosis
in a physiological setting is considered caspase dependent,3!
the systemic suppression of caspases may potentially have
unfavorable effects on healthy organs. Actually, caspase
3-deficient homozygous mice undergo embryonic death.32 On
the basis of these facts, inhibition of the Fas/Fas ligand
interaction may be a more specific way to apoptosis inhibi-
tion than inhibition of caspases. Our findings may warrant a
therapeutic trial against postinfarction heart failure, which
could be performed even during the subacute stage of Ml in
patients who have a large MI because the chance of reperfu-
sion therapy during the acute stage has been lost. Thus, we
expect the “inhibition of granulation tissue cell apoptosis” to
become a novel therapeutic regimen that is prophylactic
against chronic heart failure after large MI.
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