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gene (Fig. 5B). Further analysis using double immunofluorescent
labeling revealed that decorin treatment significantly reduced the
incidence of TUNEL positivity among myofibroblasts, but not
endothelial cells (Fig. 5, C and D). Next, we investigated necrosis
by immunohistochemistry for C9, which is a part of the mem-
brane attacking complex C5b-9 (11). No C9-immunopositive
necrotic cell was found in granulation tissue cells of any groups
(photographs not shown). This finding is consistent with previous
electron microscopic studies showing that the dying mode of
postinfarct granulation tissue cells is not necrosis, but apoptosis
9, 37, 51).

To check whether the treatment promoted viable cardio-
myocytes to replace the function of the infarcted area, we
examined cell proliferation activity and apoptosis in the
salvaged myocardium. Double immunofluorescence for
myoglobin and Ki-67 revealed no proliferating cardiomyo-
cyte in viable myocardium 10 days post-MI (Fig. 64). We
noted TUNEL-positive nuclei of cardiomyocytes in viable
myocardium. However, they were extremely rare in each
group, and there was no significant difference in the prev-
alence between the groups (10 days post-MI: sham operated

LacZ

Decorin

group, 0.012 = 0.007%; LacZ-treated MI group, 0.010 =
0.008%; decorin-treated MI group, 0.013 = 0.011%). These
findings do not support the possibility that the present
treatments increased regeneration or reduced cell loss due to
apoptosis of viable cardiomyocytes to replace the infarcted
area.

Western blot analysis showed that expression of TGF-3
was significantly upregulated in heart tissues collected on
day 10 post-MI (Fig. 7). Moreover, we observed marked
activation (phosphorylation) of Smad2 and Smad3, two
downstream mediators of TGF-B. Although decorin treat-
ment did not affect TGF- or endogenous (mouse) decorin
expression, it significantly suppressed Smad2 and Smad3
activation (Fig. 7), which implies that inhibition of signaling
in the TGF-B/Smad2/Smad3 pathway contributes substan-
tially to the beneficial effects exerted by decorin against
post-MI cardiac remodeling and heart failure. PAI-1 is one
of the other important team players in fibrosis (56). Myo-
cardial PAI-1 expression was unchanged in the heart 10
days post-MI, which was not influenced by the decorin gene
therapy either (Fig. 7).
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Fig. 6. Cell proliferation and TUNEL positivity of the
salvaged cardiomyocytes 10 days post-MI. A: confocal
photomicrographs of tissue sections from a decorin-treated
heart subjected to double immunofiuorescence for Ki-67
(green fluorescence) and myoglobin (red fluorescence).
There was no Ki-67-positive cardiomyocyte on the prepa-
ration where some Ki-67-positive granulation tissue cells
or interstitial cells were noted. B: confocal photomicro-
graphs of tissue sections from a LacZ-treated heart sub-
jected to double immunofluorescence for TUNEL (green
fluorescence) and myoglobin (red fluorescence). TUNEL-
positive nuclei of cardiomyocytes were noted, although
very rarely. Graph shows the incidences of TUNEL-posi-
tive nuclei in cardiomyocytes. Scale bars, 20 p.m. Values in
graphs are means * SE.
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DISCUSSION

Our findings provide the first evidence that postinfarction
decorin gene therapy, started on day 3 post-MI, mitigates the
adverse effects on LV geometry and function during the
chronic stage.

Pathophysiological mechanisms for the beneficial effects of
decorin gene therapy on postinfarction heart failure. One
remarkable finding of the present study is that decorin alters
the geometry of the infarct scar without affecting its abso-
lute area, i.e., the infarcted segment was thicker and had a
smaller circumferential length in decorin-treated hearts dur-
ing the chronic stage than in control hearts. This is note-
worthy because wall stress is directly proportional to cavity
diameter and inversely proportional to wall thickness
(Laplace’s law) (55) and because wall stress and LV remod-
eling (dilatation) have a vicious relationship and exacerbate
one another. It is thus conceivable that the observed change
in infarct geometry would greatly improve the hemody-
namic state of the heart.

Our findings also suggest that infarct scar tissue is qual-
itatively altered by treatment with decorin gene. We ob-
served greater numbers of cells, including abundant myofi-
broblasts and vascular cells, within the infarct scar in
decorin-treated hearts. These cells are normally destined to
disappear via apoptosis during the natural course of healing
after MI (9, 51), but we found that apoptosis was signifi-
cantly inhibited in decorin-treated hearts during the sub-
acute stage (10 days post-MI). Moreover, decorin gene
therapy also significantly increased cardiac proliferation of
both myofibroblasts and vascular endothelial cells. These

findings have two important implications. First, both dimin-
ished apoptosis and enhanced proliferation among granula-
tion tissue cells during the subacute stage appear to contrib-
ute to the observed increase in the cell population within the
scar tissue during the chronic stage, which likely preserves
the infarct wall thickness. Second, myofibroblasts, which
are known to play an important role in wound contraction
during the healing process (12), could mediate contraction-
induced reduction in the length of the infarct segment,
thereby increasing infarct wall thickness. That, in turn,
would alter the infarct tissue geometry, reducing wall stress
and mitigating LV dilatation and dysfunction.

Vascular endothelial cells also proliferated during the
granulation tissue phase in hearts treated with decorin,
suggesting an angiogenic effect of decorin. Decorin sup-
presses malignant tumor cell-mediated angiogenesis (15),
whereas it promotes angiogenesis in normal tissue during
the healing stage or when ectopically expressed (45, 46).
Our finding was well consistent with the latter reports on the
role of decorin in angiogenesis. The function of proliferated
vascular endothelial cells during the chronic stage of MI
remains unclear, although it has been shown that, by sup-
plying blood, newly formed vessels help sustain the cellular
components within the infarct area (50). Recently, we re-
ported that blood flow into the infarct area by late reperfu-
sion promotes proliferation and inhibits apoptosis among
granulation tissue cells (35). On the other hand, leukocytes
continued to die. We suggest that leukocytes may have a
higher sensitivity to apoptotic stimuli than other preserved
cells, because inflammatory cells generally show very active
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proapoptotic interactions through death ligands and recep-
tors (34).

We also observed that decorin gene therapy significantly
reduces cardiac fibrosis, confirming the previously reported
antifibrotic effect of decorin in hearts (21). Because myocardial
fibrosis contributes to both systolic and diastolic dysfunction
(5, 22), its reduction is likely another important way in which
decorin may mitigate LV remodeling and heart failure.

In contrast to granulation tissue cells, TUNEL positivity in
salvaged cardiomyocytes was not affected by the decorin gene
therapy, suggesting no contribution of cardiomyocyte death via
apoptosis to the beneficial effects of the therapy. The preva-
lence of TUNEL-positive cardiomyocyte nuclei was very rare
(~0.01%). Although the value is consistent with the previous
reports, including ours (38, 44), the discrepancy of the values
reported is surprisingly great, ranging from 0.02 to 12% among
the studies using mouse model of subacute to chronic stage MI:
maximally 600-fold difference (38, 44, 49). It may be prob-
lematic that such a critical discrepancy in the TUNEL-positive
cardiomyocyte rates remains not yet reconciled, the reason of
which should be elucidated in the future.

Ki-67-positive nuclei were not immunohistochemically de-
tected in cardiomyocytes under the present staining conditions.
However, immunohistochemical negativity does not always
deny the slight expression of an antigen, because the sensitivity
depends on the staining conditions. On the other hand, too
much sensitivity may violate specificity. Beltrami et al. (2)
previously reported cardiomyocyte proliferation by immuno-
histochemistry in human hearts with MI. It is possible that our

*

Sham LacZ Decorin

immunostaining method for Ki-67 is relatively less sensitive
compared with that of the previous report. Notwithstanding, we
did detect Ki-67 expression in the granulation tissue cells on
the same immunohistochemical preparations, suggesting that
our immunohistochemistry was not too insensitive. Difference
in immunohistochemical sensitivity and difference in species
might have yielded the discrepancy between the studies. The
infarct wall did not show a significant systolic thickening, even
in the decorin-treated groups, unlikely supporting a possible
increase of cardiomyocyte population through increased regen-
eration and/or reduced apoptosis by the treatment.

Molecular mechanisms involved in the beneficial effects of
decorin gene therapy. TGF-§ signaling controls a diverse set
of cellular processes, including cell apoptosis, differentiation,
and proliferation (19, 23, 48). It has also been suggested that
TGF-B signaling has both proapoptotic and profibrotic effects
on the heart (29, 37). SMAD proteins are important down-
stream mediators of TGF-{3 signaling (8, 18), and their absence
reportedly impairs local inflammatory responses and acceler-
ates wound healing (1). The most recent findings indicate that
loss of Smad3 (in Smad3-null mice) significantly increases
myofibroblast density in healing infarcts and prevents myocar-
dial fibrosis (4). In the present study, we observed that cardiac
expression of TGF-B, p-Smad2, and p-Smad3 was strongly
upregulated in control mice during the granulation tissue
phase, 10 days post-MI. Notably, mice receiving the decorin
gene expressed high levels of human decorin in the heart 10
days post-MI. Although decorin treatment had no effect on
TGF-8 expression, it largely blocked the activation of Smad2

AJP-Heart Circ Physiol » vOL 297 - OCTOBER 2009 - www .ajpheart.org



HI1512

and Smad3. This finding, together with those of the aforemen-
tioned studies by others, suggests that inhibition of the TGF-
B/Smad2/Smad3 pathway contributes substantially to the re-
duction in cardiac fibrosis, as well as the reduced apoptosis and
increased proliferation seen among granulation tissue cells in
decorin-treated mice. Collectively, these effects would be ex-
pected to alter infarct tissue geometry to reduce wall stress and
suppress myocardial fibrosis, thereby mitigating post-MI car-
diac remodeling and dysfunction.

Hao et al. (17) previously reported increased protein expres-
sion levels of Smad2 and 3 in the rat MI model, which may
appear to be inconsistent with our results that revealed activa-
tion of Smad2 and Smad3, but not upregulation of them. The
most important difference may be the timing of examination, as
well as difference in species (rat vs. mouse), which caused
apparent conflict between the studies; Hao et al. examined MI
at 8 wk after the onset, while we used 10-day-old MI. Hao et al.
actually found that endogenous decorin expression was stron-
ger in the hearts with older infarction.

It was not unexpected that the decorin gene therapy showed
beneficial effects on postinfarction hearts in a strikingly similar
manner as the previously reported sTBRII gene therapy, be-
cause decorin is a natural inhibitor of TGF-$, while sTBRII
competitively inhibits binding of TGF-8 with the TGF-B
receptor (37). Pathophysiological mechanisms were very sim-
ilar between these two gene therapies, as discussed above. In
the present study, however, we found that decorin could
increase cell proliferation in postinfarction granulation tissue
and elucidated the inhibitory effect of decorin on TGF-8
downstream signaling activation.

Possible clinical implications and limitations. Rapid recan-
alization of the occluded coronary artery, which salvages
ischemic myocardial cells, is the best clinical approach at
present to treating acute MI. Unfortunately, most patients
actually lose their chance for coronary reperfusion therapy
because it is only effective if performed within hours after the
onset of infarction (41). The present findings suggest a novel
therapeutic strategy, applicable during the subacute stage of
M1, that may mitigate chronic progressive heart failure in MI
patients who missed their chance for coronary reperfusion
during the acute stage. In addition, treatment with decorin may
be more promising than the use of sTPRII, which simply
inhibits TGF-B signaling, when considering its additive bene-
ficial effects, such as anti-tumor metastasis actions (15, 40, 52).

However, safety of anti-decorin strategies has not been
confirmed in humans. In addition, ethical consensus has not
been established at all in the safety of a virus-mediated gene
therapy. These issues should be resolved before clinical appli-
cation of the anti-decorin gene therapy.
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Efficacy of autologous fat injection laryngoplasty with
an adenoviral vector expressing hepatocyte
growth factor in a canine model
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Abstract

Objective: The effectiveness of autologous fat injection laryngoplasty may be reduced by resorption of
injected fat tissue. The aim of the present study was to clarify the efficacy of fat injection laryngoplasty
using autologous fat plus a replication-defective adenoviral vector expressing hepatocyte growth factor,
regarding reduction of injected fat tissue resorption.

Matertal and methods: Four female beagle dogs were used in this study, After sedation, a direct
laryngoscope was introduced to enable visualisation of the larynx. In each dog, harvested autologous fat
plus an adenoviral vector expressing hepatocyte growth factor was injected into the right true vocal
fold, and harvested fat plus an adenoviral vector expressing no gene was injected into the left true vocal
fold. A total laryngectomy was performed one year after the intracordal fat injection. Coronal sections
of the resected whole larynges were made and the following parameters assessed using light and
electron microscopy: size of fat area; number of vasculoendothelial cells surrounding adipocytes; and
shape of injected adipocytes in the vocal fold,

Resulis: The fat area was significantly larger and the number of vasculoendothelial cells surrounding
adipocytes significantly greater in the intracordal fat injection containing adenoviral vector expressing
hepatocyte growth factor, compared with the control intracordal fat injection containing adenoviral
vector expressing no gene. When viewed under electron microscopy, the injected adipocytes were
observed to have grafted betier in the intracordal fat injection with hepatocyte growth factor adenoviral
vector; compared with the control intracordal fat injection with adenoviral vector expressing no gene.

Conclusions: Injection into the vocal fold of autologous fat containing an adenoviral vector expressing
hepatocyte growth factor can reduce subsequent resorption of injected fat.

Key words: Autologous Fat Injection Laryngoplasty; Adenoviral Vector; Hepatacyte Growth Factor;
Vasculoendothelial Cell; Adipocytes

Introduction

Fat injection laryngoplasty is a minimally invasive
surgical procedure, compared with framework
surgery {i.e. type one thyroplasty, arytenoid adduc-
tion surgery or arytenoid adduction surgery plus
type one thyroplasty), for the treatment of patients
with unilateral vocal fold paralysis. Moreover, fat
injection laryngoplasty is reliable, has good long-
term results and yields stable, satisfactory vocal func-
tion in comparison with framework surgery.'?
However, fat injection laryngoplasty is often fol-
lowed by resorption of the injected fat. A larger quan-
tity of autologous fat than needed is often injected
into the vocal fold in order to compensate for resorp-
tion. In a series of 71 patients undergoing fat injection
laryngoplasty, only 70-80 per cent subsequently
showed normal agrodynamic parameters and acoustic

analysis.” In addition, if the patient’s body mass index
(BMI) is high, there are risks associated with resorp-
tion of injected fat tissue.* Therefore, it is desirable
to reduce resorption of injected fat tissue following
fat injection laryngoplasty.

The aim of the present study was to assess the
efficacy of fat injection laryngoplasty using autolo-
gous fat plus a replication-defective adenoviral
vector expressing hepatocyte growth factor, regard-
ing reduction of subsequent injected fat tissue
resorption. Hepatocyte growth factor is associated
with tissue regeneration, mitogenesis, angiogenesis,
anti-apoptosis and anti-fibrotic activities  in
various cells.>® The introduction of hepatocyte
growth factor was expected to stimulate angiogenesis
and therefore to reduce resorption of injected fat
tissue.

From the Departments of Otolaryngology-Head and Neck Surgery and {Pathology, Kurume University School of Medicine,
Kurume, and the *Division of Gene Therapy and Regenerative Medicine, Department of Neuro-musculoskeletal Disorders,
Kagoshima University Graduate School of Medical and Dental Sciences, Japan,
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Material and methoeds

Recombinant adenoviral vectors

As described previously, we generated and prepared
a replication-defective adenoviral vector expressing
hepatocyte growth factor, and a control adenoviral
vector expressing no gene. The former viral vector
encoded human hepatocyte growth factor down-
stream of the transcriptional control of a modified
chicken beta-actin pmmotu with a cytomegalovirus
immediate early enhancer.’

Animal studies

Intracordal injection of autologous fat plus adenoviral
vector. The study was approved by the institutional
animal research committee. Four female beagle
dogs weighting 9.6 to 11.5 kg were used.

The four dogs were sedated with an initial intrave-
nous injection of propofol (6 mg/kg), followed by
maintenance administration of propofol (0.2 to
0.5 mg/kg per minute) during surgery.

A subcutaneous injection of buprenorphine hydro-
chloride (0.05 mg/kg) provided analgesia. Auto-
logous fat was harvested from the abdominal
subcutaneous fat tissue by liposuction. In two dogs,
only 0.5 ml of autologous fat was harvested becau;c
they had little subcutaneous fat tissue. In the other
two dogs, 1.0 ml autologous fat was harvested.

A direct laryngoscope was then introduced to
enable visualisation of the larynx.

In two dogs, adenoviral vectt}r expressing hepato-
cyte growth factor (4.6 x 107 particles) was injected
into the right vocal fold, together with 0.5 m! autolo-
gous fat, via a 19 G needle designed for endolaryn-
geal micr osurgery. Adenoviral vector expressing no
gene (4.6 x 107 particles) was injected into the left
vocal fold together with 0.5 ml autologous fat, as a
control.

In the other two dogs, adenoviral vector expressing
hepatocyte growth factor (4.6 x 10° particles) was
injected into the right vocal fold together with 1.0 ml
aumlcgous fat. Adenovnal vector expressmg no gene
(4.6 x 107 particles) was injected into the left vocal
fold together with 1.0 ml autologous fat, as a control.

Histopathological analysis. The four dogs were
humanely sacrificed 12 months after the initial intra-
cordal autologous fat injection. The whole larynges
were removed and fixed in 10 per cent formalin and
dehydrated in graded concentrations of ethanol.
The bilateral vocal folds of the removed larynges
were sectioned in a coronal plane into four pieces
and embedded in paraffin. Haematoxylin and eosin
stain and factor VIII stain (N1505; Dako, Tokyo,
Japan) were used for each section. Haematoxylin
and eosin staining was used to investigate the size
of the fat tissue injection area. Each fat tissue area
was measured with a light microscope, using Win
Foof photoanalytical software. In addition, the total
fat tissue area of the four sections of each vocal
fold was measured for each dog. We then compared
the total fat tissue area of the 16 sections of all four
dogs’ right vocal folds with that of the 16 sections

of all four dogs’ left vocal folds, using the variance
component model to evaluate correlation among
cight repeated measures within each dog.

Factor VIII staining was used to investigate angio-
genesis around adipocytes. The number of vascu-
loendothelial cells surrounding adipocytes was
counted at five different sites in each section, under
light microscopy ( x400). The total number of vascu-
loendothelial cells at 80 sites within the right vocal
folds of all four dogs was compared with that at 80
sites within the left vocal folds of all four dogs,
using Poisson regression with generalized estimating
equation (GEE) estimation in order to determine the
correlation within each dog.

For scanning electron microscopy, small specimens
of injected adipocytes within the vocal fold were
fixed in 2.5 per cent glutaraldehyde at 4°C for 2
hours. After rinsing with cacodylate buffer solution,
specimens were postfixed in 2 per cent osmium tetr-
oxide with cacodylate buffer solution at 4°C for 2
hours. This was followed by dehydration in a
graded series of ethanol, immersion in rerr-butyl
alcohol and drying by the ters-butyl alcohol freezing
method. Specimens were then sputter-coated with
gold and examined under a Hitachi S-800 scanning
electron microscope (Hitachi, Tokyo, Japan). The
shape of adipocytes from the right and left vocal
folds was compared.

Results

Bilateral coronal sections of a canine larynx one year
after injection of 1.0 ml autologous fat are shown in
Figure 1. The size of the fat tissue area in the right
vocal fold, with adenoviral vector expressing hepaio~
cyte growth factor, appears large in comparison with
that in the left vocal fold, with adenoviral vector
expressing no gene (i.e. control). Table T compares
the fat tissue areas for 16 sections of right vocal
fold (receiving hepatocyte growth factor viral
vector) versus 16 sections of left vocal fold (receiving
control viral vector), for all four dogs. The fat tissue
area in the right vocal fold was statistically wider than
that in the left vocal fold,

Figure 2 shows vasculoendothelial cells ';unouad«
ing adipocytes, More vasculoendothelial cells were
obsarved in the right vocal fold than in the left
vocal fold. Table 11 compares vasculoendothelial
cell results for 80 sites in the right vocal fold (receiv-
ing hepatocyte growth factor viral vector) versus 80
sites in the left vocal fold (veceiving control viral
vector), for the four dogs. The total number of vascu-
loendothelial cells surrounding the adipocytes was
significantly larger in sites injected with autologous
fat plus adenoviral vector expressing hepatocyte
growth factor, compared with sites injected with
autologous fat plus control adenoviral vector expres-
SINg no gene.

Figure 3 shows scanning electron microscopy views
of the right and left vocal folds. Adipocyte diameter
was longer and adipocyte density greater in the right
vocal fold (receiving adenoviral vector expressing
hepatocyie growth factor), compared with the left
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(a) Coronal section of the right voeal fold (right} and left vocal fold (left). (b) Equivalent sections stained with H&E. The size of the
fat tissuie area in the right vocal fold (receiving adenoviral vector expressing hepatocyte growth factor) is wider than that in the left
vocal Told (receiving adenoviral veetor expressing no gene).

vocal fold (receiving adenoviral vector expressing acceptance, which potentially offers long-term stab-

no gene). ility. Good results for the procedure have been
reported by many authors."!
. . Furthermore, fat injection laryngoplasty is a mini-
Discussion ‘

mally invasive procedure compared with framework

Fat injection laryngoplasty was first reported by
Mikaelian e g/ in 1991.'"" This procedure is widely
used because it appears to be a reasonable, safe
alternative to framework surgery with high patient

surgery (i.e, type one thyroplasty, arytenoid adduc-
tion surgery, or aryienoid adduction surgery plus
type one thyroplasty), for the treatment of patients
with unilateral vocal fold paralysis. Fat injection

TABLE |
VOCAL FOLD FAT TISSUE AREA BY VIRAL VECTOR TYPE, FOR INDIVIDUAL AND COMBINED DOGS

Viral vector type Fat tissue area (pixels/inch?) Test vatue (df} p

Mean ' SD
1 dog” ) ;
Ad.CA-HGF 1 866:234 976 880 321075 (3) <0049
AddEL3 308.322 9947
4 dogs’ -y
Ad.CA-HGF 466 558 325 597 6.01 (3) <0.0092%
AddEL3

77 081 46 908

“Total of 20 sites ( five sites in each of four coronal laryngeal sections). *Total of 80 sites (five sites in each of four coronal laryngeal
sections, for four dogs), Paired r-test: Y*-test based on variance component model, Df = degrees of freeciga,m; 8D = standard devi-
ation; Ad.CA-HGF = adenoviral vector expressing HGF (used in right vocal fold); Ad.dEL3 = adenoviral veetor expressing no
gene (used in left vacal fold) Shian
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Fig. 2

Light microscopy photomicrographs showing vasculoendothelial cells (arrow) surrounding adipocytes in (a) the right vocal fold

{receiving autologeus fat plus adenoviral vector expressing hepatoeyte growth factor) and (b} the left vocal fold (receiving

antologous fat plus adenoviral vector expressing no gene). More vasculoendothelial cells were observed in the right vocal fold
compared with the feft vocal fold.

laryngoplasty has been found to result in more salis-
factory post-operative vocal function, compared with
framework surgery.

However, autologous fat injection laryngoplasty
can sometimes be associated with post-operative
resorption of injected fat tissue. A larger quantity
of autologous fat than needed is often injected
into the vocal fold in order to compensate for
resorption.” Hsiung reported that over-injection
is necessary in order to medialise the vocal fold
and to compensate for the anticipated fat
absorption.'!

In a series of 71 patients receiving fat injection lar-
yngoplasty, 70-80 per cent subsequently showed
normal aerodynamic parameters and acoustic analy-
sis.” While these results are acceptable, there is room
for improvement. Furthermore, post-operative
resorption of injected fat tissue carries extra risks in

TABLE I
VOCAL FOLD VASCULOENDOTHELIAL CELLS (SURROURDING
ADIPOCYTES) BY VIRAL VECTOR TYPE, FOR INDIVIDUAL AND
COMBINED DOGS ’

Viral vector type  Vasculoendothelial ¥ (dD) P

cedls (n/high power

field)
Mean SB

1 dag* )
AL CA-HGF 1348 120 23807 (1) <000t
AdJdEL3 76.8 i
4 dogs’®
AL CA-HGF 3.7 59 23841 (1) <0001
AddEL3 19.2 52

“Total of 20 sites { five sites in each of four coronal laryngeal
sections for one dog). *Total of 80 sites (five sites in each of
four coronal laryngeal sections, for four dogs). 'Chi-square
test . based on- Poisson model, Df =degrees: of freedony
SD = standard devintion, Ad.CA-HGF = adenoviral. vector
expessing HGE (used inright vocal fold); AdELS = adeno-
viral vector expressing no gene (used in left vocal fold)

patients with a high BML* Therefore, it is desirable

to reduce the resorption rate of injected fat tissue
after fat injection laryngoplasty.

One study has addressed this issue. In an effort to
prevent loss of fat volume and generation of
additional adipose tissue after infracordal injection
of autologous fat, Tamura ef al reported the effects
of injecting fat together with basic fibroblast growth
factor into the vocal folds of 12 dogs.'? Autologous
fat was injected into one vocal fold, and a mixture
of autologous fat and gelatin microspheres contain-
ing basic fibroblast growth factor and collagen
sponge was injected into the other. The vocal folds
receiving autologous fat  with basic fibroblast
growth factor showed fusiform, immature adipocytes
in the injected fat eight weeks after injection. The
volume of the injected fat was maintained almost
completely, even at 24 weeks post-injection. In
comparison, the vocal folds receiving only autolo-
gous fat showed a marked decrease in the volume
of injected fat over time. These results showed that
strong vascularisation, occurring in response to
basic fibroblast growth factor, prevents the loss of
fat volume and the generation of additional adipose
tissue, following intracordal injection of autologous
fat.

Hepatocyte growth factor was originally identified
and cloned as a potent mitogen for hepatocytes, ">
It has been reported to have mitogenie, angiogenic,
antiapoptotic and antifibrotic effects on various
cells.”®

in the current study, hepatocyte growth factor was
expected to stimulate angiogenesis around the
injected fat tissue in the vocal fold. As expected,
the number of vasculoendothelial cells surrounding
adipocytes was significantly increased by the addition
of hepatocyte growth factor. Wesurmise that the adi-
pocytes were well supported by such increased vascu-
lature. Furthermore, a large quantity of {at tissue was
satisfactorily maintained in association with this
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Fig. 3 Scanning electron microscopy views of injected adipocytes in the (a) right and (b} left vocal folds. Adipoceyte diameter and
density were greater in the right vocal folds (receiving adenoviral vector expressing hepatocyte growth factor), compared with the
left vocal folds (receiving adenoviral vector expressing no gene).

angiogenesis, As a result, the diameter and density of
adipocytes were greater in the right vocal fold, which
had received adenoviral vector expressing hepato-
eyte growth factor, compared with the left vocal
fold, which had received only control adenoviral
vector.

Gene therapy has been explored recently in the
context of regenerative medical practice. Such
efforts are based fundamentally on the expres-
sion of viral vectors to provide sustained release
of a specific growth factor from cells using plasmid
deoxyribonucleic acid have resulted in lower
gene expression in comparison to viral vectors.

Cell transplantation therapy strategy in combi-
nation with growth factor has been recently explored
in experiments in the context of regenerative medi-
cine, and such previous efforts used administration
of recombinant protein or plasmid DNA containing
transgene. Although growth factor enhanced ben-
eficial effects of cell transplantation therapy, the
crucial issues in the previous approaches are short
duration of half-lives of growth factor itself (e.g., a
few minutes in the body) and plasmid deoxyribonu-
cleic acid (e.g., a few days), as well as low transduc-
fion efficiency and low expression levels in the case
of the use of plasmid DNA. In the present study,
we for the first time used adenoviral vector system,
which usually allows much higher gene transduction
efficiency and much longer fransgene expression
(e.g., several weeks), for introducing growth factor
gene into the transplanted cells; in actuality, the
present result was promising, In this regard, the
novel strategy shown in this study may open up a

new way in the field of cell transplantation therapy
and regenerative medicine.

Conclusion

This study demonstrated the efficacy of fat injection
laryngoplasty using autologous fat plus an adenoviral
vector expressing hepatocyte  growth  factor,
in a canine model. However, further preclinical
study is necessary in order to carefully assess the
clinical applicability of such treatment, including its
safety and efficacy.
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Okada H, Takemura G, Kosai K, Tsujimoto A, Esaki M,
Takahashi T, Nagano S, Kanamori II, Miyata S, Li Y, Ohno T,
Maruyama R, Ogino A, Li L, Nakagawa M, Nagashima K,
Fujiwara T, Fujiwara H, Minatoguchi S. Combined therapy with
cardioprotective cytokine administration and antiapopiotic gene
transfer in postinfarction heart failure. Am J Physiol Heart Circ
Physiol 296: H616-H626, 2009. First published January 16, 2009;
doi:10.1152/ajpheart.01147.2008.—We hypothesized that therapy,
composed of antiapoptotic soluble Fas (sFas) gene transfer, combined
with administration of the cardioprotective cytokine granulocyte col-
ony-stimulating factor (G-CSF), would markedly mitigate cardiac
remodeling and dysfunction following myocardial infarction (MI). On
the 3rd day after MI induced by ligating the left coronary artery in
mice, four different treatments were initiated: saline injection (Group
C, n = 26); G-CSF administration (Group G, n = 27); adenoviral
transfer of sFas gene (Group F, n = 26); and the latter two together
(Group G+F, n = 26). Four weeks post-MI, Group G+F showed
better survival than Group C (96 vs. 65%, P < 0.05) and the best
cardiac function among the four groups. In Group G, the infarct scar
was smaller and less fibrotic, whereas in Group F the scar was thicker,
without a reduction in area, and contained abundant myofibroblasts
and vascular cells; Group G+F showed both phenotypes. G-CSF
exerted a beneficial effect on infarct tissue dynamics through antifi-
brotic and proliferative effects on granulation tissue; however, it also
exerts an adverse proapoptotic effect that leads to thinning of the
infarct scar. sFas appeared to offset the latter drawback. In vitro study
using cultured myofibroblasts derived from the infarct tissue revealed
that G-CSF increased proliferating activity of those cells accompany-
ing activation of Akt and signal transducer and activator of transcrip-
tion 3, while accelerating. Fas-mediated apoptosis with increasing
Bax-to-Bel-2 ratio. The results suggest that combined use of G-CSF
administration and sFas gene therapy is a potentially powerful tool
against post-MI heart failure.

apoptosis; cylokines; gene therapy; heart failure; ischemic heart dis-
ease

LARGE MYOCARDIAL INFARCTION (MI) causes severe chronic heart
failure with unfavorable remodeling of the left ventricle (LV)
" that is characterized by a ventricular dilatation and diminished
cardiac performance (29). Although the magnitude of acute
MI, which can be determined within several hours after an
attack (30), is the most critical determinant of subsequent heart
failure, other factors, such as late death or hypertrophy of

cardiomyocytes, fibrosis, and the expression of various cyto-
kines, are also associated with progression of the disease (7,
19, 31, 35). Infarcted tissue is highly dynamic and shows
remarkable changes during the course of healing: necrotic
tissue is infiltrated by inflammatory cells during the acute stage
of MI; granulation tissue forms during the subacute stage; and
scar tissue forms during the chronic stage (33, 37). Most
cellular components that infiltrate and proliferate within an
infarct, including inflammatory and granulation tissue cells,
disappear via apoptosis during the acute and subacute stages of
MI (34). In that regard, our laboratory previously reported that
inhibition of apoptosis among granulation tissue cells during
the subacute stage alters infarct tissue dynamics, making the
infarct scar thicker and rich in preserved cellular components
(13, 17). Such effects mitigate the adverse remodeling and
dysfunction otherwise seen during the chronic stage, most
likely by diminishing wall stress. One approach to suppress-
ing apoptosis among granulation tissue cells is delivery of a
gene encoding soluble Fas (sFas), a competitive inhibitor of
Fas (17).

Evidence suggests that granulocyte colony-stimulating
factor (G-CSF), a hematopoietic cytokine, can alleviate
postinfarction LV remodeling and heart failure (11, 18, 21,
28). Various mechanisms have been proposed for the ben-
eficial effects of G-CSF on the infarcted heart, including
regeneration of myocardium (28), acceleration of the heal-
ing process (21), direct protection of cardiomyocytes from
apoptosis (11), protection of salvaged cardiomyocytes, and
reduction of myocardial fibrosis (18). However, the effects
of G-CSF on the infarct tissue itself, the cellular (nonmyo-
cyte) dynamics in particular, have not been well described.
Given that G-CSF is known to act as a growth factor on
some nonhematopoietic cell types, in addition to myeloid
progenitor cells and mature neutrophils (2), we previously
postulated that G-CSF affects infarct tissue cell dynamics to
alter the infarct tissue geometry. Bearing that in mind, in the
present study, we tested the hypothesis that, by coopera-
tively affecting infarct tissue dynamics, antiapoptotic sFas
gene transfer, combined with administration of the prolifer-
ation-inducing cytokine G-CSF, might mitigate post-MI
cardiac remodeling and dysfunction more effectively than
either individual therapy alone.
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Fig. 1. Influence of the treatments (Tx) on post-myocardial infarction (MI)
survival among mice followed up for 4 wk. 0, Group C; g, Group G; m, Group
F, e, Group G+F. *P < 0.05 vs. Group C (Cox-Mantel log-rank test). See
MATERIALS AND METHODS for explanation of groups.

MATERIALS AND METHODS

Recombinant adenoviral vectors. A replication-incompetent adeno-
viral vector that ubiquitously and strongly expresses a chimeric fusion
protein composed of the extracellular region of mouse Fas and the Fc
region of human 1gG,, i.e., sFas, was generated as follows. The
adenoviral vector plasmid pAd-sFas, which is composed of the cyto-
megalovirus immediate early enhancer, a modified chicken B-actin
promoter, rabbit B-globin polyA (CAG), and sFas cDNA (Ad.CAG-
sFas), was constructed by in vitro ligation, as described previously
(22). Control Ad-LacZ (Ad.CAG-LacZ) was prepared, as described
previously (6).

We previously reported (17) that, in mice subjected to sFas gene
delivery, the plasma levels of exogenous sFas measured 3 and 7 days
after the injection (6 and 10 days post-MI) reached 51.0 = 11.0 and
80.7 = 4.7 pg/ml, respectively. At that point, the infarcted area was
made up of granulation tissue (17), and these levels were thought to
be high enough to exert a pharmacological effect, given that, in
humans, the normal plasma sFas level is ~2 ng/ml (25).

Experimental protocols. This study conforms to the Guide for the
Care and Use of Laboratory Animals published by the US National
Institutes of Health (National Institutes of Health publication no.
85-23, revised 1996) and was approved by our Institutional Animal
Research Committee. MI was induced in 130 male 10-wk-old
C57BL/6J mice (Japan SLC) by ligating the left coronary artery, as
previously described (17). On the 3rd day post-MI, the 105 surviving
mice were randomly assigned into four groups. In Group G (G-CSF
alone, n = 27), recombinant human G-CSF (lenograstim, Chugai

Table 1. Cardiac function of the hearts 4 wk post-M1

COMBINATION OF G-CSF AND ANTI-FAS IN POST-MI

H617
Pharmaceutical) at the dose of 100 pg/kg was intraperitoneally
injected once a day for 5 consecutive days. We determined the dose
of G-CSF (100 pg/kg) based on previous studies reporting cardiopro-
tective effects of G-CSF (11, 16). Although this dosage is extremely
higher than the clinical dosage to humans (lower than 10 pg/kg), itis
generally believed that mice have a low sensitivity to human G-CSF,
as presumed by the unexpectedly poor increase in granulocytes. In
Group F (Ad.CAG-sFas alone, n = 26), Ad.CAG-sFas (1 x 10"
particles/mouse) was injected into the hindlimb muscles. Group G+F
(combination therapy, n = 26) received both treatments. In Group C
(control, n = 26), Ad-LacZ and saline were injected. To avoid the
influence of ischemic cardiomyocytes present during the acute stage
of M1, we started the treatments on the 3rd day after the onset of ML
The mice were then followed up until 4 wk post-ML

In a separate experiment, 40 mice were randomly assigned into the
above four groups (n = 10 each) on the 3rd day post-MI, and the
survivors (n = 9 in the combination group and n = 7 in the other
groups) were killed 1 wk post-ML

Cell culture. One week after inducing MI in mice, cardiac myofi-
broblasts were harvested from the infarcted areas of the hearts (n = 3)
using a previously described method with some modification (17).
Briefly, the heart was resected, and the infarcted area removed. The
tissue was then minced and incubated with collagenase type II
(Worthington) in Krebs-Ringer buffer for 30 min at 37°C. The
dissociated cells were plated on 10-cm dishes for 1 h and then
rigorously washed with buffer. The attached nonmyocytes that re-
mained were cultured in DMEM supplemented with 5% FBS and
were then 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.

In one experiment, the cells were incubated for 6 or 24 h in DMEM
containing 5% FBS, with or without G-CSF (100 ng/ml); in another,
a mixture of agonistic anti-Fas antibody (1 pg/ml, Pharmingen) and
actinomycin D (0.05 pg/ml, Sigma) was applied for 6 or 24 h to
induce apoptosis (24). In the latter experiments, we examined the
effect of G-CSF (100 ng/ml) on Fas-mediated apoptosis. It is known
that an additional treatment with a small dose of actinomycin D, a
transcriptional inhibitor, is necessary to induce Fas-mediated apopto-
sis in several kinds of cells, such as hepatocytes, mesangeal cells,
vascular smooth muscle cells, and cardiomyocytes in culture (1, 24).
It was recently reported that the molecular mechanism involves
upregulation of mitogen-activated protein kinase phosphatase-1, an
inhibitor of c-Jun NHj>-terminal kinase (one of the key molecules of
the Fas-induced apoptosis pathway), in cultured cardiomyocytes; this
upregulation is inhibited by actinomycin D (1).

Physiological studies. Echocardiography and cardiac catheteriza-
tion were performed before death, as previously described (23).
Animals were anesthetized with halothane (induction, 2%; mainte-
nance, 0.5%) in a mixture of N>O and O3 (0.5 I/min each) via a nasal

Group C (Saline)

Group G (G-CSF)

Group F (sFas) Group G+F (G-CSF + sFas)

n 17 22 25
Echocardiography
LVDd, mm 57%0.3 52=x0.1% 5.1+0.1* 45+0.1*1%
Fractional shortening, % 12+1 20+ 1* 20+0.4* 23+0.5%7%
Heart rate, beats/min 558=17 53628 521x19 561*+18
Cardiac catheterization
LVSP, mmHg 53+5 80x2* 72x3* 70x3*
LVEDP, mmHg 122 S*H1* L 5E2* KRl b et
+dP/dr, mmHg/s 2,682+402 3,954 £332% 4,054 +241* 4,920+ 198*+3
~dP/dr, mmHg/s —2,214%381 —3,357x308* —3,327+224* —3,965+139*

Values are means * SE; 7, no. of mice. G-CSF, granulocyte colony-stimulating factor; sFas, soluble Fas; LVDd, LV end-diastolic diameter; LVSP, LV peak
systolic pressure; LVEDP, LV end-diastolic pressure; dP/dr, change in pressure over time. P < 0.05 compared with *Group C, 1Group G, or Group F (one-way

ANOVA).
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mask. Echocardiograms were recorded using an echocardiographic
system (Vevo770, Visualsonics) equipped with a 45-MHz imaging
transducer before treatment and at death. Following echocardiogra-
phy, the right carotid artery was cannulated with a micromanometer-
tipped catheter (SPR 671, Millar Instrument) that was advanced into
the aorta and then into the LV for recording pressure and maximal and
minimal change in pressure over time.

Histological analysis. After the physiological measurements were
complete, all surviving mice were killed, and their hearts removed.
Six hearts randomly chosen from each group were cut into two
transverse slices, after which the basal specimens were fixed in 10%
buffered formalin, embedded in paraffin, and cut into 4-pum-thick
sections that were stained with hematoxylin-eosin, Masson’s
trichrome, and Sirius red F3BA (0.1% solution in saturated aqueous
picric acid) (Aldrich). Quantitative assessments of the cell population
and fibrotic area were performed in 20 randomly chosen high-power
fields (HPF) in each section using a LUZEX F multipurpose color
image processor (Nireco, Kyoto, Japan).

Immunohistochemical and immmunofluorescent analyses. Deparaf-
finized 4-pm-thick sections or 4% paraformaldehyde-fixed cultured
cells were incubated first with a primary antibody against a-SMA
(Sigma), Flk-1 (Santa Cruz), or Ki-67 (DAKO Japan). A Vectastain
Elite ABC system (Vector Laboratories) was then used to label the
sections; diaminobenzidine served as the chromogen, and the nuclei
were counterstained with hematoxylin.

To double-label cultured cells, the cells were fixed with 4%
paraformaldehyde and first incubated with primary antibodies against
a-SMA and Ki-67, which were then respectively labeled with Alexa
568- and Alexa 488-conjugated secondary antibodies. Finally, the
cells were counterstained with Hoechst 33342.

In situ DNA nick end-labeling [terminal deoxynucleotidyl trans-
ferase dUTP-mediated nick-end labeling (TUNEL)] assays were car-
ried out with deparaffinized, 4-pm-thick sections using an ApopTag
kit (Intergene), according to the supplier’s instructions. For double
TUNEL and immunofluorescent labeling of a-SMA in cultured cells,
the cells were respectively labeled using Fluorescein-FragEL (Onco-
gene) and a primary antibody against a-SMA that was subsequently
labeled with an Alexa 568-conjugated secondary antibody. In addi-
tion, to evaluate proliferative activity and apoptosis. of cardiomyo-
cytes, we performed double immunofluorescence myoglobin com-
bined with Ki-67 or TUNEL. Tissue sections were first stained with
anti-Ki-67 followed by Alexa 488 or Fluorescein-FragEL and then
labeled with anti-myoglobin antibody (DAKO) followed by Alexa
568. Nuclei were stained with Hoechst 33342.

Western blotting. Proteins extracted from cardiac tissue (50 pg) or
cultured cells (6 pg) were subjected to 14% polyacrylamide gel
electrophoresis and then transferred onto polyvinylidene difluonde
membranes. The membranes were then probed using primary anti-
bodies against matrix metalloproteinase-2 (MMP-2, Daiichi Fine
Chemical), MMP-9 (Santa Cruz), extracellular signal-regulated kinase
(ERK), phosphorylated (activated) form of ERK, Akt, phosphorylated
form of Akt, signal transducer and activator of transcription 3 (Stat3),
the phosphorylated form of Stat3 (all from Cell Signaling), Bcl-2; or
Bax (both from Santa Cruz), after which the blots were visualized
using chemiluminescence (ELC, Amersham), and the signals were
quantified by densitometry (NIH IMAGE 1.63). «-Tubulin (analyzed
using an antibody from Santa Cruz) or B-actin (antibody from Sigma)
served as the loading control. Samples of n = 5 or 6 from each group
were subjected to Western blotting.

Electron microscopy. After excising the hearts, cardiac tissue was
quickly cut into 1-mm cubes, immersion fixed in 2.5% glutaraldehyde
in 0.1 mol/l phosphate buffer (pH 7.4) overnight at 4°C, and postfixed
in 1% buffered osmium tetroxide. The specimens were then dehy-
drated through a graded ethanol series and embedded in epoxy resin.
Ultrathin sections (90 nm), double-stained with uranyl acetate and
lead citrate, were examined under an electron microscope (H-800,
Hitachi).

COMBINATION OF G-CSF AND ANTI-FAS IN POST-MI

Staristical analysis. Values are shown as means *= SE. Analyses
of survival were carried out using the Kaplan-Meier method;
significant differences were determined using the log-rank test
(Cox-Mantel). The significance of differences between groups was
evaluated using f-tests or one-way ANOVA with a post hoc
Newman-Keul’s multiple-comparisons test. Values of P < 0.05
were considered significant.

RESULTS

Survival, cardiac function, and cardiac histology at the
chronic stage of MI. As shown in Fig. 1, the survival rate 4 wk
post-MI was 65% (17 of 26 mice) in Group C, 78% (21 of 27
mice) in Group G, 85% (22 of 26 mice) in Group F, and 96%
(25 of 26 mice) in Group G+F. The survival rate among mice
in Group G+F was significantly better than among those in
Group C.

Echocardiography and cardiac catheterization revealed that,
4 wk post-MI, the control mice in Group C showed severe LV

A B
MI Segmental Length (x10° um)

8
o |

4 ]

C G F G+F

Mi Wall Thickness (%102 um)
8 - xy H

C G

Absolute Mi Area (x10° um?)
5.

4 |
3
2 |
1
0

C G F

G+F

Fig. 2. Effect of the treatments on ventricular remodeling and infarct geometry
during the chronic stage of MI (4 wk post-MI).’A: transverse sections of hearts
stained with Masson’s trichrome: Bars = 1 mm. B: graph showing the length
of the infarct segment (outer circumferential length, wm), the thickness of the
infarct wall (um), and the absolute infarct area (wm?) in each group. *P < 0.05
vs. Group C, #P < 0.05 vs. Group G (one-way ANOVA).
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remodeling with marked enlargement of the LV cavity and
signs of reduced cardiac function: decreased LV %fractional
shortening and maximal and minimal change in pressure over
time and increased LV end-diastolic pressure (Table 1). Al-
though post-MI cardiac dysfunction and remodeling were mit-
igated significantly in Groups G and F, they were reduced to a
significantly greater degree in Group G+F than in the other
two treatment groups.

There was no significant difference in heart weight or in the
heart-to-body weight ratios among the groups. Compared with
control hearts with 4-wk-old MlIs (Group C), which showed
marked LV dilatation with a thin infarct segment, the LV
cavity in hearts from the treated groups were smaller (Fig. 2).
In addition, the absolute area of the infarct scar was signifi-
cantly smaller in hearts from Groups G and G+F than in those

A

Masson'’s Trichrome

Sirius Red a-SMA

Nonmyocyte Cell Population, /105 um?

-)(-#+

80
200

100

C
G+F
%a-SMA* Cell Area in Ml

G F C G

G+F

G+F

%Fibrosis Assessed by Sirius Red

AND ANTI-FAS IN POST-MI H619

from Groups C and F. The circumferential length of the
infarct segment was significantly shorter, while the infarct
wall was significantly thicker in all treated groups than in
Group C (Fig. 2).

In Group C, the infarct area was replaced with dense fibrous
tissue with a scanty cell component 4 wk post-ML In the
treated groups, by contrast, the infarct area appeared to contain
a greater cellular component (Fig. 3). Morphometric analysis
of Sirius red-stained preparations confirmed there to be less
fibrosis and a greater cell population in the treated groups,
among which Group G+F showed the largest cellular compo-
nent (Fig. 3). The %area of extravascular a-SMA-positive cells
(myofibroblasts) was greatest in Group G-+F and greater in
Group F than in Group C or G. Some a-SMA-positive cells
accumulated and formed bundles that were not observed in the

Fig. 3. Effect of the treatments on the 4-wk-old
infarct tissue histology. A: photomicrographs of
infarcted areas from mouse hearts collected 4 wk
post-MIL. Bars, 20 pm. B: graphs showing the
nonmyocyte cell population, %fibrosis, %area of
the ‘a-smooth muscle actin (SMA)-positive myo-
fibroblasts, and population of Flk-1-positive ves-
sels in infarct tissue of each group. *P < 0.05 vs.
Group C, #P < 0.05 vs. Group G, *P < 0.05 vs.
Group F (one-way ANOVA).

F

Flk-1* Vessel Population, /105 pm?

*#
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infarcted wall of the control mice (Fig. 3). The numbers of
Flk-1-positive vessels were higher in all treated groups than in
Group C, and the numbers in Group G+F were even higher
than in Group G (Fig. 3).

As we detected less fibrosis in the G-CSF-, sFas gene-, or
both treated hearts than the control hearts, we examined ex-
pression of MMP-2 and -9. Western blot analysis showed that
both MMP-2 and -9 were significantly overexpressed in the
hearts administered G-CSF, compared with untreated hearts
and sFas gene alone-treated hearts (Fig. 4).

Granulation tissue cell dynamics at the subacute stage. We
next examined groups of hearts with 1-wk-old MIs to evaluate
granulation tissue cell proliferation and apoptosis. Modulation
of these processes by the present treatments could explain the
observed histological differences (nonmyocyte population in
particular) in the infarct scars at the chronic stage of ML
Numbers of proliferating cells, which were identified based on
their Ki-67-positive nuclei, were significantly higher in hearts
treated with G-CSF (210 = 6 cells/HPF in Group G and 219 *
14 cells/HPF in Group G+F) than in the other groups (92 £ 7
cells/HPF in Group C and 100 * 9 cells/HPF in Group F) (Fig. 5A).
Electron microscopy actually demonstrated proliferating cells
in granulation tissue, as shown in Fig. 5B.

On the other hand, TUNEL assays showed that apoptosis
among granulation tissue cells (160 * 7 cells/HPF in Group C)
was significantly suppressed by sFas gene transfer (11313
cells/HPF in Group F and 115 =* 8 cells/HPF in Group G+F),
as expected. Somewhat unexpectedly, however, granulation
tissue in Group G showed a significantly higher incidence of
apoptosis (214 = 15 cells/HPF) than that in Group C (Fig: 5C).
Figure 5D shows an ultrastructural feature of granulation tissue
cell apoptosis.

A Group Group Group Group

Sham C G F G+F

MMP-2

MMP-9

Tubulin

B MMP-2 MMP-9
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* #+ *#+
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5 80 80

>

©

¥t ] _

=z 40 40

0 - 0-

Sham C G F G+F Sham C G F G+F

Fig. 4. Expression of matrix metalloproteinase (MMP)-2 and -9 in hearts with
4-wk old MI. A: Western blot showing myocardial expression of MMP-2 and
-9 in each group. B: their quantification by densitometry. *P < 0.05 vs. sham,
#P < 0.05 vs. Group C, *P < 0.05 vs. Group F (one-way ANOVA).
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Effect of the treatments on viable myocardium. To check
whether the treatment (with G-CSF in particular) promoted
viable cardiomyocytes to replace the function of the infarcted
area, we examined cell proliferation activity and apoptosis in
viable myocardium. Double immunofluorescence for myoglo-
bin and Ki-67 revealed no proliferating cardiomyocyte in
viable myocardium of any groups at either 1 wk or 4 wk
post-MI (photographs not shown). We noted TUNEL-positive
cardiomyocytes in- viable myocardium. However, they: were
extremely rare (~0.02%) in each group at either 1 wk or 4 wk
post-MI, and there was no significant difference in the inci-
dence among the groups at either stage (Fig. 6). These findings
do not support the possibility that the present treatments
increased regeneration or reduced cell loss due to apoptosis of
viable cardiomyocytes to replace the infarcted area.

Effect of G-CSF on proliferation and apoptosis of infarct
tissue-derived myofibroblasts. To confirm the in vivo findings
summarized above, the proliferative and proapoptotic effects
of G-CSF were examined in vitro using granulation tissue-
derived cultured myofibroblasts. Addition of G-CSF (100 ng/
ml) to the cells significantly increased the proliferation rate
{%Ki-67-positive cells) among cultured myofibroblasts after
incubation for 24 h: saline, 21 * 2.2% vs. G-CSF, 36 + 2.1%
(P < 0.05) (Fig. 6A). As the binding of G-CSF to its receptor
evokes signal transduction through activation of Janus kinase/
Stat, Akt kinase, which has been identified as a downstream
target of phosphatidylinositol-3/-kinase, and mitogen-activated
protein kinase/ERK (2, 8), we next examined: their activity.
Western blotting using phosphorylated forms of ERK, Stat3,
and Akt revealed that Stat3 and Akt but not ERK, were
significantly activated in the G-CSF-treated myofibroblasts
(Fig. 6B).

However,; we also noted that G-CSF increased the incidence
of Fas-mediated apotosis:” %TUNEL positivity ‘among’ cells
treated with Fas‘antibody plus‘actinomycin D was'42 *3.8%;
upon addition of G-CSF to the Fas antibody plus actinomycin
D, the incidence increased to 55 * 3.2% (Fig. 7A; P < 0.05).
The ratio of Bax to Bcl-2 determines death or survival after an
apoptotic stimulus (27), and our Western blotting showed an
increase of that ratio in the Fas-mediated apoptosis of cul-
tured myofibroblasts (Fig. 7B). Interestingly, the increase of
the ratio was more significant by the additional G-CSF
treatment (Fig. 7B).

DISCUSSION

The present study confirmed that post-MI treatment with
G-CSF or sFas gene transfer can individually mitigate cardiac
dysfunction at the chronic stage (4 wk post-MI) (11, 17, 21).
Moreover, we found that their combination further improves
post-MI survival and elicits a more pronounced mitigation of
post-MI cardiac dysfunction than was seen in groups receiving
a single treatment. Although G-CSF administration and sFas
gene “transfer each  improved cardiac function to a similar
degree, the structures of the 4-wk-old infarct scars were sub-
stantially different in the two groups. Compared with Group C,
the infarct scars in Group G were shorter in circumferential
length and smaller in the area, while those in Group F were
shorter and thicker but not smaller in area. This is noteworthy
in that the segmental length of the infarct scar is an important
determinant of adverse LV remodeling, directly contributing to
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LV dilatation. The wall thickness of infarct scars is also
important because wall stress is proportional to the cavity
diameter and inversely proportional to the wall thickness
(Laplace’s law) (38). Since wall stress and adverse LV remod-
eling (dilatation) have a vicious relationship in which they
accelerate one another, it is easy to surmise that such an
alteration in the geometry of the infarct would improve the
hemodynamic state of the heart. In Group G+F, the infarct scar
had a phenotype that combined the features of both Groups G
and F, i.e., it was smaller, shorter, and thicker than control.
This geometric advantage in Group G+F is likely an important
element that prevents the worsening of cardiac dysfunction.
We actually found more- than 100% increase in MI wall
thickness, despite an increase in nonmyocyte cell population of
~30% in Group G+F. Although dissociation in the extent of
increase appears to be too much between.the wall thickness and
cell population, the wall thickness is determined not only by
the cell population, but also by wall stress: when the MI wall
is thinner, the wall stress becomes greater to make the wall
more increasingly thinner. Thus it is surmised that even a slight
increase of the MI wall by the increased cell population could
have greatly prevented thinning of the MI wall in Group G+F.
On the other hand, the present findings did not support a
possibility of an increased cardiomyocyte population related to

TUNEL-positive cells (/HPF)

Fig. 5. Celi proliferation and apoptosis in granulation tissue
cells of 1-wk old MI. A: photomicrographs show immuno-
histochemical preparations for Ki-67. Bar = 20 um. The
graph shows the incidence of Ki-67-positive cells in each
group. B: electron photomicrograph of a proliferating myofi-
broblast in granulation tissue. Nuclear morphology indicates
that the cell is at anaphase of mitosis. The cell type was
ultrastructurally identified as a myofibroblast, presenting
well-developed endoplasmic reticulum (ER) and scanty myo-
filaments (arrows in the inser) and dense body (arrowhead in
the inser) at the periphery. This cell was from the heart of
Group G+F. Bar = 1 pm. C: photographs show terminal
deoxynucleotidyl transferase dUTP-mediated nick-end label-
ing (TUNEL)-stained preparations of the infarcted area of
mouse hearts 1 wk post-MI. Arrows indicate TUNEL-posi-
tive cells. Bars = 20 pm. The graph shows the incidence of
TUNEL-positive cells in each group. D: electron photomi-
crograph of an apoptotic granulation tissue cell, of which cell
type is difficult to identify because of severe cytoplasmic
shrinkage. This cell was from the heart of Group G. Bar = 1
pm. *P < 0.05 vs. Group C, #P < 0.05 vs. Group G, *P <
0.05 vs. Group F (one-way ANOVA). HPF, high-power field.

increased regeneration and/or reduced apoptosis by any treat-
ments.

Confirming an earlier study (17); our laboratory found that
an antiapoptotic strategy using sFas gene transfer prevented
granulation tissue cell apoptosis during the subacute stage of
MI and preserved the cell population within the infarct scar
during the chronic stage. sFas gene transfer did not affect
proliferation of granulation tissue cells, however. Notably,
despite its proliferative effect, G-CSF treatment alone did not
significantly increase the cell population in the infarct scar at
the chronic. stage, although the vessel population was in-
creased. This likely reflects the fact that, in addition to its
proliferative effect on granulation tissue, G-CSF also aug-
mented the incidence of apoptosis. G-CSF is known to act as a
growth factor toward myeloid progenitor cells and mature
neutrophils, as well as some nonhematopoietic cell types (2),
and fo exert:an angiogenic effect (4, 15). The proliferative
effect on granulation tissue, which in¢ludes vascular cells, is,
therefore, not so surprising. On:the other hand, our in vitro
experiments using infarct tissue-derived cells confirmed that
G-CSF also exerts a proliferative effect on myofibroblasts
accompanying activation of Stat3 and Akt. And even more
unexpected was the proapoptotic effect of G-CSF on granula-
tion tissue myofibroblasts. The in vitro study using Fas-stim-
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Myoglobin

Fig. 6. Examination of apoptosis in viable myocardium.
A: double immunofluorescence images for myoglobin (as a
cardiomyocyte marker; red) and TUNEL (green) show a
TUNEL-positive cardiomyocyte (top) and a TUNEL-positive
noncardiomyocyte (bottom) in noninfarcted area of the un-
treated heart 1 wk post-MI. Nuclei were stained with Hoechst
(blue). Bars, 10 pm. B: graph comparing the incidences of
TUNEL-positive cardiomyocytes in noninfarcted area among
the groups at | and 4 wk post-MI. There was no significant
difference between the groups at either time point (one-way
ANOVA). NS, nonsignificant.
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ulated myofibroblasts confirmed this and also revealed further
increase of Bax-to-Bcl-2 ratio by the additional treatment with
G-CSF. Apoptotic loss of infarct tissue cells could cause
thinning of the infarct wall, leading to an increase in wall
stress. Moreover, myofibroblasts are well known to play an
important role in wound contraction during the healing process
(9) and also in infarct scar contraction (shortening) (13, 17,
26). Thus the effect of G-CSF on infarct tissue cell dynamics
may be a double-edged sword. We suggest that, when admin-
istered in combination with G-CSF, sFas gene transfer
offsets the potentially adverse (proapoptotic) effects of
G-CSF (Fig. 8).

We found fibrosis to be significantly reduced in the infarct
scars of all the treated groups. The improved wall mechanics
seen in all three treatment groups would be expected to reduce
fibrosis by reducing stretch, which is known to stimulate collagen
production. The relative area of fibrosis within the infarct scar
also would be reduced in the groups where the cellular com-
ponents were well preserved and occupied a substantial area of
the infarct scar (Groups F and G+F). In addition, G-CSF is
known to induce expression of MMP-2 and MMP-9 (5, 18),
and we confirmed this fact in the present study. Several
fibrogenic factors, including tumor necrosis factor-o, trans-
forming growth factor-B,, and angiotensin II type 1 receptor
were conversely downregulated in hearts with old MIs (18).

 lidl
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These actions may have collectively contributed to reducing
fibrosis in the infarct scars of hearts from Group G+F.

We noted TUNEL-positive cardiomyocytes in the 1- and
4-wk post-MI hearts, although in a rare incidence (~0.02%).
The incidence of them was not affected either by G-CSF or
sFas treatment (Fig. 9). Cardiomyocyte apoptosis has been
suggested to be involved in the setting of MI at two different
stages: 1) acute death of the cardiomyocytes in the infarcted
area just after reperfusion (several hours) (10); and 2) late
death of the salvaged cardiomyocytes during the subacute to
chronic stages (days to weeks) (3). Our study has relevance to
the latter case because the treatments were started on day 3 of
MI. Although a previous study reported an antiapoptotic effect
of G-CSF on cardiomyocytes at the acute stage (11), that effect
has not been demonstrated during the later stages of MI. The
interaction of Fas with Fas ligand is an important trigger for
apoptosis in many cell types, including cells related to the
immune system and granulation tissue cells (17, 23). However,
an adult cardiomyocyte is reportedly very insensitive to Fas-
mediated apoptosis (12, 36).

The present study has several limitations. We delivered both
G-CSF and sFas in a systemic fashion in the present study. It
is enough of a possibility that systemically circulating G-CSF,
sFas, or both would have activated extracardiac tissue or cells
to indirectly affect the heart, e.g., through some other cell type,
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Fig. 7. In vitro effect of granulocyte colony-stimulating
Overlay factor (G-CSF) on proliferation and the related signal
with activation among myofibroblasts. A: effect of G-CSF on
proliferation of a-SMA-positive myofibroblasts derived
Hoechst from 1-wk-old infarct tissue assessed by Ki-67 immuno-
fluorescence. Bars = 20 pm. The graph shows the %Ki-
67-positivity among the cells. B: effect of G-CSF (100
ng/ml) on expression and activation of extracellular sig-
nal-regulated kinase (ERK), signal transducer and activa-
J . tor of transcription 3 (Stat3), and Akt in cultured myofi-
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like immunocompetent cells. The present study design cannot
distinguish between the direct and indirect effects of the
treatments on the heart. Second, G-CSF was originally reported
to enhance postinfarct myocardial regeneration by mobilized
bone marrow-derived cells to the myocardium (28). This effect
is still controversial (11, 18, 21, 28, 32), but we did not
examine it in the present study. We also did not address
myocardial regeneration from resident cardiac stem cells (20),
and the possible effect of G-CSF on such a response remains
unresolved.

In conclusion, we found that a combination of G-CSF and
sFas gene therapies administered during the subacute stage of
MI mitigated cardiac remodeling and dysfunction at the
chronic stage more effectively than either of the individual
therapies alone. Rapid recanalization of the occluded coronary
artery, which enables salvage of ischemic myocardial cells, is
presently the best clinical approach to treating acute MIL
Unfortunately, most patients lose the chance for coronary
reperfusion therapy because reperfusion must be performed
within hours after the onset of infarction (30). In that context,
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Fig. 8. In vitro effect of G-CSF on Fas-mediated apo-

ptosis among myofibroblasts. A: effect of G-CSF on the

incidence of Fas-mediated apoptosis among cultured Overlay
myofibroblasts derived from 1-wk-old infarct tissue. :
Bars = 20 pm. The graph shows the %TUNEL-positiv- with
ity among the cells. #P < 0.05 vs. FA (agonistic anti-Fas Hoechst
antibody plus actinomycin D)-treated group (z-test).

B: effect of Fas stimulation and the additional treatrnent

with G-CSF on expression of Bax and Bcl-2 in cultured
myofibroblasts. *P < 0.05 vs. saline-treated control,
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combination of a cardioprotective cytokine treatment and an
antiapoptotic strategy could be a powerful tool for use against
the chronic progressive heart failure seen in patients with large
MIs, one which could be utilized during the subacute stage,
after patients have lost the chance for coronary reperfusion. In
contrast to G-CSF, however, safety of systemic delivery of
sFas has not been confirmed in humans. Ethical consensus has
not been established at all in the safety of a virus-mediated
gene therapy. These issues should be resolved before clinical
application of the sFas gene therapy.
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