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Fig. 3. Control of cellular senescence by the p53/p21 and pl6/pRb pathways. Shown are the consequences of senescence-inducing signals on cell cycle
regulators in the p53/p21 and p16/pRb pathways. Senescence-inducing signals, such as oncogenic Ras and E2F, increase expression of p14, whereas TBX2
represses pl4 promoter activity, thus counteracting with each other. p14 sequesters MDM2, leading to an increase in p53 activity. Signals, such as oncogenic
Ras, telomere shortening and possibly other signals increase expression of PML, which interacts with CBP/p300 and stimulates p53 activity. Oncogenic Ras
stimulates the activity of Ets that induces p16 transcription by promoting its phosphorylation. Short telomeres lead to an increase in Ets and a decrease in Id, a
protein that inhibits Ets activity, resulting in the accumulation of p16. p16 inhibits the cyclin-dependent kinases that phosphorylate pRb, leading to an increase

in its active form.

promyelocytic leukemia (PML) tumor suppressor. PML is
induced by replicative senescence and Ras activation by
unknown mechanisms [72,73]. PML interacts with CBP/
p300 acetyltransferase, which acetylates p53, thus stimulat-
ing pS3 activity. Recently, p53 is found at telomeres and
ablation of p53 function restores adverse effects of telomere
loss [74], suggesting active roles of p53 in telomere mainte-
nance as well as the telomere-response pathway. pRb exists
in hypophosphorylated form that binds to E2F and inhibits
cell cycle progression in senescent cells because of high
fevels of the cyclin-dependent kinase inhibitors, p21 and p16.
p21 is transcriptionally induced at least partly by p53, al-
though p53-independent, post-transcriptional mechanisms
also contribute to an increase in p21 expression in senescent
cells [75). p16, another tumor-suppressor protein encoded by
INK4a locus, increases in part because Ets, a transcription
factor that stimulates p16 expression, is induced by senescent
signals including telomere shortening and Ras activation,
whereas Id1, a protein that inhibits Ets activity, is decreased
in senescent cells [76]. It is demonstrated that ectopic expres-
sion of the cyclin-dependent kinase inhibitors, such as p21,
pl6 and pi4, causes premature senescence {77], suggesting
pivotal roles in the signaling pathways of senescence.

p53 immunoreactivity is present in vascular cells in areas
with chronic inflammation of human atheroma, while a few
cells positive for p53 immunoreactivity are found in control
arteries [781. p21 immunoreactivity is also detected in human
atheroma but not in normal lesions and is colocalized with
p53. Forced expression of cyclin-dependent kinase inhibitors
induces premature senescence that is associated with cell
dysfunction in cultured vascular cells (Minamino et al. un-
published data). These observations suggest a pathological
role of p53 and p21 in athcrogenesis. However, their precise
roles remain unclear. It is demonstrated that atherosclerosis
is aggravated in p53/apolipoprotein E (ApoE) double-
knockout mice through an increase in p53-controlled prolif-
eration [79]. In contrast, the study using perivascular collar
model in ApoE-knockout mice shows that p53 overexpres-

sion results in a marked decrease in the cellular and extracel-
lular contents in the cap lesions, leading to spontaneous
plaque rupture [80]. Thus, in the clinical settings, elevated
expression of p53 and cyclin-dependent kinase inhibitors
may be deleterious in hurnan atherosclerosis.

9, Ras-induced senescence and vascular inflammation

It has been demonstrated that various molecules including
growth factors, vasoactive peptides and oxidative stresses,
such as ROS and oxidized low-density lipoproteins, are in-
duced during the lesion formation and regulate numerous
critical cell functions, thereby contributing to atherogenesis
[81]. These stimuli.function as mitogens for vascular cells
through the signaling cascades that activate Ras [81]. Inhibi-
tion of Ras has been reported to prevent intimal formation
after vascular injury, suggesting a critical role of Ras activa-
tion in VSMC proliferation [82]. In addition to its role in cell
proliferation, we have found that constitutive activation of
Ras induces vascular cell senescence that is associated with
vascular inflatmmation [20]. Activation of Ras drastically
increased expression of pro-inflammatory cytokines partially
through ERK activation in cultured vascular cells. Introduc-
tion of Ras into balloon-injured arteries enhanced vascular
inflammation as well as senescence compared with control-
injured arteries (Fig. 4). Moreover, senescent cells express
inflammatory molecules in human atherosclerotic plaque,
and ERK is activated in these cells, suggesting that telomere-
independent mechanisms may also contribute to vascular cell
senescence in human atherosclerosis. Consistent with our
findings, functional inhibition of Ras has been demonstrated
to suppress pro-inflammatory molecules, thereby reducing
lesion formation in ApoE-deficient mice [83]. Moreover,
angictensin II, an important atherogenic molecule that acti-
vates the Ras-signaling pathway, has been demonstrated to
promote vascular cell senescence as well as vascular inflam-
mation {84]. Thus, it is assumed that atherogenic stimuli may
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Fig. 4. Activation of Ras induces senescence and inflammation in vivo. The
adenoviral vector encoding H-rasV12 (Ras) or the empty vector (Mock) was
transduced into rat carotid anteries injured by a balloon catheter. It is known
that accumulation of macrophages is minimally involved in the lesion
formation in this model. Whereas only a little SA §-gal activity was found in
mock-infected injured arteries, transduoction of adeno-Ras into injured arte-
ries increased SA f-gal activity (upper panel). The area of accumulated
macrophages (brown} in the intima was markedly increased in Ras-infected
injured arteries compared with mock-infected injured arteries (lower panel),
indicating a causal relationship between Ras activation and vascular inflam-
mation. Adapted from Ref. [20] with permission.

initially promote cell proliferation, and when overstimulated
to proliferate, mitogenic-signaling pathways may induce
telomere-dependent and telomere-independent senescence,
which results in vascular dysfunction. Vascular inflammation
is known to induce degradation of extracellular matrix by
various proteinases, such as collagenases and gelatinases,
and by inhibition of matrix production [85]. Therefore, de-
creased cellularity and enhanced inflammation associated
with vascular cell senescence may contribute to plaque vul-
nerability.

106. Genetic models for aging

Many molecular mechanisms have been suggested to con-
tribute to human aging and age-associated disease. Recent
genetic analyses have demonstrated that reduction-of-
function mutations of the signaling pathway of insulin/
insulin-like growth factor-1 (IGF-1)/phosphatidylinositol-3
kinase (PI3K)/Akt (also known as protein kinase B) extends
the longevity of the nematode Caenorhabditis elegans
[86-92]. The forkhead transcription factor DAE-16, which is
phosphorylated and thereby inactivated by Akt, plays an
essential role in this longevity pathway [93,94]. More re-
cently, it has been reported that the genes regulating longev-
ity are conserved in organisms ranging from yeast to mice.
The mutation of Sch9, which is homologous to ALz, extends
the lifespan of yeast [25] and mutations that decrease the
activity of insulin/IGF-1-like pathway increase the longevity
of fruit flies [96] and mice [97,98]. These mutations that
extend the lifespan are associated with increased resistance
to oxidative stress, which is mediated in part by an increase in
expression of antioxidant genes [99-101]. In mammalian
cells, activation of Akt has been reported to induce cell
proliferation and survival toward tumorigenesis [102-104).
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The insulin pathway has also been shown to be essential for
the maintenance of normal metabolic homeostasis [105].
Restriction of caloric intake extends the longevity of yeast,
worms, fruit flies, mice and probably humans and postpones
or prevents age-dependent deterioration and chronic diseases
[91]. Since calorie restriction associates with the persistent
decrease in the insulin signals, one might think that the
insulin pathway could be involved in human aging and age-
associated diseases, especially in the patients with diabetes.

Mice models that exhibit an early onset of phenotypes
associated with aging have been reported. These include
mouse mutants carrying targeted disruption of the genes
involving DNA damage repair, such as ku86 [106], XPD
[107) and BRCAI [108]. Activation of p53 [109] as well as
telomerase deficiency (58] also cause premature aging,
which is characterized by reduced longevity, osteoporosis,
organ atrophy and a diminished stress tolerance. All these
molecules have been implicated in cellular senescence. More
importantly, cellular senescence in vivo has been detected in
premature aging mice [108]. Thus, these results provide in
vivo evidence that links cellular senescence to organismal
aging.

11. Conclusion

Accumulating evidence indicates a critical role of cellular
senescence in organismal aging and age-related disease in-
cluding atherosclerosis. Young adult bone marrow-derived
EPCs have been shown to restore aging-impaired angiogenic
function [110]. Chronic treatment with EPCs from young
non-atherosclerotic ApoE-deficient mice prevents athero-
sclerosis progregsion in ApoE-deficient recipients despite
persistent hypercholesterolemia [111]. Moreover, introduc-
tion of telomerase into EPCs has been reported to extend cell
lifespan and to increase the efficacy of vasculogenesis in vivo
[112]. These reports indicate that progressive progenitor cell
deficits contribute to age-associated vascular dysfunction
and suggest the potential utility of cell-based antisenescence
therapy as a novel therapeutic strategy for vascular aging.
Further understanding of mechanisms underlying cellular
senescence will provide new insights into the pathogenesis of
age-associated vascular disorders.
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ABSTRACT

Reduction-offunction mutations in components of the insulin/insulinike growth factor-1/
Akt pathway have been shown to extend the lifespan in organisms ranging from yeast to
mice. It has also been reported that activation of Akt induces proliferation and survival of
mammalian cells, thereby promoting tumorigenesis. We have recently shown that Akt activity
increases with cellular senescence and that inhibition of Akt extends the lifespan of primary
cultured human endothelial cells. Constitutive activation of Akt promotes senescencelike
arrest of cell growth via a p53/p21-dependent pathway, leading to endothelial dysfunction.
This novel role of Akt in regulafing the cellular lifespan may contribute to various human
diseases including atherosclerosis and diabetes mellitus.

Normal human somatic cells have a finite lifespan in vitro and eventually show irreversible
growth arrest called cellular senescence. As cells age in vitro, significant phenotypic
changes occur. The cells become flattened and enlarged, as well as expressing different
genes such as the tumor suppressor gene p53 and cyclin-dependent kinase inhibirors
including p21¥Cipl and p1glakda ! Sionals other than extended proliferation have also
been shown to produce a phenotype which is indistinguishable from that of senescent cells
at the end of their replicative lifespan.? For example, constitutive activation of mitogenic
stimuli, DNA damage, or oxidative stress can all prematurely induce cellular senescence.3-5
In senescent vascular cells, expression of pro-inflammatory molecules is increased and
production of vasodilators is decreased,? both of which are well-known changes in the
vascular tissues of elderly persons that contribute to the pathogenesis of vascular aging.1°
There is also in vivo evidence cellular senescence.!!:12 Vascular cells with a similar phenotype
to that of senescent vascular cells in vitro have been detected in human atheroma tissues,
but not in normal arteries.57 Such reports suggest that cellular senescence may play an
important role in human aging and age-associated diseases. Alternarively, the mechanisms
underlying cellular senescence may also regulate the lifespan of the entire organism and
vice versa. This concept is supported by recent studies on mice that exhibit early onset of
phenotypes associated with aging. These include mouse mutants with targeted disruption
of the genes that are involved in the repair of DNA damage, such as 4x86,!1¥ XPD' and
BRCALY Activation of p53 as well as telomerase-deficiency also cause premarure
aging,1517 which is characterized by reduced longevity, osteoporosis, organ atrophy and a
diminished stress tolerance. All of these molecules have been implicated in cellular senescence.
More importantly, cellular senescence has been detected in the tissues of mice with premature
aging.!3 These results provide further in vivo evidence that links cellular senescence to
aging of the organism.

Restriction of calorie intake is known to extend longevity in organisms ranging from
yeast to mice and to prevent age-dependent deterioration such as cancer, impaired
immune function, and increased inflammation.®!* Calorie restriction decreases the plasma
levels of glucose, insulin, and insulin-like growth factor-1 (IGF-1). Recent genetic
analyses have demonstrated that reduction-of-function mutations in the glucose or IGF-
1-like signaling pathways also extend the lifespan of many organisms, suggesting that these
pathways may underlie the mechanism of longevity related to calotie restriction.13:20
Among the molecules thar exist in these pathways, the Ser/Thr kinase Ak is remarkably
well conserved across a broad range of species and is involved in a diverse array of cellular
processes.2! Although mutations that reduce Akr activity prolong the longevity of yeast
and nematodes,?>? activation of Akt has been reported to induce proliferation and survival
of mammalian cells, thereby promoting tumorigenesis.22425 In a study that was recently
published in EMBO %6 we showed that Akt activity increases with cellular senescence and
that inhibition of Akt extends the lifespan of primary cultured human endothelial cells.
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Figure 1. Signaling pothway of insulin/Aktinduced senescence. Excessive
calorie intake increases the levels of insulin and results in activation of Akt
in the target fissues. Constitutive activation of Akt induces cellular senescence
via @ p53/p2l-dependent pathway, which is mediated by the forkhead
transcription factor [FOXO3a), which regulates cellular levels of reactive
oxygen species. Accumulation of senescent cells in the target organs causes
diobefic complications and promotes insulin resistance because of their
senescent phenotypes such as increased production of inflammatory
cytokines and thrombogenic factars.

Constitutive acrivation of Akt promotes senescence-like arrest of eell
growth via a p53/p21-dependent pathway. This action is at least
partly mediated by the forkhead transcription factor, which regu-
lates cellular levels of reactive oxygen species. Our findings reveal a
novel role of Akt in regulating the cellular lifespan and suggest that
the mechanism of longevity is conserved in primary cultured human
cells. :

What is the implication of these findings for human disease? Since
various growth factors that contribute to atherosclerosis have been
shown to increase Akt activity,? atherogenic stimuli may activate
Ak in the vasculature and thus promote atherogenesis. Consistent
with this notion, activation of Akt is observed in human atheroma
tissues, but not in normal arteries.26 Constitutive activation of Akt
in human endothelial cells not only leads to cellular senescence but
also to vascular dysfunction such as impaired angiogenesis and
increased inflammation.26 In a similar way, Akt-induced senescence
may contribute to other age-associated diseases. Cell division is
essential for the survival of multicellular organisms that contain various
renewable tissues, bur it alse puts the organism ac risk of developing
cancer. Thus, complex organisms have evolved at least two cellular
mechanisms to prevent oncogenesis, which are apoptosis and cellular
senescence.? In this respect, Akt-induced senescence can be seen as
an anti-tumorigenesis mechanism since gain-of-function mutations
in the Akt signaling pathway are common in human cancers. Finally,
Akt is known to be involved in signaling pathways that mediate the
metabolic effects of insulin in several physiologically important target
tissues.”® Insulin regulates energy metabolism after food intake by
promoting the uptake and storage of glucose, amino acid and fat,
while simultaneously antagonizing the catabolism of fuel reserve.
The basic role of insulin as a signal that informs the organism of
nutritional abundance appears to be well conserved among species.?8
We have shown thar insulin also increases p53 activity and expression
of p21 and that it promotes cellular senescence in an Akt-dependent
manner.?® Since hyperinsulinemia is a basic feature of type 2 diabetes
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mellitus, insulin-induced senescence may have the direct impact on
diabetic complications such as vasculopathy and nephropathy. An
inevitable feature of type 2 diabetes mellitus is insulin resistance.®
Some previous studies have suggested thar a decline of Akt activity
in response to insulin might lead to insulin resistance.?? In contras,
some recent studies have shown that basal Ake activity in the tissues
of diabetic patients tends to be higher than in normal subjects and
that there is no significant difference in the response of Akt to insulin
stimulation.3? Increased plasma and tissue levels of pro-inflammatory
cytokines and pro-thrombogenic factors have been demonstrated to exag-
gerate insulin resistance and to contribute to diabetic complications,3!32
and both of these changes are well-known features of senescent cells
in vitro. 12 Accordingly, we propose thar rype 2 diabetes mellitus can
be regarded as a premature aging syndrome in which the dysregula-
tion of insulin/Ake signaling promotes cellular senescence, leading to
various complications. This suggests thar anti-senescence therapy
might be effective for the ueatment of diabetic complications and
insulin resistance.
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G-CSF prevents cardiac remodeling after myocardial
infarction by activating the Jak-Stat pathway in

cardiomyocytes

Mutsuo Harada!, Yingjie Qinl4, Hiroyuki Takano'%, Tohru Minamino!+4, Yunzeng Zou!, Haruhiro Toko!,
Masashi Ohtsukal, Katsuhisa Matsuura!, Masanori Sano!, Jun-ichiro Nishi!, Koji Iwanaga!, Hiroshi Akazawa!,
Takeshige Kunieda’, Weidong Zhu', Hiroshi Hasegawa!, Keita Kunisada?, Toshio Nagai', Haruaki Nakaya?,

Keiko Yamauchi-Takihara? & Issei Komuro!

Granulocyte colony-stimulating factor (G-CSF) was reported to induce myocardial regeneration by prometing mobilization of bone
marrow stem cells to the injured heart after myocardial infarction, but the precise mechanisms of the beneficial effects of G-CSF
are not fully understood. Here we show that G-CSF acts directly on cardiomyocytes and promotes their survival after myocardial
infarction. G-CSF receptor was expressed on cardiomyocytes and G-CSF activated the Jak/Stat pathway in cardiomyocytes.

The G-CSF treatment did not affect initial infarct size at 3 d but improved cardiac function as early as 1 week after myocardial
infarction. Moreover, the beneficial effects of G-CSF on cardiac function were reduced by delayed start of the treatment. G-CSF
induced antiapoptotic proteins and inhibited apoptotic death of cardiomyocytes in the infarcted hearts. G-CSF also reduced
apoptosis of endothelial cells and increased vascularization in the infarcted hearts, further protecting against ischemic injury.

All these effects of G-CSF on infarcted hearts were abolished by overexpression of a dominant-negative mutant Stat3 protein in
cardiomyocytes. These results suggest that G-CSF promotes survival of cardiac myocytes and prevents left ventricular remodeling
after myocardial infarction through the functional communication between cardiomyocytes and noncardiomyocytes.

Myocardial infarction is the most common cause of cardiac morbidity
and mortality in many countries, and left ventricular remodeling after
myocardial infarction is important because it causes progression to heart
failure, Several cytokines including G-CSF, erythropoietin and leukemia
inhibitory factor have beneficial effects on cardiac remodeling after myo-

=" cardial infarction'">. In particular, G-CSF markedly improves cardiac

function and reduce mortality after myocardial infarction in mice, possibly
by regeneration of myocardium and angiogenesis!?6-8, G-CSF is known
to have various functions such as induction of proliferation, survival and
differentiation of hematopoietic cells, as well as mobilization of bone
marrow cells®!). Although it was reported that bone marrow cells could
differentiate into cardiontyocytes and vascular cells, thereby contributing
to regeneration of myocardium and angiogenesis in ischemic hearts!2-15,
accumulating evidence has questioned these previous reports'¢'2, In this
study, we examined the molecular mechanisms of how G-CSF prevents
left ventricular remodeling after myocardial infarction.

RESULTS

G-CSF directly acts on cultured cardiomyocytes

G-CSF receptor (G-CSFR, encoded by CSF3R) has been reported
to be expressed only on blood cells such as myeloid leukemic cells,

1Department of Cardiovascular Science and Medicine, Chiba University Graduate Schaal

leukemic cell lines, mature neutrophils, platelets, monocytes and
some lymphoid cell lines®. To test whether G-CSFR is expressed
on mouse cardiomyocytes, we performed a reverse transcription—
polymerase chain reaction (RT-PCR) experiment by using specific
primers for mouse Csf3r. We detected expression of the Csf3r gene
in the adult mouse heart and cultured neonatal cardiomyocytes
(Fig. 1a). We next examined expression of G-CSER protein in cul-
tured cardiomyocytes of neonatal rats by immunocytochemistry.
Similar to the previously reported expression pattern of G-CSFR in
living cells'?, the immunoreactivity for G-CSFR was localized to the
cytoplasm and cell membrane under steady-state conditions in car-
diomyocytes (Fig. 1b). This immunoreactivity disappeared when the
antibody specific for G-CSFR was omitted, validating its specificity
(Fig. 1b). In addition to cardiomyocytes, we also detected expres-
sion of G-CSFR on cardiac fibroblasts by immunocytochemistry
(see Supplementary Fig. 1 online) and RT-PCR (Supplementary
Fig.2 online).

The binding of G-CSF to its receptor has been reported to evoke
signal transduction by activating the receptor-associated Janus family
tyrosine kinases (JAK) and signal transducer and activator of transcrip-
tion (STAT) proteins in hematopoietic cells®!°, In particular, STAT3
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Figure 1 Expression of G-CSFR and the G-CSF-evoked signal transduction in cultured cardiomyocytes. (a) RT-PCR for mouse £sf3r. Expression of Csf3rwas
detected in the adult mouse heart {lane 1) and cultured cardiomyocytes of neonatal mice {lane 3). In lane 2, reverse transcription products were omitted to
exclude the possibility of false-positive results from contamination. (b) Immunocytochemical staining for G-CSFR. Cardiomyocytes from neonatal rats were

incubated with antibody to G-CSFR {red) and phallcidin (green) (upper panel). In the absence of antibody to G-CSFR, no signal was detected (lower panei).

has been reported to contribute to G-CSF-induced myeloid differenti-
ation and survival?®2!, We therefore exarmined whether G-CSF activates

the Jak-Stat signaling pathway in cultured cardiomyocytes. G-CSF
(100 ng/ml} significantly induced phosphorylation and activation of
Jak2 and Stat3, and to a lesser extent, Stat but not Jakl, Tyk2 or Stat5
in a dose-dependent manner {Fig. 1c~e and data not shown), suggesting

that G-CSFR on cardiomyocytes is functional.

)

Annexin V

H,0, - + - +

G-CSF - +

Original magnification, x1,000. (¢} G-CSF induces phosphorylation of Jak2, Statl and Stat3 in a time-dependent manner in cultured cardiomyocytes.
{d) Quantification of Jak2, Statl and Stat3 activation by G-CSF stimulation as compared with controf (time = 0). *# < 0.05 versus cantrol (7= 3). (e) G-CSF
induces phosphorylation and activation of Stat3 in a dose-dependent manner in cuttured cardiomyocytes.

We next examined whether G-CSF confers direct protective effects
on cardiomyocytes as it prevents hematopoietic cells from apoptotic
death®!. We exposed cardiomyocytes to 0.1 mM H,0, in the absence
or presence of G-CSF and examined cardiomyocyte apoptosis by
staining with annexin V222>, Pretreatment with G-CSF significantly
reduced the number of H;O,-induced annexin V-positive cells
compared with cells that were not given the G-CSF pretreatment
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Figure 2 Suppression of H,0,-induced cardiomyocyte apoptosis by G-CSF. (a) Detection of apoptosis by Cy3-labeled annexin V. Red fluorescence shows apoptotic
cardiomyocytes stained with Cy3-labeled annexin V. Nuclei were counterstained with DAPI staining (blue). Original magnification, x400. {b) Quantitative analysis
of apoptetic cells, The vertical axis indicates the ratia of the annexin V-positive cell number relative to that of DAPI-positive nuclei. *£< 0.01 versus nontreated
cells, *P < 0.05 versus H,0,-treated cells without G-CSF (n=3). (¢) G-CSF prevents H0-induced downregulation of Bel-2 expression (= 3). (d) Inhibition of
antiapoptotic effects of G-CSF by Adeno-dnStat3. Bar graphs represent quantitative analysis of the apoptotic cell number relative to the total cell number, *P<
0.001 versus Ha0, -)/G-CSF (=), *F < 0.001 versus Hy0, (+)/G-CSF (-}, TP < 0.001 versus H,0, {(+)/G-CSF {+)/Adeno-LacZ (n = 3).
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(Fig. 2a,b). To investigate the molecular mechanism of how G-CSF
exerts an antiapoptotic effect on cultured cardiomyocytes, we exami-
nied expression of the Bcl-2 protein family, known target molecules
of the Jak-Stat pathway®%, by western blot analysis. Expression levels
of antiapoptotic proteins such as Bcl-2 and Bcl-xL were lower when
cardiomyocytes were subjected to H,Q, (Fig. 2¢ and data not shown),
and this reduction was considerably inhibited by G-CSF pretreatment
{Fig. 2c). AG490, an inhibitor of Jak2, abolished G-CSF-induced Bcl-2
expression (Fig. 2¢) but did not affect its basal levels (Supplementary
Fig. 3 online), suggesting a crucial role of the Jak-Stat pathway in
inducing survival of cardiomyocytes by G-CSF. To further elucidate
the involvement of the Jak-Stat pathway in the protective effects of
G-CSF on cardiomyocytes, we transduced cultured cardiomyocytes
with adenovirus encoding dominant-negative Stat3 (Adeno-dnStat3).
G-CSF treatment significantly reduced apoptosis induced by H,0,
in Adeno-LacZ-infected cardiomyocytes (Fig. 2d). This effect was
abolished by introduction of Adeno-dnStat3 (Fig. 2d), suggesting
that Stat3 mediates the protective effects of G-CSF on H,0,-induced
cardiomyocyte apoptosis.

Effects of G-CSF on cardiac function after myocardial infarction

Consistent with the in vitro data, G-CSF enhanced activation of Stat3
in the infarcted heart (Fig. 3a). Notably, the levels of G-CSFR were
markedly increased after myocardial infarction in cardiomyocytes
(Supplementary Fig. 4 online), which may enhance the effects of
G-CSF on the infarcted heart. To elucidate the role of G-CSF-induced
Stat3 activation in cardiac remodeling, we produced myocardial

b ¢
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infarction in transgenic mice which express dominant-negative Stat3
in cardiomyocytes under the control of the o-myosin heavy chain
promoter (dnStat3-Tg). Administration of G-CSF was started at the
time of coronary artery ligation {day 0} until day 4 in transgenic
mice; we termed this group Tg-G mice. A control group of dn$tar3-Tg
mice given myocardial infarction received saline (Tg-cont) instead of
G-CSFE. We also included two groups of wild-type mice given myocar-
dial infarction treated with G-CSF {Wt-G) or saline (Wt-cont). At 2
weeks after myocardial infarction, we assessed the morphology by his-
tological analysis and measured cardiac function by echocardiography
and catheterization analysis. The infarct area was significantly smaller
in the Wi-G group than the Wt-cont group (Fig. 3b). The Wt-G group
also showed less left ventricular end-diastolic dimension (LVEDD)
and better fractional shortening as assessed by echocardiography,
and lower end-diastolic pressure (LVEDP) and better +dp/ds and
~dp/dt as assessed by cardiac catheterization compared with Wt-cont
(Fig. 3c). The beneficial effects of G-CSF on cardiac function were
dose dependent and were significantly reduced by delayed start of the
treatment (Fig. 3d,e and Supplementary Fig. 5 online). Moreover,
its favorable effects on cardiac function became evident within 1
week after the treatment (Fig. 3f). Disruption of the Stat3 signaling
pathway in cardiomyocytes abolished the protective effects of G-CSE.
There was no significant difference in LVEDD, fractional shortening,
LVEDP, +dp/dt and —dp/dt between Tg-G and Tg-cont (Fig. 3¢). We
obtained similar results from infarcted female hearts (Fig. 3g). These
results suggest that G-CSF protects the heart after myocardial infarc-
tion at least in part by directly activating Stat3 in cardiomyocytes,

which is a gender-independent effect. We

have previously shown that treatment with

G-CSF significantly (P < 0.05) decreased

a &h 24 h G £ &0 myocardial infarction—related mortality of
o £ . R .
sham © G T G g " . w«:-:ld_ type mfcez' In contrast, th?re were no
i significant differences in mortality between
p-Stat3 — = ® G-CSF-treated and saline-treated dnStat3-Tg
g 0 mice (data not shown).
Statd - - —-— K c &6 c 6 ( )
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Figure 3 Effects of G-CSF on cardiac function
¢ d after myocardial infarction. (a) $tat3 activation
+ © in the infarcted hearts. We operated on
8 o = st 50 . wild-type mice to induce myocardial infarction
€ i @ :g “ w 30 and freated them with G-CSF {G) or saline {C).
a3 £ 30 T (b} Masson trichrome staining of wild-type (Wt)
§ 2 i.-? 20 i T and dnStat3-Tg (Tg) hearts. *P < 0.001 versus
2 10 = Wt-cont, ¥P < 0.001 versus Wt-G (n=11-15).
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after myocardial infarction. *P< 0.01,

**P < 0.001 versus sham; *P < 0,05,

#4p 2 0.001 versus Wi-cont; TP < 0.01,

P £ 0.001 versus Wt-G (n = 10-15 for
echocardiography and = § for catheterization
analysis). (d) Dose-dependent effects of G-CSF.
FS, fractional shortening. *P < 0.01 versus
saline-treated mice (G-CSF = Q}n= 12-14).

(e} Wild-type mice were operated to induce
myocardial infarction and G-CSF treatment

{100 pg/ke/d) was started from the indicated day
for 5d. *P<0.05, **F < 0.001 versus saline-
treated mice (C); *P < 0.05, **P < 0.01 versus
mice treated atday 0{d 0) {n=11~12}.

(f) Effects of G-CSF on cardiac function at 1
week. *P < 0.05 versus control (n = 3). (g) Effects
of G-CSF on ¢ardiac function of female mice.
*P<0.05, **P< 0.001 versus Wt-cont;

¥P < 0.05, P < 0.005 versus Wt-G (n = 4-5).
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Mechanisms of the protective effects of G-CSF

Our in vitro results suggest that the protective effects of G-CSF on car-
diac remodeling after myocardial infarction can be attributed in part
to reduction of cardiomyocyte apoptosis. To determine whether the
Stat3 pathway in cardiomyocytes mediates the antiapoptotic effects of
G-CSF on the ischemic myocardium, we carried out TUNEL labeling
of left ventricular sections 24 h after myocardial infarction in wild-type
mice and dnStat3-Tg mice. Although the number of TUNEL-positive
cells was significantly less in the Wt-G group than the Wt-cont group,
G-CSF treatment had no effect on cardiomyocyte apoptosis in dnStat3-
Tg mice (Fig. 4a). The effects of G-CSF on apoptosis after myocardial
infarction were also attenuated when mice were treated with AG490
{Supplementary Fig. 6 online). Myocardial infarction—related apoptosis
wassignificantly increased in the Tg-cont group and AG490-treated wild-
type mice compared with Wt-cont mice (Fig. 4a and Supplementary Fig.
6 online), suggesting that endogenous activation of Stat3 has a protec-
tive role in the infarcted heart, as reported previously?, It is notewor-
thy that G-CSF treatment irthibited apoptosis of noncardiomyocytes
including endothelial cells and that this inhibition was abolished in
dnStat3-Tg mice (Fig. 4a and data not shown). To investigate the
underlying molecular mechanism of the antiapoptotic effects of
G-CSF in vivo, we examined expression of the Bcl-2 protein family
by western blot analysis. Consistent with our in vitro results, expres-
sion of antiapoptotic proteins such as Bcl-2 and Bcl-xL was signifi-

Figure 4 Mechanisms of the protective effects of
G-CSF. (a) TUNEL staining (brown nuclei) in the
infarcted hearts. The graphs show quantitative
analyses for total TUNEL-positive cells ({eft
graph) and TUNEL-positive cardiomyocytes (right
graph} in infarcted hearts. *P < 0.01 versus
Wt-cont; ¥P < 0.05, £ < 0.005, *#*F < 0.001
versus wild-type mice with the same treatment
(= 5-7). Scale bar, 100 pm. (b} Infarcted
hearts treated with G-CSF (G) or saline (C) were
analyzed for expression of Bel-2, Bel-xL, Bax and
Bad by western blotting (r7 = 3). {¢) Mobilization
of hematopoietic stem cells into peripheral

blood (PBSC). *P < 0.05 versus saline-treated
mice {7 = 4). (d) Capiltary endothelial cells were
identified by immunohistochemical staining with
anti-PECAM antibody in the border zone of the
infarcted hearts, Scale bar, 100 um. The number
of endothelial cells was counted and shown in
the graph (7 = 6~8), *P < 0.05,

c

cantly increased in the Wt-G group at 24 h
after myocardial infarction compared with
the Wt-cont group, whereas expression of
the proapoptotic proteins Bax and Bad was
not affected by the treatment (Fig. 4b). In
contrast, expression levels of antiapoptotic
proteins were not increased by G-CSF in the
Tg-G group (Fig. 4b). Immunohistochemical
analysis also showed increased expression of
Bcl-2 in the infarcted heart of the Wt-G group
but not of the Tg-G group (Supplementary
Fig.7 online).

To determine the effects of G-CSF on mobi-
lization of stem cells, we counted the number
of cells positive for both Sca-1 and ¢-kit in
peripheral blood samples from mice treated
with G-CSF or saline. The G-CSF treatment
similarly increased the number of double-positive cells in wild-type
mice and dnStat3-Tg mice (Fig. 4c). To examine the impact of G-CSF
on cardiac homing of bone marrow cells, we transplanted bone marrow
cells derived from GFP transgenic mice into wild-type and dnStat3-Tg
mice, produced myocardial infarction and treated with G-CSF or saline.
FACS analysis showed that G-CSF did not increase cardiac homing of
bone marrow cells in wild-type and dnStat3-Tg mice (Supplementary
Fig. 8 online). We have shown that cardiac stem cells, which are able to
differentiate into cardiomyocytes, exist in Sca-1-positive populations
in the adult myocardium?S, But G-CSF treatment did not affect the
number of Sca-1-positive cells in the infarcted hearts of wild-type or
dnStat3-Tg mice (Supplementary Fig. 9 online). Thus, it is unlikely
that G-CSF exerts its beneficial effects through expansion of cardiac
stern cells. To determine the effects of G-CSF on proliferation of car-
diomyocytes, we carried out immunostaining for Ki67, 2 marker for
cel cycling, in conjunction with a labeling for troponin T. The number
of Kié7-positive cardiomyocytes was increased in the infarcted hearts
of wild-type mice and dnStat3-Tg mice compared with sham-operated
mice {Supplementary Fig, 10 online). But G-CSF did not alter the num-
ber of Ki67-positive cardiomyocytes in wild-type or dnStat3-Tg mice,
suggesting that G-CSF does not induce proliferation of cardiomyocytes
{Supplementary Fig. 10 online). The number of Ki67-positive cardio-
myocytes was less in infarcted hearts of dnStat3-Tg mice than in those
of wild-type mice, suggesting that endogenous Stat3 activity is required
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for myocardial regeneration after myocardial infarction and that activa-
tion of Stat3 by G-CSF is not sufficient for cardiomyocytes to enter the
cell cycle in infarcted hearts of wild-type mice (Supplementary Fig. 10
online). In contrast, G-CSF treatment significantly increased the number
of endothelial cells in the border zone of the infarcted hearts (Fig. 4d).
This increase was attenuated in dnStat3-Tg mice, indicating that the
increased vascularity is mediated by Stat3 activity in cardiomyocytes
and may partially account for the beneficial effects of G-CSF on the
infarcted hearts. Taken together with the result that G-CSF-induced
irhibition of noncardiomyocyte apoptosis was also mediated by the
Stat3 signaling pathway in cardiomyocytes (Fig.4a), these findings imply
that communication between cardiomyocytes and noncardiomyocytes
regulates each others’ survival.

To further test whether G-CSF acts directly on the heart, we examined
the effects of G-CSF treatment on cardiac function after ischemia-reper-
fusion injury in a Langendorff perfusion model. The isolated hearts
underwent 30 min total ischemia followed by 120 min reperfusion with
the perfusate containing G-CSF (300 ng/ml) or vehicle, and left ventri-
cular developed pressure (LVDP, measured as the difference between
systolic and diastolic pressures of the left ventricle) and LVEDP were
measured. There were no significant differences in basal hemodynamic
parameters including heart rate, left ventricular pressure, LVEDP and
positive and negative dp/dt, between the control group and G-CSF group
(Table 1). After reperfusion, however, G-CSF-treated hearts started to
beat earlier than those of the control group (Fig. 5a). At 120 min after
reperfusion, contractile function (LVDP) of G-CSF-treated hearts was
significantly better than that of control hearts (Fig. 5a). Likewise, dias-
tolic function (LVEDP) of G-CSF-treated hearts was better than that
of control hearts (Fig. 5a). After ischemia-reperfusion, there was more
viable myocardium (red lesion) in G-CSF-treated hearts than control

[+
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Table 1 Basal hemodynamic parameters

Control (n=T7) G-CSF (n=7)
HR (b.p.m.) 326+ 34 33424
LVP (mmHg) 121.8x24 117.3£32
LYEDP (mmHg) 4.3+1.3 45+16
+dpfdt {mmHg/ls) 7,554 + 643 7,657+£377
—dpidt (mmHg/s) 6,504 + 638 8,670 + 602

HR, heart rate; b.p.m., beats per minute; LVP, left ventricular pressure; LVEDP, left ventricular
end-diastolic pressure; +dp/dt and —dpidt, positive and negative first derivatives for maximal
rates of left ventricuiar pressure development,

hearts (Fig. 5b). The size of the infarct (white lesion) was significantly
smaller in G-CSF-treated hearts than in control hearts (Fig. 5b).

DISCUSSION
In the present study, G-CSFR was found to be expressed on cardiomyo-
cytes and cardiac fibroblasts, and G-CSF activated Jak2 and the down-
stream signaling molecule Stat3 in cultured cardiomyocytes. Treatment
with G-CSF protected cultured cardiomyocytes from apoptotic cell death
possibly through upregulation of Bcl-2 and Bel-xL expression, suggest-
ing that G-CSF has direct protective effects on cardiomyocytes throngh
G-CSFR and the Jak-Stat pathway. This idea is further supported by
the in vivo experiments. G-CSF enhanced Stat3 activity and increased
expression of Bcl-2 and Bel-xL in the infarcted heart where G-CSFR
was markedly upregulated, thereby preventing cardiomyocyte apoptosis
and cardiac dysfunction. These effects of G-CSF were abolished when
Stat3 activation was disrupted in cardiomyocytes, suggesting that a direct
action of G-CSF on cardiomyocytes has a crucial role in preventing left
ventricular remodeling after myocardial infarction. Because noncardio-
myocytes also expressed G-CSFR, the possibil-
ity exists that activation of G-CSF receptors on
these cells modulates the beneficial effects of

{schemia 30 min Reperfusion 120 min

G-CSF on infarcted hearts.
The mobilization of bone marrow stem

cells (BMSC) to the myocardium has been
considered to be the main mechanism by

G-CSF

G-CSF wl

LYOP {mmHg)
LVEDP (mmHg)

o8 8 8 8

Contral 10

e

which G-CSF ameliorates cardiac remode-
ling after myocardial infarction"5-%. In this
study, we showed that G-CSF reduces apop-
totic cell death and effectively protects the
infarcted heart, which is dependent on its
" direct action on cardiomyocytes through the
Stat3 pathway. This antiapoptotic mechanism
seems to be more important than induction
of BMSC mobilization, because disruption of

Control

G-CSF

Figure 5 Direct effects of G-CSF on cardiac
function after ischemia-reperfusion injury.
(a) Representative left ventricular pressure

90 120 (min} 0 60
G-CSF

e

Parcen! infarct size
B & 2 B

records of control and G-CSF-treated hearts are
shown {upper panel). The graphs show changes
in LVDP (left} and LVEDP {right) during ischemia-
reperfusion. *P < 0.05 versus control hearts
{n=7). (b) The photographs show representative
TTC staining of contral hearts (Contro!) and
G-CSF-treated hearts (G-CSF) after ischemia-

* reperfusion. The graph indicates myocardiat
infarct sizes for control hearts (Controf} and
G-CSF-treated hearts {G-CSF). Infarct sizes were
calculated as described in Supplementary Methods
online. *P < 0.05 versus control hearts (n= 7).

90 129 (min)
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this pathway by expressing dnStat3 in cardiomyocytes almost abolished
the protective effects of G-CSF on cardiac remodeling after myocardial
infarction. In addition, there was no difference in the effects of G-CSF
on mobilization and cardiac homing of bone marrow cells, expansion
of cardiac stem cells, and proliferation of cardiomyocytes between wild-
type and dnStat3-Tg mice. The beneficial effects of G-CSF and stem
cell factor on the infarcted heart has been described, but no evidence
indicating that G-CSF induced cardiac homing of bone marrow cells
in the infarcted heart has been shown!. In this study, we found favora-
ble effects of G-CSF on the infarcted heart as early as 1 week after the
treatment even though cardiac homing of bone marrow cells was not
increased. Thus, we conclude that increased cardiac homing of bone
marrow cells cannot account for improved function of the infarcted
heart after G-CSF treatment.

The JAK-STAT pathway has been shown to induce various angio-
genic factors besides antiapoptotic proteins?®?!. The number of
endothelial cells in the border zone was increased by G-CSF through
Stat3 activation in cardiomyocytes. Consistent with this, we noted
that G-CSF induces cardiac expression of angiogenic factors in vitro
and in vivo, which appears to be mediated by cardiac Stat3 activation
(M.H.,Y.Q., H.T,, TM. & LK_, unpublished data). Moreover, we obser-
ved that the majority of apoptotic cells in the infarcted hearts was
endothelial cells and that endothelial apoptosis was significantly inhi-
bited by G-CSF treatment in wild-type mice but not in dnStat3-Tg
mice (Fig. 42 and M.H., TM. & LK., unpublished data). Thus, activa-
tion of this pathway in cardiomyocytes by G-CSF may also promote
angiogenesis and protect against endothelial apoptosis by producing
angiogenic factors, resulting in the further prevention of cell death
of cardiomyocytes and cardiac remodeling after myocardial infarc-
tion. The results in this study provide new mechanistic insights of the
G-CSF therapy on infarcted hearts.

METHODS
For further details, please see Supplementary Methods online.

Cell culture. Cardiomyocytes prepared from ventricles of 1-d-old Wistar rats®?
were plated onto §0-mm plastic culture dishes at a concentration of 1 x103
cells/em? and cultured in Dulbecco modified Eagle medium {DMEM) supple-
mented with 10% fetal bovine serum (FBS) at 37 °C in a mixture of 95% air
and 5% CO,. The culture medium was changed to serum-free DMEM 24 h
before stimulation. Generation and infection of recombinant adenovirus were
performed as described?8.

w © 2005 Nature Publishing Group http://www.nature.com/naturemedicine

Percoll enrichment of adult mouse cardiomyocytes and noncardiomyocytes.
Adult mouse cardiomyocytes were prepared from 10-week-old C57BL/6 male
mice according to the Alliance for Cellular Signaling protocol. We also prepared
cardiomyocytes and noncardiomyocytes from myocardial infarction-operated
or sham-operated C57BL/6 male mice. After digestion, cells were dissociated,
resuspended in differentiation medium and loaded onto a discontinuous Percoll
gradient, Cardiomyocytes or noncardiomyocytes were separately collected as
described previousty?® and subsequently washed with I x phosphate-buffered
saline for RT-PCR.

RNA extraction and RT-PCR analysis. Total RNA from adult mice cardiomyo-
cytes was isolated by the guanidinium thiocyanate-phenol chloroform method.
Atotal of 4 pg RINA was transcribed with MMLV reverse transcriptase and ran-
dorn hexamers, The cDINA was amplified using a mouse Csf3r exon 15 forward
primer {5-GTACTCTTGTCCACTACCTGT -37) and an exon 17 reverse primer
(5-CAAGATACAAGGACCCCCAA -37). We performed PCR under the follow-
ing conditions: an initial denaturation at 94 °C for 2 min followed by a cycle of
denaturation at 94 °C for | min, annealing at 58 °C for 1 min and extension at
72 °C for 1 min. We subjected samples to 40 cycles followed by a final extension
at 72 °C for 3 min. The products were analyzed on a 1.5% ethidium bromide
stained agarose gel.

Immunocytochemistry. Cardiomyocytes or noricardiomyocytes of neonatal
rats cultured on glass cover slips were incubated with or without the antibody
to G-CSFR (Santa Cruz Biotechnology} for 1 h, followed by incubation with
Cy3-labeled secondary antibodies, After washing, we double-stained the cells with
fluorescent phalloidin (Molecular Probes) for 1 h at room temperature.

Westernblots. Western blot analysis was petformed as described®. We probed the
membranes with antibodies to phospho-fak2, phospho-Stat3 (Cell Signaling),
phospho-Jakl, phospho-Tyk2, phospho-Statl, phospho-Stat5, anti-Jakl, Jak2,
Tyk2, Statl, Stat3, Stat5, Bcl-2, Bax, G-CSFR (Santa Cruz Biotechnology),
Bcl-xL, Bad {Transduction Laboratories) or actin (Sigma-Aldrich). We used the
ECL system (Amershamn Biosciences Corp) for detection.

Animals and surgical procedures. Generation and genotyping of dnStat3-Tg
mice have been previously described®. All mice used in this study were 8-10-
week-old males, unless indicated. All experimental procedures were performed
according to the guidelines established by Chiba University for experiments in
animals and all protocols were approved by our institutional review board. We
anesthetized mice by intraperitoneally injecting a mixture of 100 mg/kg ketamine
and 5 mg/kg xylazine. Myocardial infarction was produced by ligation of the left
anterior descending artery. We operated on dnStat3-Tg mice to induce myocardial
infarction and randomly divided them into two groups, the G-CSF-treated group
{10-100 pg/kgfd subcutaneously for 5 d consecutively, Kyowa Haklo Kogyo Co.)
and the saline-treated group. We operated on nontransgenic mice as control
groups using the same procedures and divided them into a G-CSF-treated group
and a saline-treated group. Some mice were randomly chosen to be analyzed
for initial area at risk by injection of Evans blue dye after producing myocardial
infarction. There was no difference in initial area sizes at risk between saline-
treated control and G-CSF-treated mice (n = 5; Supplementary Fig. 11 online).
We also determined initial infarct size by triphenyltetrazolium chloride staining
on day 3. There was no significant difference in initial infarct size between saline-
treated control and G-CSF-treated mice (n = 5; Supplementary Fig. 12 online),

Echocardiography and catheterization. Transthoracic echocardiography was
performed with an Agilent Sonos 4500 (Agilent Technology Co.) provided with
an 11-MHz imaging transducer. For catheterization analysis, the right carotid
artery was cannulated under anesthesia by the micro pressure transducers with
an outer diameter of 0.42 mm (Samba 3000; Samba Sensors AB), which was then
advanced into the left ventricle. Pressure signals were recorded using a MacLab
3.6/s data acquisition system (AD Instruments) with a sampling rate of 2,000 Hz.
Mice were anesthetized as described above, and heart rate was kept at approxi-
mately 270-300 beats per minute to minimize data deviation when we measured
cardiac function.

Histology. Hearts fixed in 10% formalin were embedded in paraffin, sectioned
at 4 um thickness, and stained with Masson trichrome. The extent of fibrosis
was measured in three sections from each heart and the value was expressed as
the ratio of Masson trichrome stained area to total left ventricular free wall, For
apoptosis analysis, infarcted hearts were frozen in cryomolds, sectioned, and
TUNEL labeling was performed according to the manufacturer’s protocol (In
Situ Apoptosis Detection kit; Takara) in combination with immunostainings for
appropriate cell markers. Digital photographs were taken at magnification %400,
and 25 random high-power fields (HPF) from each heart sample were chosen
and quantified in a blinded manner. We examined vascularization by measuring
the number of capillary endothelial cells in light-microscopic sections taken
from the border zone of the hearts 2 weeks after myocardial infarction. Capillary
endothelial cells were identified by immunohistochemical staining with anti-
body to platelet endothelial cell adhesion molecule (PECAM; Pharmingen). Ten
random microscopic fields in the border zone were examined and the number
of endothelial cells was expressed as the number of PECAM-positive cells/HPF
{magnification, x400),

Statistical analysis. Data are shown as mean + s.e.m. Multiple group compari-
son was performed by one-way analysis of variance (ANOVA) followed by the
Bonferroni procedure for comparison of means. Comparison between two groups
were analyzed by the two-tailed Student’s t-test or two-way ANOVA. Values of
P < 0.05 were considered statistically significant.
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Note: Supplementary information is available on the Nature Medicine website.
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Abstract New bone for the repair or the restoration of the
function of traumatized, damaged, or lost bone is a major
clinical need, and bone tissue engineering has been
heralded as an alternative strategy for regenerating bone.
A novel web-like structured biodegradable hybrid sheet
has been developed for bone tissue engineering by
preparing knitted poly(DL-lactic-co-glycolic acid) sheets
(PLGA sheets) with collagen microsponges in their
openings. The PLGA skeleton facilitates the formation
of the hybrid sheets into desired shapes, and the collagen
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microsponges in the pores of the PLGA sheet promote
cell adhesion and uniform cell distribution throughout the
sheet. A large number of osteoblasts established from
marrow stroma adhere to the scaffolds and generate the
desired-shaped bone in combination with these novel
sheets. These results indicate that the web-like structured
novel sheet shows promise for use as a tool for custom-
shaped bone regeneration in basic research on osteogen-
esis and for the development of therapeutic applications.

Keywords Bone regeneration - Tissue engineering -
Scaffold - Marrow stroma - Polymer - KUSA-A1 cells

Introduction

New bone for the replacement or restoration of the
function of traumatized, damaged, or lost bone is a major
clinical and socioétonomic need. Bone formation strate-
gies, although attractive, have yet to yield.functional and
mechanically competent bone. Autografts (bone obtained
from another site in the same subject of the same species)
are currently the gold standard for bone repair and
substitution, but the use of autografts has several serious
disadvantages, such as additional expense and trauma to
the patient, the possibility of donor-site morbidity, and
limited availability (Glowacki and Mulliken 1985; Bauer
and Muschler 2000). Because of these problems, bone
tissue engineering has been heralded as an alternative
strategy for the regeneration of bone (Langer and Vacanti
1993; Crane et al. 1995; Boyan et al. 1999).

Bone has a highly organized structure composed of a
calcified connective tissue matrix formed by the prolif-
eration and differentiation of osteoprogenitors into mature
osteoblasts (Maniatopoulos et al. 1988; Pitaru et al. 1993).
The osteoblasts belong to the stromal fibroblastic system
of the bone marrow, which contains other stromal cells,
such as chondrocytes and myoblasts (Friedenstein 1976;
Owen and Friedenstein 1988; Haynesworth et al. 1992).
We have shown that mouse stromal cells are able to
differentiate into cardiomyocytes (Makino et al. 1999;
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Gojo et al. 2003), endothelial cells, neuronal cells
(Kohyama et al. 2001), and adipocytes (Umezawa et al.
1991). We have previously established a murine osteo-
blast cell line, KUSA-A1, and shown that clonal stromal
cells can generate bone in vivo (Umezawa et al. 1992).
Marrow stromal cells are expected to serve as a good
source for cell therapy, in addition to embryonic stem
cells and fetal cells. Although these precursor cells have
been reported to be stem cells, it remains unknown as to
whether they are homogeneous or whether they constitute
subpopulations of cells committed to various linecages of
differentiation (Owen and Friedenstein 1988). The acqui-
sition of a large number of osteoblast precursors as z cell
source and the control of differentiation are essential to
the success of the production of tissue-engineered bone
for clinical application (Minuth et al. 1998).

Temporary three-dimensional scaffolds play an impor-
tant role in the manipulation of the functions of os-
teoblasts (Chicurel et al. 1998) and in the guidance of the
formation of new bones into the desired shapes (Ishaug et
al. 1997, Ishaug-Riley et al. 1998}, in the bone tissue-
engineering approach. These scaffolds should be biocom-
patible, osteoconductive, bicdegradable, highly porous
with a large surface-to-volume ratio, mechanically strong,
and malleable into the desired shapes. Synthetic poly-
mers, such as poly(lactic acid), poly(glycolic acid), and
poly(DL-lactic-co-glycolic acid), which is abbreviated
here as PLGA, are easily processed into the desired
shapes and are mechanically strong (Langer and Vacanti
1993; Ishaug et al. 1997; Ishaug-Riley et al. 1998; Mikos
et al. 1998). Moreover, their degradation time can be
manipulated by controlling their crystallinity, molecular
weight, and the ratio of lactic acid to glycolic acid co-
polymer (Thomson et al. 1995), Collagen is the primary
component of extracellular bone matrix and has been
demonstrated to produce good osteoconductivity (Aronow
et al. 1990). Synthetic polymers, on the other hand, lack
cell recognition signals, and their hydrophobic properties
hinder the uniform seeding of cells in three dimensions.
However, since collagen scaffolds are mechanically
weak, these materials have been hybridized to combine
their advantages and provide excellent three-dimensional
porous biomaterials for bone tissue engineering.

We have developed collagen-hybridized PLGA sponge
and have reported good biocompatibility both for carti-
lage tissue engineering with mature bovine chondrocytes
(Sato et al. 2001; Chen et al. 2003) and for bone tissue
engineering with osteoblasts isolated from marrow cells
{(Ochi et al. 2003). The sponges organize satisfactory
cartilage and bone tissue when the cells fill the pores of
the scaffold. The uniform distribution of the cells
throughout the scaffolds is imperative for the develop-
ment of homogeneous tissue, but special seeding tech-
niques, such as stir flask culture or perfusion bioreactor
culture, are required to produce an even distribution
reliably (Vunjak-Novakovic et al. 1998; Freed et al.
1999). Since simple static seeding methods tend to
produce an uneven distribution with large patches of
cells on the surface, we have hybridized collagen mi-

crosponges with PLGA sheets. The sheets have a collagen
fiber network in the openings of the PLGA fiber sheets.
The findings that the sheets trap cells, that they can be
laminated or relled to contrcl their shape for tissue
engineering, and that they also have the capacity to supply
minerals by depositing apatite particulates on the surface
of collagen microsponges indicate their great advantages.
In this study, we have shown that, when the novel! web-
like structured sheets are used as a scaffold for bone tissue
engineering, an even cell distribution and the control of its
shape can be achieved.

Materials and methods

Scaffold fabrication

The hybrid sheet was prepared by allowing collagen microsponges
to form in the openings of PLGA kmitted sheets as previously
described (Chen et al. 2003). Briefly, as shown in Fig. 1A, a knitted
Vicryl sheet made of polylactin 910 (a 90:10 co-polymer of
glycolic acid and lactic acid) was immersed in a type I bovine
collagen acidic solution (pH 3.2, 0.5% by weight, Koken, Tokyo,
Japan) and frozen at -80°C for 12 h. It was then freeze-dried under
vacuum (0.2 Tom) for 24 h to allow the formation of collagen
microsponges. The collagen microsponges were further cross-
linked by treatment with glutaraldehyde vapor saturated with a 25%
aqueons glutaraldehyde solution at 37°C for 4 h. After the cross-
linking, the sponge was treated with a 0.1 M aqueous glycine
solution to block unreacted aldehyde groups. After being washed
with deionized water and freeze-dried, the collagen-hybridized
PLGA (PLGA/COL) sheet was complete. The sheets were steril-
ized with ethylene oxide for cell culture.

Cell culture

KUSA-AI cells were cultured as described previously (Umezawa et
al. 1992; Kohyama et al. 2001; Ochi et al. 2003),

Cell seeding of 2 PLGA/COL sheet

A PLGA/COL sheet was placed into a 100-mm culture dish
(Falcon) and covered with a silicone rubber framework. A 2-ml
volume of KUSA-A1 cell suspension at a density of 5%10%ml was
dropped onto the PLGA/COL sheet (area: 4 cm?). After cultivation
for 6 h, the sheet was turned over and re-seeded with the same
number of cells on the reverse side. For comparison, a KUSA-Al
suspension (1x107 cells/ml) was injected into collagen hybrid
PLGA sponges, and the injected sponges were incubated at 37°C
for more than 30 min. The sponges were then transplanted into the
subcutaneous tissue of C3H mice as previously described (Ochi et
al. 2003).

Scanning electron microscopy

PLGA sheets and PLGA/COL sheets were examined by scanning
electron microscopy (SEM). They were cut into small pieces with
scissors and coated with gold by means of a sputter coater (Sanyu
Denshi, Tokyo, Japan; gas pressure: 50 mtomr, current: 5 mA,
coating time: 180 s). The samples were examined with a JSM-
6400Fs scanning electton microscope (JEOL, Tokyo, Japan)
operated at a voltage of 3 kV.
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Fig. IA-C Bone formation in collagen hybrid PLGA sponge.
Macroscopic appearance of the collagen hybrid PLGA sponge (A).
Complete bone formation of an in vive 4-week construct based on

Transmission electron microscopy

Samples cultured in vitro for 1 day and 2 weeks were examined by
transmission electron microscopy (TEM). They were fixed in 2.5%
glutaraldehyde, postfixed in 1% osmium tetroxide, dehydrated, and
embedded in resin. Ultrathin sections (70-90 nm) were cut znd
stained with 2% urany] acetate and Reynold's lead citrate before
being examined with 2 JEM-1200 EX microscope (JOEL) at 80 kV.

In vivo assay

All animals received humane care in compliance with the “Prin-
ciples of Laboratory Anjmal Care” formulated by the National
Society for Medical Research and the “Guide for the Care and Use
of Laboratory Animals” prepared by the Institute of Laboratory
Animal Resources and published by the US National Institutes of
Health (NTH Publication no. 86-23, revised 1985). The operation
protocols were accepted by the Laboratory Animal Care and Use
Committee of the National Research Institute for Child and Health
Development (Tokyo) and by Keio University School of Medigine.

Laminated sheet implantation onto calvarial defects

Surgery was performed under anesthesia with Nembutal (50 mg/kg,
i.p.). A midline skin incision approximately 1 cm long was made on
the dorsal surface of the cranjum, and the periosteurn was removed.
A 4.3-mm-diameter full-thickness circular defect was created in the
skull with a trephine bar (Hasegawa Medical, Tokyo, Japan)
attached to an electric handpiece, with minimal penetration of the
dura. The defect was covered with three sheets of cell-loaded
scaffolds cut to fit the shape of the defect. The scalp was then
closed with 6-0 nylon sutures, and the animals were given access to
food and allowed to behave ad libinum. Ten defects were lefi
untreated, 10 defects were treated with PLGA/CQL sheets alone as
controls, and 10 defects were filled with PLGA/COL sheets seeded
with KUSA-A1 cells.

Custom-shaped bone formation in mice

With the aim of producing long bome, cylinder-like bone was
formed by rolling KUSA-Al-seeded sheets around a silicone rod
3 mm in diameter. The ends of the sheets were hemmed with 4-0
Vicryl dissolvable stitches. The rolled sheets were transplanted into
subcutaneous tissue for 4 weeks, flat or after being knotted. Tissue-
engineered phalanges were formed in a similar manner. KUSA-A1-

KUSA-AT cells and collagen hybrid PLGA sponge (B). Some
constructs shawed uneven bone distribution. Living cells did not
compiletely fill the pore cavities of the sponge (C). x5

seeded sheets were wrapped around a silicone rubber block
trimmed in advance to the shape of the distal phalanx and
transplanted into subcutaneous tissue. After cultivation in synge-
neic C3H/He mice, NOD/SCID mice, and NOD/SCID/IL2-receptor
¥ knock-out immunodeficient mice (NOG), the specimens were
exiracted and examined histologically,

Histological and Immunohistochemical staining

Calvaria, femurs, and subcutaneons specimens were dissected at
various times after implantation and fixed and decaleified for
I week in 10% EDTA (pH 8.0) solution. After dehydration in
ascending concentrations of ethanol and xylene, the transplants
were embedded in paraffin and sectioned. The paraffin sections
were then deparaffinized, hydrated, and either were stained with
hematoxylin and eosin or were immunohistochemically stained
with anti-human Factor VIII mAb (DAKO, Carpenteria, Calif.) to
detect angiogenesis.

Results

Bone distribution of sponges

We previously reported that KUSA-Al cells generated
cuboidal bone when used in combination with PLGA/
COL hybrid sponge. In those experiments, the KUSA-A1
cells were distributed evenly into sponges and had
generated cuboidal bone in the subcutaneous tissue at
8 weeks (Fig. 1A, B); however, some of them exhibited
uneven bone formation. The bone was generated mainly
at the periphery of the sponge, like an eggshell (Fig. 1C).

Collagen-hybridized PLGA sheet

We developed the sheet-style scaffold to prevent uneven
bone formation (Fig. 2A~C). The synthetic biodegradable
polymer, PLGA, which was 200 um thick, was hybridized
with collagen microsponges. SEM analysis revealed that
the collagen microsponges overlaid the interstices of the
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Fig, 2A-E Collagen hybrid PLGA sheet. The thin 200 pm sheets are easy to handle (A, B). SEM micrographs of a PLGA sheet without
collagen (C) and a hybrid sheet with collagen (D). Higher magnification of the hybrid sheet {E)
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Fig. 3A-K Process of cell seeding. A-C Cell seeding of the sheet.
The sheet was framed in silicone rubber (A), and the cell
suspension was simply dropped onto the sheet (B). The silicone
rubber was removed 6 h after seeding, and the sheet was cultured in
growth medium (C). D-F Phase-contrast micrographs of a cell-
seeded sheet. The openings of the PLGA/COL sheet (D) were filled
with cells at 30 min (E) and were completely covered with
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abundant extracellular matrix at 1 week (F). G, H Toluidine-blne
stained cross sections of the cell-seeded sheet at 1 day (G) and
2 weeks (H). The thickness of the sheet had increased (arrowheads
PLGA fibers, arrows collagen fibers), I-K SEM micrographs of a
PL.GA/COL sheet after cell seeding. A portion of PLGA, fiber ()
and collagen microsponge (K) are shown. D-F x200, G, H %400, I
x50, J, K %200
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Fig. 4A-C Effect of collagen microsponges on cell adhesion.
Microscopic appearance of a PLGA sheet (A) and PLGA/COL (B)
sheet 1 day afier seeding the same number of cells in suspension

fabricated web-like PLGA sheets (Fig. 2D, E). This
structure was expected to entrap a large number of cells.

Cells uniformly trapped in sheets with a web-like pattern

A cell suspension was simply dropped onto the sheets
(Fig. 3A-C), and the collagen microsponges had filled
with precipitated cells 30 min after seeding. The cells had
adhered completely at 3 h (Fig. 3D-F), whereas the non-
hybridized PLGA sheets did not trap cells efficiently. The
cells continued to spread and generate matrix over the
sheets, so that at 2 weeks, the sheets were completely
covered by extracellular matrix, and the thickness of sheet

{1x107 cells). The seeding rates (C) indicate the differences in the
number of adhering cells between the two sheets at the initial cell
seeding concentrations. A, B x100

had increased (Fig. 3G, H). After in vitro culture for
1 day, SEM examination revealed the preference of cells
for components of the scaffold (Fig. 3I-K). A large
number of cells had adhered to the collagen microsponge
portion rather than to the PLGA fibers. Since synthetic
polymers lack cell recognition signals, and since their
hydrophobic properties hinder cell adhesion, the hybrid-
ization of collagen microsponges was advantageous in
achieving cell retention.

The PLGA/COL sheets trapped significantly more
cells than non-hybridized control PLGA sheets (Fig. 4A,
B). The numbers of cells that had adhered to the sheets at
6 h after seeding increased with the initial cell seeding
concentration (Fig. 4C).
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