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G-CSF prevents cardiac remodeling after myocardial
infarction by activating the Jak-Stat pathway in

cardiomyocytes

Mutsuo Harada'?, Yingjie Qin'#, Hiroyuki Takano'%, Tohru Minamino’*, Yunzeng Zou', Haruhiro Toko!,

Masashi Ohtsuka!, Katsuhisa Matsuural, Masanori Sano!, Jun-ichiro Nishi!, Koji Iwanaga!, Hiroshi Akazawa',
] &

1

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 promoting 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 undersiood. 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
cardiomyocyies. 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 Jeukemia
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'>%®, 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 cardiomyocytes and vascular cells, thereby contributing
to regeneration of myocardium and angiogenesis in ischemic hearts! '3,
accumulating evidence has questioned these previous reports!®~1# 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,

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-CSFR 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 cuftured cardiomyocytes. (a) RT-PCR for mouse Csf3r. Expression of Csf3r was
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 phalloidin (green) (upper panel). In the absence of antibody to G-CSFR, no signal was detected (lower panel).
Original magnification, x1,000. (¢c) 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 control (time = 0). *P < 0.05 versus control (n= 3). (e) G-CSF
induces phosphorylation and activation of Stat3 in a dose-dependent manner in cultured cardiomyocytes,

has been reported to contribute to G-CSF-induced myeloid differenti- We next examined whether G-CSF confers direct protective effects
ation and survival®®?!, We therefore examined whether G-CSF activates  on cardiomyocytes as it prevents hematopoietic cells from apoptotic
the Jak-Stat signaling pathway in cultured cardiomyocytes. G-CSF  death?!. We exposed cardiomyocytes to 0.1 mM H,0, in the absence
(100 ng/ml) significantly induced phosphorylation and activation of  or presence of G-CSF and examined cardiomyocyte apoptosis by
Jak2 and Stat3, and to a lesser extent, Stat] but not Jak1, Tyk2 or Stat5  staining with annexin V2>, Pretreatment with G-CSF significantly
in a dose-dependent manner {Fig. 1c-e and data not shown), suggesting  reduced the number of H,0,-induced annexin V—positive cells
that G-CSFR on cardiomyocytes is functional. 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 DAP! staining (blue). Original magnification, x400. (b) Quantitative analysis
of apoptotic cells. The vertical axis indicates the ratio of the annexin V-positive cell number relative to that of DAPI-positive nuclei. * P < 0.01 versus nontreated
cells, P < 0.05 versus H,0,-treated cefls without G-CSF (5= 3). (€) G-CSF prevents H,0,-induced downregulation of Bcl-2 expression (2= 3). (d) Inhibition of
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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-
ned expression of the Bel-2 protein family, known target molecules
of the Jak-Stat pathway®?, by western blot analysis. Expression levels
of antiapoptotic proteins such as Bel-2 and Bel-xL were lower when
cardiomyocytes were subjected to H,0O, (Fig. 2c and data not shown),
and this reduction was considerably inhibited by G-CSF pretreatment
(Fig. 2¢). AG490, an inhibitor of Jak2, abolished G-CSF-induced Bel-2
expression (Fig. 2¢) but did not aftect its basal levels (Supplementary
Fig. 3 online), suggesting a crucial role of the Jak-Stat pathway in
inducing survival of cardiomyocytes by G-CSE 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-CSER 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
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infarction in transgenic mice which express dominant-negative Stat3
in cardiomyocytes under the control of the ¢-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 dnStat3-Tg
mice given myocardial infarction received saline (Tg-cont) instead of
G-CSF We also included two groups of wild-type mice given myocar-
dial infarction treated with G-CSF (W1-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 Wt-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/dras assessed by cardiac catheterization compared with Wt-cont
(Fig. 3¢). 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-CSFE.
There was no significant difference in LVEDD, fractional shortening,
LVEDP, +dp/dt and —dp/df 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
myocardial infarction—related mortality of
wild-type mice®. In contrast, there were no
significant differences in mortality between
G-CSF-treated and saline-treated dnStat3-Tg
mice (data not shown).

Figure 3 Effects of G-CSF on cardiac function
after myocardial infarction. (a) Stat3 activation
in the infarcted hearts, We operated on
wild-type mice to induce myocardial infarction
and treated them with G-CSF (G) or saline (C).
(b) Masson trichrome staining of wild-type (Wt)
and dnStat3-Tg (Tg) hearts. *£ <« 0.001 versus
Wt-cont, P < 0.001 versus Wt-G (n = 11-15).
(c) G-CSF treatment preserves cardiac function
after myocardial infarction. *P < 0.01,

**P < 0,001 versus sham; P < 0.05,

4P < 0.001 versus Wi-cont; 1P < 0.01,

P« 0.001 versus Wt-G (n=10-15 for
echocardiography and n =5 for catheterization
analysis). (d) Dose-dependent effects of G-CSF.
FS, fractional shortening. *P < 0.01 versus
saline-treated mice (G-CSF = O}{(n=12-14).
(e) Wild-type mice were operated to induce
myocardial infarction and G-CSF treatment
(100 pg/kg/d) was started from the indicated day
for 5d. *P < 0.05, "*P <« 0.001 versus saline-
treated mice (C); #P < 0.05, *'P < 0.01 versus
mice treated at day 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 cardiac function of female mice.
"P<0.05, *"FP < 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

Qur 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 hafter 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
was significantly 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 inhibited 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 Bel-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 (left
graph) and TUNEL-positive cardiomyocytes (right
graph) in infarcted hearts. *P < 0.01 versus
Wt-cont; #P < 0.05, #¥P < 0.005, ###P < 0.001
versus wild-type mice with the same treatment
(n=5-7). Scale bar, 100 um. (b) Infarcted
hearts treated with G-CSF (G) or saline (C) were
analyzed for expression of Bcl-2, Bel-xL, Bax and
Bad by western blotting (n = 3). (¢) Mobilization
of hematopoietic stem cells into peripheral

blood (PBSC). *P < 0.05 versus saline-treated
mice (n = 4). (d) Capiliary 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 (n = 6-8). *P < 0.05.

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).

¢ G 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 c-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. 4¢). 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?®. 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
stem cells. To determine the effects of G-CSF on proliferation of car-
diomyocytes, we carried out immunostaining for Ki67, a marker for
cell cycling, in conjunction with a labeling for troponin T. The number
of Ki67-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 Kig7-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
inhibition of noncardiomyocyte apoptosis was also mediated by the
Stat3 signaling pathway in cardiomyocytes (Fig. 4a), these findings imply
that communication between cardiomyocytes and noncardioniyocytes
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

ARTICLES

Tabie 1 Basal hemodynamic parameters

Control (n=7) G-CSF (n=7}

HR (b.p.m.) 326 + 34 334+ 24
LVP (mmHg) 121.8+24 117.3+32
LVEDP (mmHg) 43+13 45+1.6
+dp/dt (mmHg/s) 7.584 + 643 7,657 £ 377
—dpidt (mmHag/s) 6,670 £ 602

HR, heart rate; b.pam,,
end-giastolic pressure; +d
rates of leit ventricular pressure development.

LVEDP, left ventricular
ives for maximal

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 Bel-2 and Bcl-xL expression, suggest-
ing that G-CSF has direct protective effects on cardiomyocytes through
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 Bel-2 and Bcl-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

a
Ischemia 30 min Reperfusion 120 min G-CSFon infarcted hCEU"(S.

The mobilization of bone marrow stem
mmHg cells (BMSC) to the myocardium has been
100 - considered to be the main mechanism by

— which G-CSF ameliorates cardiac remode-
ol ling after myocardial infarction’**. In this
study, we showed that G-CSF reduces apop-
L o totic cell death and effectively protects the
8‘.5 infarcted heart, which is dependent on its
0 - direct action on cardiomyocytes through the
140 [ Stat3 pathway. This antiapoptotic mechanism
120 seems to be more important than induction
2 100 | e 2 Control of BMSC mobilization, because disruption of
E go (£ E
& st GoSF B G-CSF
3 a0 F 3 Figure 5 Direct effects of G-CSF on cardiac
20+ W”’“’“{W‘“”‘W Control function after ischemia-reperfusion injury.
o b , (a) Representative left ventricular pressure
0 30 60 90 120 (min) 0 30 60 90 120 (min) records of control and G-CSF-treated hearts are
shown (upper panel). The graphs show changes
b in LVDP (left) and LVEDP (right) during ischemia-
Control G-CSF reperfusion. *P < 0.05 versus control hearts

80

60

a0

20

Percent infarct size

(n=7). (b) The photographs show representative
TTC staining of control hearts (Control) and
G-CSF-treated hearts (G-CSF) after ischemia-
reperfusion. The graph indicates myocatrdial
infarct sizes for control hearts (Control) 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).

Control G-CSF
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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.HLY.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. 4a 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 sce Supplementary Methods online.

Cell culture. Cardiomyocyles prepared from ventricles of 1-d-old Wistar rats®?
were plated onto 60-mm plastic culture dishes at a concentration of 1 x10°
cells/cm” and cultured in Dulbecco modified Eagle medium (DMEM) supple-
menled with 10% fetal bovine serum (FBS) at 37 °C in a mixture of 95% air
and 5% CQO,. The culture medium was changed to serum-free DMEM 24 h
before stimulation. Generation and infection of recombinant adenovirus were
performed as described®,

Percoll enrichment of adult mouse cardiomyocytes and noncardiomyocytes.
Adult mouse cardiomyocytes were prepared from 10-week-old C37BL/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. Cardiomyocyles or noncardiomyocytes were separately collected as
described previously? and subsequently washed with 1 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.
A total of 4 g RNA was transcribed with MMV reverse transcriptase and ran-
dom hexamers. The ¢<DNA was amplified using a mouse Csf3r exon 15 forward
primer (3-GTACTCTTGTCCACTACCTGT -37) and an exon 17 reverse primer
15"-CAAGATACAAGGACCCCCAA -37). We performed PCR under the follow-
ing condilions: an initial denaturation at 94 °C for 2 min (ollowed by a cycle of
denaturation at 94 °C for 1 min, annealing at 538 °C for 1 min and extension at
72 °Cfor 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 noncardiomyocytes 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 hat room temperature.

Western blots. Western blot analysis was performed as described?. We probed the
membranes with antibodies to phospho-Jak2, 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).
Bel-xI, Bad (Transduction Laboratories) or actin (Sigma-Aldrich). We used the
ECL system (Amersham 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 myacardial
infarction and randomly divided them into two groups, the G-CSF-treated group
(10-100 pg/kg/d subcutaneously for 5 d consecutively, Kyowa Hakko 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 (# = 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 (# = 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 (ADD 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. Hearls fixed in 10% formalin were embedded in paraffin, sectioned
at 4 dm 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 eryomolds, 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 x400,
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
[rom 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-lailed Student’s r-(est or two-way ANOVA. Values of
P < 0.05 were considered statistically significant.
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URL. Alliance for Cellufar Signaling Procedure Protocols
http://www.signaling- gateway.org/data/cgi-bin/Protocols.cgizcat=0

Note: Supplementary information is available on the Nature Medicine website.
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The haplotype block, NFKBIL1-ATP6V1G2-

BAT1-MICB-MICA, within the

class [l — class | boundary region of the
human major histocompatibility complex
may control susceptibility to hepatitis C
virus-associated dilated cardiomyopathy

Abstract: Cardiomyopathy is a heart muscle disease with impaired stretch
response that can result in severe heart failure and sudden death. A small
proportion of hepatitis C virus (HCV)-infected patients may be predisposed to
develop dilated cardiomyopathy (DCM) and hypertrophic cardiomyopathy
(HCM). The molecular mechanisms involved in the predisposition remain
unknown due in part to the lack of information on their genetic background.
Because the human leukocyte antigen (HLA) region has a pivotal role in
controlling the susceptibility to HCV-induced liver disease, we hypothesized that
particular HLA alleles and/or non-HLA gene alleles within the human major
histocompatibility complex (MHC) genomic region might control the predis-
position to HCV-associated DCM (HCV-DCM) and/or HCV-associated HCM
(HCV-HCM). Here, we present mapping results of the MHC-related susceptibility
gene locus for HCV-associated cardiomyopathy by analyzing microsatellite and
single nucleotide polymorphism markers. To delineate the susceptibility locus,
we genotyped 44 polymorphic markers scattered across the entire MHC region
in a total of 59 patients (21 HCV-DCM and 38 HCV-HCM) and 120 controls.
We mapped HCV-DCM susceptibility to a non-HLA gene locus spanning from
NFKBIL1 to MICA gene loci within the MHC class IIT — class I boundary region.
Our results showed that HCV-DCM was more strongly associated with alleles of
the non-HLA genes rather than the HLA genes themselves, In addition, no
significant association was found between the MHC markers and HCV-HCM.
This marked difference in the MHC-related disease susceptibility for HCV-
associated cardiomyopathy strongly suggests that the development of HCV-
DCM and HCV-HCM is under the control of different pathogenic mechanisms.

Hepatitis C virus (HCV) is a major pathogen of liver disease (1). It also
infects various extrahepatic tissues {2) and causes clinical manifesta-
tions that do not originate from hepatopathy (3). The extrahepatic
manifestation includes cardiomyopathy that is defined as a heart mus-
cle disease with impaired stretch response that can result in heart fai-
lure and sudden death (4-7). Dilated cardiomyopathy (DCM) and
hypertrophic cardiomyopathy (HCM) are two major clinical pheno-
types of the HCV-associated cardiomyopathy. DCM is characterized
by chamber dilation with contractile dysfunction. In contrast, HCM
exhibits cardiac hypertrophy with diastolic ventricular failure. Not all
of the patients infected with HCV develop cardiomyopathy, and there
is a report showing DCM and HCM can be found in 5.7 and 6.6%,
respectively, of random patients with positive HCV antibody (8).
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This epidemiological study suggests that there may be predisposing
factors in the virus and/or infected host, which affect the clinical
outcome of viral pathogenesis. To date, it is not clear whether or not
there are cardiotropic HCV strains, and how they can escape cellular
immune responses. It also remains unknown which genetic factors
would predispose the infected patients to develop HCV-associated
DCM (HCV-DCM) or HCV-associated HCM (HCV-HCM).

Human major histocompatibility complex (MHC), also called human
leukocyte antigen (HLA) complex, on chromosome 6p21.3 plays a pivotal
role in antiviral defense as a genetic factor controlling the immune
response (9). The MHC genomic region consists of densely packed gene
clusters including the HLA genes (10), the most polymorphic genes in the
human genome (11-13). In addition to the classical and non-classical HLA
class1and class II genes that regulate the cell-mediated immune response,
there are at least 126 non-HHLA coding genes within the MHC genomic
region, which might affect acute and/or chronic viral infection and sus-
ceptibility to disease. Of particular interest are the 60 non-HLA coding
genes within the MHC class 1T region, many of which have a role in
regulating inflammation or have strong associations with susceptibility
to diseases, such as rheumatoid arthritis (14), myocardial infarction (15),
malaria (16), septic shock (17), and Ehlers — Danlos syndrome (18). The
statistical analysis of extensive linkage disequilibrium (LD) across the
entire 3.6-Mb MHC region has resulted in the detection and categorization
of population-specific HLA haplotypes based on the allelic distribution
and allelic combination of different MHC genes (19-21).

Although HCV appears to infect humans regardless of their HLA
genotypes, the classical HLA alleles may determine the natural history
of the viral infection in the post-infectious stage, such as viral resolu-
tion, the progression/suppression of persistent infection, and liver
disease. For example, HLA-B*{4-DRB1*1302-DQBI1*0604 haplo-
type carriers remain asymptomatic, whereas B*54-DRBI1*0405-
DQBI1%0401 carriers tend to develop chronic liver disease (22).
Therefore, we hypothesized that either particular HLA or non-HLA
gene alleles might regulate the development of DCM and/or HCM after
HCYV infection. In this study, we undertook genotyping to map the HLA-
linked susceptibility loci for HCV-DCM and HCV-HCM in order to better
understand the immuno-genetic factors controlling the clinical outcome

of chronic HCV infection. This is the first genetic study to demonstrate

that a non-HLA locus within the MHC class Il - class I boundary region
may confer the susceptibility to HCV-DCM in Japanese.

Materials and methods

Subjects

Diagnosis of DCM and HCM was based on the criteria of the Japan
Research Committee on Idiopathic Cardiomyopathy developed with
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guidance from the report by the 1980 World Health Organization/
International Society and Federation of Cardiology task force on the
definition and classification of cardiomyopathies (23, 24). Among the
Japanese patients who conformed with the diagnostic criteria, a total
of 59 patients positive for the anti-HCV antibody (21 patients of
HCV-DCM and 38 patients of HCV-HCM) were enrolled in this
study along with 120 healthy controls after obtaining informed
consent. All of them were genetically unrelated. Genomic DNAs
were extracted by the guanidine hydrochloride method from
each peripheral blood sample. The study protocol was approved by
the Ethics Reviewing Committee of Tokai University School of
Medicine.

Genotyping for microsatellite polymorphisms

Genotyping was performed with 19 microsatellite markers located
within the MHC genomic region to identify the susceptibility locus
for HCV-DCM and/or HCV-HCM. The marker order, genomic dis-
tances, and primer sequence were described previously (25, 26). Each
forward primer was synthesized by labeling at the 5" end with a
fluorochrome 6-FAM, HEX, or TET (Applied Biosystems, Foster
City, CA, USA). The fragment samples were mixed with forma-
mide-containing stop buffer and GeneScan-500 ROX size standard
(Applied Biosystems) and separated by GeneScan system on a 377
DNA sequencer (Applied Biosystems). Repeat fragment sizes were
assigned by GeENOTYPER software (Applied Biosystems).

Genotyping for two classical HLA genes, HLA-B, and
HLA-Cw

The high resolution typing for HLA-B and HLA-Cw was performed
by the sequence-based typing (SBT) method according to standard
Hayward, CA, USA). The
MATCHMAKER allele Identification program (Applied Biosystems) was

procedures {Forensic Analytical,

used to assign the HLA alleles.

Genotyping for five non-HLA genes, TNF, LTA, NFKBIL4,
ATP6V1G2, and BAT1

A total of 23 single nucleotide polymorphisms (SNPs) as shown in
Fig. 2 were examined in this study. The tumor necrosis factor (7NF),
nuclear factor of kappa light polypeptide gene enhancer in B-cells
inhibitor-like 1 also known as IkBL (NFKBILI), and HLA-B asso-
ciated transcript 1 (BATI) genes were genotyped by the direct
sequencing method using the primer sets as previously reported
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Primers used for genotyping the candidate genes, LTA and ATP6V1G2

Gene Target Name Primer sequence (5'—3') Length (mer) Product (bp) Annealing (°C)
LTA
+80C/A LTALF2 CTC CAC ACA GCA GGT GAG G 19 172 58
LTALR2 CCA AAA CCA AAC CCA CCA AG 20
+252A/G LTALF GCT TCG TGC TTT GGA CTA CC 20 714 60
LTA3R GGG AGG TCA GGT GGATGT TTA C 22
ATP6V1G2Z (ATP6G)
Exonl ATPex1F AGG AGG ACC AGT CAT CAA TAG GAG 24 306 66
ATPexiR CTA AGG GAG GAA AGA GGA GAC TCA 24
Exon2 and +760A/T (rs2523502) ATPex2F GGG ACT GAC TCC TGC TAT TAC ATT G 25 247 64
ATPex2R CAC CCT TAC ACA CCT CAC TAG ATG C 25
Exon3 and +1222C/T (rs2239705) ATPex3F CTT TCT TCT AGG CTT TGT TTC AGG A 25 527 62
ATPex3R CAA ATT TCA CAG AGG GTT TAG GTG A 25

Table 1

(27-29). The ATP6V1G2 gene was analyzed for all exons in addition
to two intronic SNPs, ATP6V1G2*+760 (dbSNP accession number
1s2523502) and ATP6VIG2*+1222 (rs2239705), through the direct
sequencing method by primer sets as listed in Table 1. Cycle sequen-
cing was performed using the Big-Dye Terminator system (Applied
Biosystems). The sequencing analysis was conducted with an
ABI Prism 377 DNA sequencer (Applied Biosystems). The genotypes
were determined by manual comparison of patients’ sequences
with a public reference sequence (GeneBank accession number
AB063177). In the LTA (lymphotoxin-alpha) gene, alleles carried
at +80 and +252 (30) were screened by the PCR-single strand
conformation polymorphism analysis and the PCR-restriction
fragment length polymorphism method at the Nco 1 site,

respectively.

Statistical analysis

The Hardy — Weinberg equilibrium distribution for the SNPs and
their haplotypes was assessed by Fisher's exact test with
Bonferroni’s inequality method. The statistical significance was
assigned at P and corrected P (Pc) values of less than 0.05. The
strength of the association with HCV-DCM and/or HCV-HCM
was evaluated by odds ratio (OR) with 95% confidence interval.
The R package ‘haplo.stats’ (http://www.r-project.org/) was used to
evaluate haplotype structure carrying the disease-associated
markers around the candidate region. On the basis of the haplotype

structure, the LD around the candidate region was measured in both
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patients and controls with two LD coefficients, Lewontin's IV
and Hill's #% obtained from the R package ‘genetics’ (http//

www.r-project.org/).

Results

Susceptibility gene mapping for HCV-associated
cardiomyopathy with microsatellite markers encompassing
the MHC genomic region

In an initial association analysis, we carried out a region-wide scan
using 19 microsatellite markers dispersed throughout the MHC
region. The multipoint analysis displayed different association pro-
files between HCV-DCM and HCV-HCM as illustrated in Fig. 1. In
the analysis of HCV-DCM, significant associations were observed
with two markers positioned around the boundary region between
class I and class I. STR-MICA*183 (OR = 4.59, P = 0.005,
Pc = 0.026) and CI-4-1*225 (OR = 357, P = 0.006, Pc = 0.042).
Because LD of microsatellite markers usually extend some hundred
kb, we considered a approximately 300-kb interval as a potential
susceptibility locus for HCV-DCM, which contains 9 genes as fol-
lows; TNF, LTA, NFKBIL1, ATP6V1G2 (vacuolar ATP synthase
subunit G 2; also known as ATP6G), BATI1, MICB (MHC class T
chain-related protein B), MICA (MHC class I chain-related gene A
protein), HLA-B, and HLA-Cw (Fig. 2). In clear contrast, there were
no significant associations between the HCV-HCM and the micro-
satellite markers in the MHC region.
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Screening of SNP in association with the susceptibility to
HCV-DCM in seven candidate genes

To identify the susceptibility gene, we examined SNPs in each of the
candidate genes and compared their individual as well as their
combined (haplotype) frequencies between the HCV-DCM patients
and control individuals (Table 2). Of 16 HLA-B and 9 HLA-Cw
alleles assigned by SBT method in HCV-DCM patients, HLA-
B*)702 (OR =396, P=0.022, Pc = 0.356) and HLA-Cw*0702
(OR = 3.00, P = 0.019, Pc = 0.192) showed marginally significant
associations with HCV-DCM. Additionally, of the seven non-HLA
genes, we analyzed five genes, TNF, LTA, NFKBILI, ATP6VI G2,
and BATI, in the SNP study and found three SNPs strongly asso-
ciated with HCV-DCM; a T insertion at the position —421 of the
NFKBILI promoter (NFKBIL1p*—421insT) (OR = 4.25, P = 0.003,
Pc = 0.006), an A to T substitution at the position +760 of the
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ATP6VIG2  (ATP6VIG2*+760T)  (OR =425, P = 0.003,
Pc = 0.006), and a fifth polymorphic haplotype (BAT1p*05) of the
BATI promoter (OR = 4.25, P = 0.003, Pc = 0.006) (Table 2). The
NFKBIL1p*—421insT and ATP6VIG2*+760T are characteristic
polymorphisms of the NFKBILIp*02 and ATP6V1G2*3 alleles,
respectively, which exhibited equivalent associations with HCV-
DCM (Table 2). In contrast, neither TNF nor LTA polymorphisms
showed significant association with HCV-DCM (data not shown).

Pairwise LD mapping around the candidate region in the
Japanese population

Interestingly, the combination of the non-HLA gene alleles, consist-
ing of NFKBIL1p*02, ATP6V1G2*3, and BATI1p*05, which were
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Fig. 1. The susceptibility gene mapping for hepatitis C virus-associated dilated cardiomyopathy (HCV-DCM) and HCV-hypertrophic cardio-
myopathy (HCV-HCM) with microsatellite markers throughout the human major histocompatibility complex genomic region. Corrected P (Pc)
value with logarithmic scale and odds ratio (y-axis) were plotted against physical location of the microsatellite markers on chromosome 6p21.3 (x-axis), their
distance (in kb) in order from centromere to telomere. The dotted horizontal line shows the threshold for 5% significance after correcting for muitiple testing.
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significantly associated with HCV-DCM were tightly linked as a non-
HLA haplotype block in a one-to-one correspondence in both patients
and controls. This linkage was expected to result from a character-
istic LD relationship in Japanese. We, therefore, evaluated the LD
indexes for the specific LD block using other 15 polymorphic
in the
Japanese controls (Table 3). The pairwise LD mapping confirmed

markers around the central MHC genomic region
that these three alleles are in complete LD with each other,
showing LD index being 1.0 for I’ and 1.0 for /2 In addition,
HLA-B*0702 was in strong LD not only with HLA-Cw*0702
(' =10, #* = 0.43) but also with this non-HLA haplotype block
(Y = 10,7 = 0.59).

The risk evaluation of the patient-shared block in HCV-DCM

We subsequently evaluated the non-HLA haplotype block as the
main risk marker for HCV-DCM (Table 4). The analysis showed
that a higher risk was conferred by Hap A (OR = 6.75,
P =0.0003, Pc = 0.0081) from the MHC class III - class I boundary
region than by Hap B (OR = 3.96, P = 0.02, Pc = 0.40) from the
MHC class I region. This strongly suggests that the disease suscept-
ibility to HCV-DCM is controlled mainly by the non-HLA genes in
the MHC class III — class T boundary region rather than by the
classical HLA class I genes. The strong LD between TNF gene
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cluster and NFKBIL1-BATI block also prompted us to examine a
synergistic risk for HCV-DCM between TNFp*A-LTA*1 and
NFKBIL1p*02-ATP6V1G2*3-BAT1*05-C1-2A*242-STR-MICA*183
by two-locus-analysis method of Svejgaard and Ryder (31). However,
no synergistic risk between the haplotypes was found (data not
shown). In light of location of the polymorphic markers composing
of Hap A, the primary susceptibility locus could be narrowed
down to approximately 133-kb interval between the NFKBIL1 and
MICA genes.

Discussion

It is well established that the HLA genes in the MHC have an
important role in the regulation of immune response to acute and
persistent HCV infection. The aim of this study was to investigate
whether the non-HLA genes and HLA genes in the MHC might be
associated with the susceptibility to HCV-DCM and/or HCV-HCM.
Our MHC region-wide association study mapped the HCV-DCM
susceptibility locus to the region spanning from NFKBIL1 to
MICA within the MHC class III — class I boundary region. In addi-
tion, the polymorphisms located around this boundary region were
in LD with the classical HLA-B and HLA-Cw class 1 gene alleles.
These observations suggest that the susceptibility to HCV-DCM may
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Associations of candidate gene polymorphisms relevant to hepatitis C virus-associated dilated cardiomyopathy susceptibility within the central major histocompat-

ibility complex region

Genotype?®

Cases (n = 21)

Controls (n = 120)

Carriers versus non-carriers

Marker ++ +- - ++ +- - OR 95% Cl P Pc
Allele
NFKBIL1p*02 1 8 12 0 18 102 4.25 1.57-11.54 0.003 0.014
ATPE6V1G2*3 1 8 12 0 18 102 4.25 1.57-11.54 0.003 0.008
BAT1p*05 1 8 12 0 18 102 4.25 1.57 -11.54 0.003 0.014
HLA-B*0702 0 6 15 0 11 109 3.96 1.28-12.29 0.022 0.356
HLA-Cw*0702 1 8 12 0 24 96 3.00 1.13-7.94 0.019 0.192
Polymorphism
—421insT of NFKBIL1 1 8 12 ¢} 18 102 4.25 1.57 -11.54 0.003 0.005
+760T of ATP6V1G2 1 8 12 0 18 102 4.25 1.57-11.54 0.003 0.005
244, homozygous carrier with the targeted polymorphisms; +-, heterozygous; —-, non-carrier
Table 2

be controlled by the non-HLA genes in LD with the HLA class I gene
alleles rather than the HLA genes.

The mapped candidate susceptibility gene locus for HCV-DCM
within the MHC class III - class 1 boundary region overlaps the
susceptibility/resistance loci for some autoimmune diseases, such as
rheumatoid arthritis (14) and insulin-dependent diabetes mellitus
(32). Some candidate genes within the class III - class I boundary
region that control the susceptibility to HCV-DCM encode molecules
that are probably involved in immunity and inflammation. For
example, NFKBIL1 gene encodes a I-kappa-B-like molecule (33),
which localizes within- nuclear speckles (34). The product of
ATP6VI1G2 gene responds to IL-1 as a subunit of vacuolar ATPase
H* pump and modulates macrophage effector functions (35, 36). The
role of the BAT1 proteins is less well defined, but they may act as
negative regulators of an inflammatory cytokine (37) and effect cell
proliferation in various human tissues including the heart (38). MICA
and MICB genes exhibit a restricted expression pattern on cell in
stress like those after viral infection (39-41) and may play a role in
HCV infectious status as ligand of NKG2D (42, 43). These reported
functions for the five non-HLA genes around the MHC class III - class
I boundary region are helpful in explaining the genetic background of
HCV-DCM, but cellular studies are clearly needed to determine the
direct effect of HCV infection on the activity and the role of NFKBILI,
ATP6VIG2, BATI, MICB, and MICA genes in the heart.

The candidate susceptibility locus identified in this study con-
tained several functional SNPs, which might regulate transcriptional
efficiency of the candidate genes. One such interesting SNPs is

NFKBIL1p*—62T/A that lies within an E-box-binding motif
(CANNTG) for transcriptional factors, E47 and USF1 (44). Second,
the sequence spanning BATIp*-22G/C (GCAGAT)
BATIp*-348C/T (CCAT) is known to affect the BATI expression

via direct interaction with their transcriptional factors, Octl and

and

YY1, respectively (45). These multiple functional polymorphisms
may therefore combine functionally to increase the risk of DCM
under the HCV infection. There were, however, still many ethnically
characteristic and/or functionally unknown promoter polymorph-
isms other than the aforementioned SNPs. A transgenic mouse
study revealed that the HCV-core protein is directly involved in the
development of cardiomyopathy (46). The extent to which such
polymorphisms influence the pathogenesis of HCV-DCM is a subject
of further study.

Despite the same viral etiology, HCV involvement in cardiomyo-
pathy can result in two distinct clinical outcomes, HCV-DCM and
HCV-HCM, and a difference in the association with the MHC was
revealed in this study. Whereas the microsatellite markers displayed
a significant association of a particular MHC subregion with HCV-
DCM, there was no significant association between the MHC and
HCV-HCM. The HLA haplotypic markers in association with HCV-
DCM are in strong LD with B*0702-Cw*0702, which are in LD with
DRBI1*0101-DQBI*0501 in Japanese (47). However, these HLA
alleles were not associated with HCV-associated liver diseases (22).
In addition, a tendency toward severe HCV-infection status in
Spanish whites was associated with HLA-DR3-MICA-A4-HLA-
B*18 (48); however, HCV-DCM patients in the present study showed

Tissue Antigens 2005: 66: 200208
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Haplotype structures composed of significantly increased markers and singfe nucleotide polymorphisms (SNPs) in HCV-associated dilated cardiomyopathy

Diplotype®

Cases (n = 21) Control (n = 120) Carriers versus non-carriers
Haplotype ++ +— —-— 4+ +- - — OR 95% ClI P Pc
Hap A (MHC class Ili - class | boundary region side) o R o o o o
NFKBIL1p*02-ATP6V1G2*3-BAT1p*05-STR-MICA*183 1 8 12 0 13 107 6.17 219 -17.45 0.0005 0.0131
Hap B (MHC class | region)
B*0702-Cw*0702 0 6 15 0 11 109 3.96 1.28-12.29 0.02 0.40
24+, homozygous carrier with the targeted haplotypes; +-, heterozygous; ~—, non<arrier

Table 4

a different association with the DRBI1*0101-STR-MICA*183 (also
known as MICA-A5.1)-B*0702 haplotype. These haplotypic differ-
ences may indirectly reflect the genetic diversity among non-HLA
genes that define each HLA haplotypes. Thus, these observations
support the view that distinct genetic factors can affect the clinical
outcome by regulating pathogenic pathway after the viral infection.

In summary, our susceptibility gene mapping showed that the
non-HLA gene block consisting of the NFKBIL, ATP6V1G2, BATI,
MICB, and MICA genes within the MHC class III - class I boundary
region was strongly associated with the susceptibility to HCV-DCM,
whereas there was no significant association between the MHC
genomic region and HCV-HCM. Through the disparity in the dis-
ease-associated HLA markers, we hypothesize that HCV-DCM and
HCV-HCM have at least two distinct pathogenic mechanisms in
relation to the MHC-meditated immune response, although the
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Bioengineered cardiac cell sheet grafts have intrinsic angiogenic potential
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Abstract

Previously, we have demonstrated the long-term survival of myocardial cell sheet constructs in vivo, with microvascular network for-
mation throughout the engineered tissues. The understanding and control of these vascularization processes are a key factor for creating
thicker functional tissues. Here, we show that cardiac cell sheets express angiogenesis-related genes and form endothelial cell networks in
culture. After non-invasive harvest and stacking of cell sheets using temperature-responsive culture dishes, these endothelial cell networks
are maintained and result in neovascularization upon in vivo transplantation. Interestingly, we also discovered that all of the graft vessels
are derived from the grafts themselves and these vessels migrate to connect with the host vasculature. Finally, blood vessel formation
within the grafts can be controlled by changing the ratio of endothelial cells. In conclusion, myocardial tissue grafts engineered with cell

sheet technology have their own inherent potential for the in vivo neovascularization that can be regulated in vitro.

© 2006 Elsevier Inc. All rights reserved.
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Blood capillaries are precisely organized throughout
nearly all tissues and support normal organ function via
the supply of nutrients, as well as the removal of various
metabolic wastes. In particular, the heart with its high met-
abolic activity has an increased need for nutrient supple-
mentation and thus possesses an abundant vascular
network. Capillary formation within these tissues occurs
via two basic vessel-constructing processes: vasculogenesis
that occurs in the developing embryo, and angiogenesis,
which is the formation of new capillaries via sprouting or
intussusception from pre-existing vessels [1].

Vasculogenesis occurs when the primary vascular plexus
begins to form primitive blood vessels from angioblasts,
which are the embryonic precursors of vascular endothelial
cells [2]. After vasculogenesis occurs during embryonic
development, new blood vessels are formed via angiogene-
sis. During the initiation of microvessel formation, there is
a focal reduction both between interacting cells, as well as
with the surrounding extracellular matrix (ECM), after
which, deviation of pericytes occurs and endothelial cells

* Corresponding author. Fax: +81 3 3359 6046.
E-mail address: tokano@abmes.twmu.ac.jp (T. Okano).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
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begin to proliferate and migrate in either a sprouting man-
ner or via intussusception. Finally, after the formation of
endothelial cell networks via intussusception and cell
sprouting, functional blood vessels are constructed by the
processes of maturation and remodeling.

In contrast to embryonic vessel development, angiogen-
esis in adults is generally limited to wound healing and
changes in female reproductive organs during the menstru-
al cycle and pregnancy. However, improper vascularization
does occur in some pathological situations, such as ocular
neovascularization, inflammatory diseases, and tumor for-
mation [3]. Conversely, critical vascular regression can also
cause defects in functional organs, such as myocardial
infarction and the formation of pressure sores. Therefore,
the development of techniques for the proper regulation
of vascularization is of significant clinical interest [4.,5].

Recently, regenerative medicine has become increasingly
popular as a possible method for treating patients suffering
from severe organ failure [6-8]. Ideally, via the combina-
tion of biotechnology and cell biology, functional tissues
that resemble native structures can be created to replace
damaged organs [9-11]. Yet, thus far a major obstacle
has been the inability to maintain thick, viable tissues both
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in vitro and in vivo, due to the lack of functional vascular
network formation within the engineered constructs [12].
Therefore, it has become increasingly necessary to fabricate
functional microvessels within engineered tissues, allowing
for the proper supply of nutrients as well as, the removal of
waste products, in order to avoid the core ischemia that is
observed when tissue thickness is increased. However,
while the steps involved in the normal development of
blood vessels are well understood, the analogous mecha-
nisms within engineered tissues remain unclear, and thus
unable to be either controlled or manipulated. By clarifying
these mechanisms of engineered tissue vascularization,
approaches to create thicker tissues via the controlled
development and manipulation of blood vessels may over-
come one of the longstanding obstacles in tissue regenera-
tion therapies.

Previously, we have demonstrated a novel method for
tissue regeneration of cell sheet engineering, which uses
temperature-responsive culture dishes [13]. With this tech-
nology, various types of cultured cells [14-18] can be
non-invasively harvested as intact sheets via simple temper-
ature reduction, without the need for proteolytic enzymes
[19]. Therefore, vital cell-to-cell interactions that have been
previously formed in culture can be maintained even
during cell harvest [20]. When cardiac cell sheets were
non-invasively harvested and layered in vitro, these three-
dimensional constructs showed synchronous pulsations
[21]. Upon subcutaneous transplantation of these bioengi-
neered tissues, we also observed the in vivo formation of
microvascular networks throughout the entire constructs,
allowing for the long-term survival of the pulsatile tissues
[21].

In the present study, we demonstrate the first step
towards enginecring vascularized tissues by elucidating
the mechanisms of vessel reconstruction within these
myocardial grafts created using cell sheet technology.
Finally, after determining the processes involved in graft
neovascularization, we show that by regulating endothelial
cells within cell sheets, we can control the in vivo
neovascularization.

Methods

All procedures using animals in this study were performed in accor-
dance with the “Guide for the Care and Use of Laboratory Animals”
(NIH Publication No. 85-23, revised 1996) published by National Insti-
tutes of Health, USA, and the “Guidelines of Tokyo Women’s Medical
University on Animal Use.”

Temperature-responsive culture dishes. Specific procedures for the
preparation of square-patterned temperature-responsive culture dishes
(provided by CellSeed, Tokyo, Japan) have been previously described [22].
Briefly, N-isopropylacrylamide (IPAAm) monomer solution was spread
onto commercial tissue culture polystyrene dishes. These dishes were then
subjected to electron beam irradiation, resulting in polymerization and
covalent bonding of IPAAm to the dish surface. Poly-IPAAm (PIPAAm)-
grafted dishes were rinsed with cold distilled water to remove ungrafted
IPAAm. Next, to prepare square-geometry PIPAAm-grafted cell culture
dishes, the PIPAAm-grafted surfaces were masked with a square glass
coverslip (24 x 24 mm, Matsunami, Osaka, Japan) and acrylamide (AAm)

monomer (Wako Pure Chemicals, Tokyo, Japan) solution was spread
onto the masked dish surface. The dish surface was then irradiated by
electron beam and washed in the same manner. The resulting culture
dishes thus had center square areas grafted with temperature-responsive
PIPAAm with a surrounding border grafted with non-cell-adhesive
poly-AAm. Culture dishes were finally sterilized by ethylene oxide gas.

Primary culture of neonatal rat cardiac cells. Ventricles from 1-day-old
Wister rats (Nisseizai, Tokyo, Japan) were digested at 37 °C in Hanks’
solution (Sigma, St. Louis, MO) containing collagenase (class 11, Wor-
thington Biochemical, Lakewood, NJ). Isolated cells were suspended in
the culture medium comprising 6% FBS (Moregate Biotech, Bulimba,
QLD, Australia), 35% Medium 199 (Invitrogen, Carisbad, CA, USA),
71.4 U/ml penicillin-solution, 71.4 pg/ml streptomycin-solution (Sigma,
St. Louis, MO), 2.9 mM glucose, and 54% balanced salt solution con-
taining 116 mM NaCl, 1.0 mM NaH,PQ,, 0.8 mM MgSO,, 1.2 mM KCI,
0.8 mM CaCl,, and 26.2 mM NaHCO;. Cell suspensions were plated at a
density of 4.8 x 10° cells per square-geometry PIPAAm-grafted dish and
incubated at 37°C in a humidified atmosphere with 5% CO,. For
enhanced green fluorescent protein (EGFP)-positive cardiomyocytes,
ventricles were isolated from EGFP-positive Sprague-Dawley (SD) neo-
natal rats [SD TgN (act-EGFP) OsbCZ-004), which were kindly provided
by Prof. Masaru Okabe (Genome Information Research Center, Osaka
University). For 2-methoxyestradiol (2-ME) or vascular endothelial
growth factor (VEGF)-treated cells, after 1 day, the culture medium was
replaced with fresh media containing either 2 uM 2-ME (Sigma, St. Louis,
MO) or 10 nM VEGF (R&D Systems, Minneapolis, MN).

Immunocytochemistry. For endothelial cell staining, myocardial cell
sheets were washed with Dulbecco’s phosphate-buffered saline (PBS) and
then fixed with 4% paraformaldehyde in PBS for 5 min at room temper-
ature. Cells were washed again, blocked with 0.1% normal goat serum,
and then incubated with a 1/200 dilution of anti-CD31 monoclonal anti-
body (Serotec, Oxford, UK) for | h at room temperature. A 1/200 dilution
of anti-mouse IgG antibody conjugated with Alexa Fluor 488 (Invitrogen,
Carlsbad, CA, USA) was applied for 1h at room temperature as sec-
ondary antibody. Cell sheets were finally counterstained with Hoechst
33342 (Wako Pure Chemicals, Tokyo, Japan) for 5 min to visualize cell
nuclei. Images were photographed by a AxioCam color digital camera
(Carl Zeiss, Hallbergmoss, Germany) using fluorescence microscopy
(ECLIPSE TE2000-U, Nikon, Tokyo, Japan) and processed with Axio-
Vision 4.1 software. To quantify endothelial cell network formation,
1300 x 1030 pixel resolution images of cultured cell sheets were captured
with a magnification of 40x or 100x. The area of CD3]-positive cells in the
sheets was calculated with NIH Image software. Data represent the
average values of 20 or 5 images in each sample, respectively.

Gene expression analysis. mRINA expression of the angiogenesis-re-
lated genes, VEGF, cyclooxygenase (Cox)-2, tyrosine kinase with Ig and
EGF homology domains (Tie)-2, Angiopoietin {Ang)-1, and Ang-2 within
cardiomyocyte sheets was examined by RT-PCR analysis. Briefly, total
RNA of the myocardial cell sheets cultured for either 3 or 7 days was
isolated and purified using the RNeasy mini kit (Qiagen, Chatsworth, CA,
USA). Reverse transcription was performed with the superscript 1I RT-
PCR system (Invitrogen, Carlsbad, CA, USA) and subsequent PCR was
performed with the MPCR Kit for Rat (Maxim Biotech, San Francisco,
USA). PCR products were then electrophoresed on 4 % acrylamide gels
and stained with ethidium bromide.

Manipulation of cell sheets into layered constructs. Neonatal rat myo-
cardial cells were cultured for 4 days at 37 °C on square-designed tem-
perature-responsive dishes. The culture dishes were set in another CO,
incubator set at 20 °C to release confluent cells as contiguous cell sheets
without enzyme treatments. Cardiomyocyte sheets detached spontane-
ously within 1 h and became slightly shrunken to about | cm” cell sheets
due to cytoskeletal reorganization and sheet lateral traction forces. The
entire cell sheet with media was gently aspirated into the tip of a pipette
and the first sheet was transferred again onto a new temperature-re-
sponsive dish, with fresh media dropped onto the sheet to spread folded
portions. After sheet spreading, media was aspirated and the dish was
incubated at 37 °C to allow the cell sheet to fully adhere to the culture
surface. To layer cell sheets, another cardiomyocyte sheet detached from a
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PIPAAm-grafted dish was transferred and stacked onto the first cell sheet
in the same fashion. An identical procedure was repeated to create triple-
layer constructs in vitro.

Myocardial graft transplantation into dorsal subcutaneous  tissues.
EGFP-positive or negative male SD transgenic rats (4-5-weeks-old) or
nude rats (4 weeks-old) were anesthetized with intraperitoneal injection of
pentbarbital sodium (39 mg/kg). An L-shaped incision (approximately
3 ¢m x 2 ¢cm) was made in the dorsal skin and lifting of the incised skin
exposed the underlying tissue. Triple-layer cardiomyocyte sheets stacked
on PIPAAm-grafted surfaces were detached again by lowering the culture
temperature and washed with media. The cell constructs were lifted on top
of a sterile polypropylene support sheet and transplanted onto dorsal
subcutaneous tissues by sliding from the non-adhesive polypropylene
sheet. The transplants were covered with 0.5-mm thick silicone membranes
(Unique Medical, Tokyo, Japan) to prevent adhesion to the skin and the
incisions were closed with 5-0 nylon sutures.

Histological analysis. At appropriate periods after transplantation,
myocardial tissue grafts were excised and fixed in 10% neutral buffered
formalin (Wako). Tissue specimens were then embedded in paraffin and
sliced into 5 pm-thick sections. For hematoxylin and eosin staining,
sections were processed by conventional methods. To detect GFP-ex-
pressing cells, cross-sections were immunolabeled with a 1/200 dilution
of anti-GFP antibody (Invitrogen) for 16h at 4°C and secondary
stained for 2 h with a 1/400 dilution FITC-conjugated anti-rabbit 1gG
antibody (Wako) for green fluorescence or Alexa Fluor 568-conjugated
anti-rabbit IgG antibody (Invitrogen) for red fluorescence. To detect
cardiomyocytes, cross-sections were immunolabeled with a 1/200 dilution
of " anti-a-sarcomeric actinin (Sigma) for 16 h at 4°C and secondary
stained for 2 h with Alexa Fluor 488-conjugated anti-mouse IgG anti-
body for green fluorescence or Alexa Fluor 568-conjugated anti-mouse
IgG antibodies for red fluorescence. Vessel quantification was examined
by counting the number of vessels per unit area, using hematoxylin and
eosin stained sections.

Separation of endothelial cells from primary isolated cardiac cells. To
regulate the ratio of endothelial cells in the myocardial cell sheets, endo-
thelial cells were separated from primary myocardial cell suspensions by
magnetic cell sorting (MACS). Briefly, primary myocardial cell suspen-
sions were incubated with mouse monoclonal anti-rat CD31 antibody.
After rinsing with running buffer (PBS containing 5% BSA and 2 mM
EDTA), cells were incubated with anti-mouse IgG-conjugated microbeads
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) and then washed
again with running buffer. The labeled cells were applied to the LS column
in the magnetic fields of a MiniMACS system (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). The column was then washed with running
buffer and removed from the magnetic fields, and cells trapped in the
column were flushed out with running buffer. Endothelial cell-depleted
cardiomyocyte suspensions were used to create cell sheets without endo-
thelial cells. To fabricate myocardial cell sheets containing GFP-positive
endothelial cells, GFP-negative cardiac cells (without endothelial cells),
and purified GFP-positive endothelial cells were mixed in a ratio of 9:1.

Data analysis. All data are expressed as means £ SD. An unpaired
Student’s 7 test was performed to compare two groups. One-way ANOVA
was used for multiple group comparison. If the F distribution was sig-
nificant, a Tukey test was used to specify differences between groups. A
p-value of less than 0.05 was considered significant.

Results
Angiogenic potential of cardiac cell sheets

To determine whether cardiac cell sheets possess innate
potential for vessel formation, the presence of endothelial
cells and the expression of angiogenesis-related genes of
the cultured cell sheets were examined. Detection of the
endothelial cell marker CD31 demonstrated that the pulsa-
tile cardiac cell sheets contained significant amounts of

endothelial cells and that the endothelial cells were
arranged in a network-like formation after 4 days in culture
(Fig. 1A). Gene expression analyses also showed that both
VEGF and cyclooxygenase-2 (Cox-2), which are well-
known angiogenesis-accelerating genes, were expressed
continuously in the cultured cell sheets, in vitro (Fig. 1B).
Significant mRNA expression of Tie-2, an endothelial
cell-specific receptor, was also detected within the cardiac
cell sheets (Fig. 1B). Correspondingly, Ang-1, a ligand of
Tie-2, which is involved in the maturation process of blood
vessel formation, was occasionally expressed, while Ang-2,
which antagonizes Ang-1 binding to Tie-2, could not be
detected (Fig. 1C). Taken together, these results indicate
that the pulsatile cardiac cell sheets possessed their own
potential for neovascularization, with the presence of endo-
thelial cells in a network-like arrangement and the expres-
sion of major genes related to the promotion of vessel
formation.

Endothelial cell network formation in cardiac cell sheets

To further examine the endothelial networks that were
present within the cardiac cell sheets, the presence of
CD31-positive cells was monitored throughout the culture
period. One day after cell seeding, cardiomyocytes within
the cell sheets began to pulsate asynchronously, but only
a low number of sparsely distributed endothelial cells could
be observed (Fig. 2A). At two days, the cells within the car-
diac sheets began to beat synchronously and endothelial
cells begin to proliferate and sprout within the sheets
(Fig. 2B). Three days after initial cell seeding, the sprouting
endothelial cells began to connect to each other (Fig. 2C) and
at 4 days, these sprouting endothelial cells formed cell net-
works throughout the cardiomyocyte sheets (Fig. 2D).
Quantification of the CD31-positive area within the cell
sheets also showed that the area correlated to endothelial
cells increased over time and accounted for 11.7 + 5.9% of
the total cell sheet area at 4 days (Fig. 2E). Additionally,
these endothelial cell networks within the cardiac cell sheets
were similar in appearance to the well-known sprouting form
of endothelial cells cultured in Matri-gel. Finally, we also
observed the occasional tubulogenesis of endothelial cells
within the cardiac cell sheets, however these detected tubular
structures had no continuity in vitro (data not shown).

To examine the reactivity of endothelial cells in cardiac
cell sheets, cultured cells were treated with either 2-ME or
VEGF, to examine their effects on network formation. In
comparison to untreated controls, which showed an aver-
age of 8.0+0.2% CD31-positive areas {Fig. 3A), after
treatment with 2-ME, endothelial cell network formation
was significantly diminished, representing only 0.3 & 0.2%
of the total area (Fig. 3B). In contrast, the addition of
VEGF to the culture medium promoted endothelial cell
network formation (13.6 & 5.2%) (Fig. 3C), demonstrating
that the cardiac cell sheets contained actively formed endo-
thelial cell networks, having the characteristic nature of
native blood vessels.

—217-



