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Adenoassociated Virus—Mediated Prostacyclin Synthase
Expression Prevents Pulmonary Arterial Hypertension
in Rats

Takayuki Ito, Takashi Okada, Jun Mimuro, Hiroshi Miyashita, Ryosuke Uchibori, Masashi Urabe,
Hiroaki Mizukami, Akihiro Kume, Masafumi Takahashi, Uichi Tkeda, Yoichi Sakata,
Kazuyuki Shimada, Keiya Ozawa

Abstract—Prostacyclin synthase (PGIS) is the final committed enzyme in the metabolic pathway of prostacyclin
production. The therapeutic option of intravenous prostacyclin infusion in patients with pulmonary arterial hypertension
is limited by the short half-life of the drug and life-threatening catheter-related complications. To develop a better
delivery system for prostacyclin, we examined the feasibility of intramuscular injection of an adenoassociated virus
(AAYV) vector expressing PGIS for preventing monocrotaline-induced pulmonary arterial hypertension in rats. We
developed an AAYV serotype 1-based vector carrying a human PGIS gene (AAV-PGIS). AAV-PGIS or the control AAV
vector expressing enhanced green fluorescent protein was injected into the anterior tibial muscles of 3-week—old male
Wistar rats; this was followed by the monocrotaline administration at 7 weeks. Eight weeks after injecting the vector,
the plasma levels of 6-keto-prostaglandin F,,, increased in a vector dose-dependent manner. At this time point, the PGIS
transduction (1X10'® genome copies per body) significantly decreased mean pulmonary arterial pressure (33.9+2.4
versus 46.1+3.0 mm Hg; P<<0.05), pulmonary vascular resistance (0.26+0.03 versus 0.41+0.03 mm Hg - mL™' - min™'
+kg™": P<<0.05), and medial thickness of the peripheral pulmonary artery (14.6+1.5% versus 23.5+0.5%; P<0.01) as
compared with the controls. Furthermore, the PGIS-transduced rats demonstrated significantly improved survival rates
as compared with the controls (100% versus 50%; P<0.05) at 8 weeks postmonocrotaline administration. An
intramuscular injection of AAV-PGIS prevents monocrotaline-pulmonary arterial hypertension in rats and provides a
new therapeutic alternative for preventing pulmonary arterial hypertension in humans. (Hypertension.
2007;50:531-536.)
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ulmonary arterial hypertension (PAH) is an intractable

discase that leads to increased pulmonary arterial pres-
sure, progressive right heart failure, and premature death;
however, no satisfactory trcatment has becn established for
PAH.! Although intravenous prostacyclin (PGI,) therapy
prolongs survival in patients with PAH, the use of this
treatment option is limited by the short half-life of the drug,
requirement for a continuous infusion system, and catheter-
related complications.'? PGI, synthase (PGIS) is the final
committed enzyme in the metabolic pathway of PGI, produc-
tion. PGIS gene transfer is a promising approach for the
stable production of endogenous PGl,.*-¢ However, previous
strategies have several limitations both in the selection of
delivery routes and in the efficiency of gene expression. For
instance, intratracheal gene transfer may deteriorate respira-
tory function in critically ill subjects, and the intrahepatic

approach may cause peritonitis as a result of direct liver
puncture. Although an intramuscular approach seems o be
safer than the previous approaches, the conventional plasmid-
based strategics achieved only transient gene expression and
required repeated gene transfer to inhibit pathological remod-
cling of the pulmonary artery (PA).$

In this study, we used an adenoassociated virus (AAV)
vector together with an intramuscular approach to obtain
more efficient PGI, expression. AAV vectors permit cfficicnt
and sustained gene expression in nondividing skeletal muscle
cells with minimal inflammatory and immune responses. We
reported previously that a stable serum concentration of a
secretory protein was achieved over a 1-year period by using
a single intramuscular injection of several AAV vector
(AAV2 and AAVS) serotypes in mice.” Currently, AAV1 is
one of the most efficient serotypes for muscle transduction.®?
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Single subcutaneous injection of a pyrrolizidine alkaloid,
namely, monocrotaline (MCT), produces severe PAH and PA
remodeling in rats. We examined the effects of sustained
PGIS expression in preventing PAH development and pro-
gression by means of this widely used model and an AAVI
vector.

Methods

Western Blot Analysis for PGIS Expression

In Vitro

Human embryonic kidney 293 (HEK293) cells were incubated in
10-cm dishes containing DMEM and nutrient mixwre F12 (Invitro-
gen) with 2% FCS in an atmosphere of 5% CO. in air at 37°C. The
cells at 70% confluence were (ransfected with an AAV proviral
plasmid encoding human PGIS (phPGIS, a kind gift from Dr
Mimuro) or plasmid encoding enhanced green fluorescent protein
(eGFP) by using a calcium phosphate method. The cells were
harvested 72 hours after transfection, and cell lysates were prepared
with a lysis buffer (10 mmol/L of Tris-HCI, 150 mmol/L of NaCl,
and 1% NP40 [pH 7.6}) containing Complete Mini protease inhibitor
(Roche Diagnostics). For Western blot analysis, 10 wg of the lysate
was subjected to 10% SDS-PAGE and transferred to a nitrocellulose
membrane. The membrane was blocked and incubated with a 1:500
dilution of rabbit anti-human PGIS polyclonal antibody (a gift from
Dr Mimuro) and a 1:5000 dilution of peroxidase-linked anti-rabbit
IgG antibody (Amersham Pharmacia Biotech). and immunoreactive
bands were visualized using an enhanced chemiluminescence West-
ern blotting kit (Amersham).

AAV-PGIS Production and PGI, Expression

We developed a recombinant AAV 1-based vector containing the
human PGIS or eGFP gene controlled by a modified chicken B-actin
promoter with a cytomegalovirus immediatc-carly enhancer (AAV-
PGIS or AAV-eGFP) to obtain efficient transgene expression in
skeletal muscle cells. The AAV vectors were prepared according to
the previously described 3-plasmid transfection adenovirus-free
protocol with minor modifications for cnabling the usc ol an active
gassing system.'0-'! In brief, 60% confluent HEK293 cells that were
incubated in a large culture vessel with active air circulation were
cotransfected with -phPGIS, AAV-1 chimeric helper plasmid
(plRepCap), and adenoviral helper plasmid pAdeno (Avigen Inc).
The crude viral lysate was purified with 2 rounds of cesium chloride
2-tier centrifugation.'? The titer of the viral stock was determined
against plasmid standards by real-time PCR with primers 5’-
CCCGCGAGGTTGTGGTGGAC-3' and 5'-ATGGGCGGATGCG-
GTAGC-3": subsequently, the stock was dissolved in a buffer
(50 mmol/L of HEPES [pH 7.4] and 0.15 mol/L of NaCl [HN
buffer]) before infection. The HEK293 cells cultured in 6-well plates
containing DMEM and nutricnt mixture FI12 with 5% FCS were
infected with AAV-PGIS at 1X10° genome copies per cell to
evaluate PGI, expression in vitro, and the supernatant was harvested
after 72 hours. Concentrations of 6-keto-prostaglandin F,, (6-keto-
PGF,,) in plasma or culture media were determined by enzyme
immunoassay (R&D Systems) according to the manufacturer’s
instructions. The minimum detectable dose of the assay was <1.4
pg/mL. Interassay and intra-assay precision of the kit was <10%.

Animal Models

All of the animal experiments were approved by the Jichi Medical
University ethics committee and were performed in accordance with
the National Institutes ol Health Guide for the Care and Use of
Laboratory Animals. To evaluate the efficiency of gene expression in
vivo, AAV-eGFP (200 uL; 1X10'" gene copies per body) or
AAV-PGIS (200 pL; I X10" to 1X 10" gene copies per body) was
injected into the bilateral anterior tibial muscles (n=3 each) of
3-week—old male Wistar rats (Clea Japan Inc) weighing 45 to 55 g.
For hemodynamics and histological analyses, the rats were divided
into 4 groups: sham rats that were administered the HN buffer (group

1, negative control [NC| group; n=4): MCT-PAH rats administered
the HN buffer (group 2, MCT group: n=6); MCT rats administered
AAV-eGFP (group 3, MCT+eGFP group: n=6); and MCT rats
administered AAV-PGIS (group 4, MCT+PGIS group; n=10).
After the anesthesia with spontaneous inhalation of 1% isoflurane.
the rats in groups 3 and 4 were intramuscularly injected with
AAV-eGFP or AAV-PGIS (1X10'“ gene copies per body), whereas
those in groups | and 2 were injected with the HN buffer (200 pL).
MCT (Wako Pure Chemicals) was dissolved in 0.1 N HCI, and the
pH was adjusted to 7.4 with 1.0 N NaOH. After the anesthesia with
spontancous inhalation of 1% isoflurane, all of the rats except for

‘those in the NC group were injected subcutaneousty with MCT (40

mg/kg) 4 weeks after the injecting the vector. Blood samples were
collected from the tail vein on ethylenediamine tetraacetic acid tubes,
and the concentrations of the leukocytes, platelets, hematocrit,
alanine aminotransferase, and creatinine were determined by stan-
dard procedures.

Hemodynamics Analysis

Four weeks after the MCT injection. the rats were anesthetized with
spontaneous inhalation of 1% isoflurane, and a tracheotomy was
performed. Then, they were mechanically ventilated with 1% isoflu-
ranc (tidal volume, 10 mL/kg; respiratory rate. 30 breaths per
minute) through a tracheostomy. After the thoracic cavity was
opened using a midsternal approach, 2F high-fidelity manometer-
tipped catheters (SPC-320; Millar Instruments Inc) were inserted
directly into the right or left ventricle, and an ultrasonic flow probe
(flow probe 2.55176; Transonic Systems Inc) was placed on the
ascending root of the aorta. The heart rate, mean pulmonary arterial
pressure (mPAP), aortic systolic arterial pressure, left ventricular
end-diastolic pressure (LVEDP), and mean aortic flow indicating the
cardiac output (CO) were measured. Cardiac indices (CI) and
pulmonary vascular resistance (PVR) were calculated using the
following formula: Cl (mL - min™' - kg™)=CO/body weight. PVR
(mmHg-mL™"' - min"' - kg~")Y=(mPAP—-LVEDPYCI.

Ventricular Weight Measurement and
Morphometric Analysis of the PA

After the hemodynamic analysis, the rats were killed with an
overdose (3%) of isofluranc through a trachcostomy. Their lungs
were perfused with 5 mL of saline followed by 10 mL of cold 4%
paraformaldehyde. Each ventricle and the lungs were then excised,
dissected free, and weighed. The weight ratio of the right ventricle to
the left ventricle plus septum [RV/(LV+S8)] was culculated as an
index of right ventricular hypertrophy (RVH). The lung tissues were
fixed overnight at 4°C in 4% paraformaldehyde and frozen in
Tissuc-Tek OCT compound (Sakura Finelechnical Co) at ~20°C.
Hematoxylin and eosin staining was performed on 7-um-—thick
sections that were subsequently examined using light microscopy. A
morphometric analysis was performed on a PA having an external
diameter of 25 to 50 umor 51 to 100 um. The medial wall thickness
was calculated using the following formula: medial thickness
(%)=medial wall thickness/external diameterX 100.'* For the quan-
titative analysis, 30 vessels of each rat were measured and averaged
randomly by the 2 external observers.

Survival Analysis

The 3-week—old Wistar rats were divided into 3 groups (MCT,
MCT+eGFP, and MCT+PGIS; n=8 each). After the anesthesia
with spontaneous inhalation of 1% isoflurane, the rats in the
MCT+eGFP or MCT+PGIS group were intramuscularly injected
with AAV-cGFP or AAV-PGIS at 1X 10" genome copies per body,
respectively. Under the same anesthetic condition, all of the rats were
injected subcutaneously with MCT (40 mg/kg) at 4 weeks after
injecting the vector. The survival rate was estimated from the date of
the MCT administration until death or after 8 weeks of the injection.
Survival curves were analyzed using the Kaplan-Meier method and
compared by log-rank tests.
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Figure 1. Expression of PGIS and PGl, in vitro. A, Western blot
analysis of PGIS expression in HEK293 cells after plasmid trans-
fection. The cells were harvested 72 hours after transfection
with phPGIS or eGFP. B, AAV vector-mediated PGl, expression
in HEK293 cells. The PG, levels were estimated by measuring
the amount of 6-keto-PGF,,, a stable metabdlite of PGl,, in the
culture supernatant by enzyme immunoassay 72 hours after
infecting the cells (n=4 each) with AAV-PGIS (1Xx10* genome
copies per cell). Data are presented as mean+SEM. **P<0.01.
NC indicates untreated negative control.

Statistical Analysis

The statistical analysis and correlations were performed using
StatView (Abacus Concepts, Inc). Data are presented as
mean*SEM. Differences in parameters were evaluated using
ANOVA combined with Fisher’s test. A value of P<0.05 was
considered statistically significant.

Results

Expression of PGIS and PGI, In Vitro

Western blot analysis revealed that transfection of the
HEK?293 cells with phPGIS but not with a plasmid carrying
the eGFP gene enhanced the production of the PGIS protein
(Figure 1A). Infection of the cells with AAV-PGIS at 1 X 10*
genome copies per cell significantly increased the concentra-
tion of 6-keto-PGF,,, a stable metabolite of PGI,, in culture
supcrnatants as compared with that without vector infection
(Figure 1B).

AAY Vector-Mediated Systemic PGI, Expression
in the Rats ‘
Four weeks after the injection of AAV vectors (1X10"
genome copies per body), the PGIS-transduced rats began
exhibiting significant increases in the plasma 6-keto-PGF,,
levels as compared with the control rats (Figure 2A). Eight
weeks after the injection, the 6-keto-PGF |, levels increased
further in a vector dose-dependent manner in the treated rats
(Figure 2B) as compared with the untreated controls
(6.68+1.33 versus 1.62+0.30 ng/mL. 1X 10" versus 1X10"
genome copies per body, respectively; P<<0.05; n=3 each).
The vectors at 1X10' genome copies per body were used for
all of the subsequent experiments. In contrast, injection of
1X10" genome copies per body of AAV-eGFP produced no
significant change in the 6-kelo-PGF,, levels.

Effects of PGI, Expression on Hemodynamics

and RVH

Four weeks after the MCT administration, the mPAP levels
were significantly elevated in the treated rats as compared
with the untreated controls (Figure 3A). Treatment with
AAV-PGIS but not AAV-eGFP significantly inhibited this
increase (Figure 3A). Tn addition, the expression of PGI,
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Figure 2. AAV vector-mediated systemic expression of PGl; in
vivo. The concentration of plasma 6-keto-PGF,, was determined
by enzyme immunoassay after a single injection of AAV-PGIS
into the anterior tibial muscle of 3-week-old male Wistar rats.

A, Time course of plasma 6-keto-PGF,, levels after injection of
AAV-PGIS at 1x10'° genome copies per body. B, Vector dose
dependency of plasma 6-keto-PGF,, levels 8 weeks after the
injection. The rats injected with AAV-eGFP (1x10'' genome
copies per body) were used as controls. Data are presented as
mean=*SEM (n=3 animals per group). ns indicates not statisti-
cally significant; NC, untreated negative control. “P<0.05 vs NGC;
“P<0.01.

significantly mitigated an increase in PVR and a decrease in
CI that were induced by MCT (Figure 3B and 3C, respec-
tively); however. it produced no significant changes in the
heart rate and aortic systolic arterial pressure (Table). PGI,
expression also had a beneficial effect on RVH. Treatment
with AAV-PGIS but not AAV-eGFP significantly inhibited
the MCT-induced increase in RV/(LV+S) (Figure 3D).

Effects on Medial Hypertrophy of the PA
Medial hypertrophy is a hallmark of pathological vascular
remodeling in PAH. Four weeks after the MCT injection, the
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Figure 3. Effects of PGl, on hemodynamics and RVH. A quanti-
tative analysis was performed using MCT-induced PAH rats 8
weeks after injecting the vector. A, mPAP (mm Hg); B, PVR
(mmHg-mL~" - min~'-kg™"); C, Cl (mL - min~" - kg™'). D, Weight
ratio of the right ventricle to the left ventricle plus septum
[RV/(LV+S)] presented as an index of RVH. Data are presented
as means+SEM (n=4 to 10 animals per group}. *P<0.05;
“P<0.01. ns indicates not statistically significant; NC, untreated
negative control.
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Physiological and Laboratory Data of the MCT-Induced PAH Rats

Factor NC McT MCT +eGFP MCT +PGIS P
No. of rats 4 6 6 10 cee
Heart rate, per minute 294.0*10.6 281.2x14.7 268.0+9.0 274.8+87 NS -
ASAP, mm Hg 995*1.6 97.3+x20 96.3+24 94744 NS
Body weight, g 3585+11.5 328.3+7.2 328.0x11.4 342.5+9.8 NS
Leukocyte, per mL 67256372 7917+723 8800+849 8030852 NS
Hematocrit, % 48.2+0.7 48.9*+1.9 51.0x3.0 478+1.8 NS
Platelet, X10%mm? 88.3+8.7 79.2+8.8 80.4+3.6 84.6+6.3 NS
ALT, UL 37.8+25 49.5*+8.4 52.5+6.8 441+43 NS
Cr, mg/dL 0.52+0.04 0.59+0.05 0.48+0.03 0.53+0.04 NS

Data are presented as means+SEM (n=4 to 10 animals per group). ASAP indicates aortic systolic arterial pressure;
ALT, serum alanine aminotransferase; Cr, serum creatinine; NS, not statistically significant.

medial thickness of the PA was greater in the MCT-
administered rats than in the untreated controls (Figure 4A).
Trcatment with AAV-PGIS but not AAV-¢GFP prevented the
MCT-induced increase in the percentage of medial thickness
significantly (Figure 4B, 25 to 50 pum: Figure 4C, 51 to
100 pwm in external diameter).

Effects on the Survival of the MCT-PAH Rats and
Their Organ Dysfunctions

The PGIS-transduced rats exhibited significantly improved
survival rates as compared with the eGFP-transduced rats
(Figure 5). The MCT administration produced a slight but not
significant decrease in the body weight of the rats, and PGIS
gene transfer prevented this decrease. Although the MCT
group showed only a slight but not significant increase in the
leukocyte count and serum alanine aminotransferase levels as
compared with the NC group, the AAV-PGIS treatment
caused no additional change in these parameters (Table).

Discussion
The present study demonstrates that sustained PGI, expres-
sion by a single intramuscular injection of AAV-PGIS pre-
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vents the development of MCT-PAH in rats. PGI, expression
not only increased the cardiac output significantly but also
prevented the progression of PVR, RVH, and medial hyper-
trophy of the PA that was induced by the MCT administra-
tion. The PGIS-transduced rats also exhibited significantly
improved survival rates as compared with the controls.
Furthcrmore, the PGIS expression obscrved in this study
caused no additional adverse effects on hematologic data and
serum indicators of hepatorenal function (alanine aminotrans-
ferase and creatinine Icvels) in the MCT-PAH rats.

The expression of PGl, and PGIS decreased in the remod-
eled PAs of the idiopathic PAH patieats.!*!5 Impaired PGY,
synthesis resulting (rom a decrease in PGIS expression may
be implicated in the pathogenesis of PAH. In fact, continuous
intravenous infusion of exogenous PGI, markedly lowers
PVR and improves survival in PAH patients. However, this
system requires lifelong infusion with a central venous
catheter because of the short biological half-life of PGI..
Furthermore, because this system is associated with life-
threatening complications (eg, shock and sepsis) that may
result in poor survival and quality of life of patients, stable

Figure 4. Effects of PGl, on medial hypertrophy
of the peripheral PA. A, Representative cross-
sections of the peripheral PA 4 weeks after the
*% MCT administration (hematoxylin and eosin
staining, original magnification, X 1000; scale
bar=20 pm). B and C, Quantitative analysis

T of percentage of medial thickness (B, 25 to

50 um; C, 51 to 100 um in external diameter).
Data are presented as means*+SEM (n=4 to 10
animals per group). *P<0.05, **P<0.01. ns indi-
cates not statistically significant; NC, untreated
negative control.
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Figure 5. The survival rate of MCT-induced PAH rats. The rats
were administered with MCT (40 mg/kg) 4 weeks after the injec-
tion of HN buffer (MCT group), AAV-eGFP (MCT +eGFP group),
or AAV-PGIS (MCT+PGIS group). The rats were intramuscularly
injected with the vectors at 1x10'° genome copies per body.
The Kaplan-Meier method demonstrated a significant improve-
ment in the survival rate of the rats in the MCT+PGIS group as
compared with those in either the MCT or MCT +eGFP group at
8 weeks post-MCT administration. n==8 animals per group;
*P<0.05 vs MCT or eGFP groups.

production of endogenous PGl, would be more desirable.
Cousistent with previous gene therapy studies. our strategy
presented high levels of endogenous PGI, expression. In
addition, this strategy caused no systemic hypotension and
hyperdynamic heart failure, which are the major adverse
effects arising from uncontrolled blood levels during intrave-
nous delivery of exogenous PGI,. 346

In this study, we used an AAV serotype 1 vector because
it is effective not only in efficient muscle transduction but
also in long-term secretion of therapeutic proteins into the
systemic circulation. The cDNA for human PGIS shares a
high identity with its rat counterpart.' In fact, the adminis-
tration of a plasmid or hemagglutinating virus of the Japan-
liposome vector encoding human PGIS successfully amelio-
.rated MCT-PAH. However, the use of these vectors requires
repeated administration for achieving sustained gene expres-
sion.>5 In contrast, the AAV vector used in this study
achieved PGIS expression with a single intramuscular injec-
tion, and this expression was sustained for 1 year.”

Furthermore, gene transfer was believed to be safer when
performed via an intramuscular approach as opposed to the
intratracheal or intrahepatic approaches.¢ Currently, research-
ers are using adenoviral gene transfer in most clinical trials
because of its high efficiency for gene expression. However,
the potential toxic effects of adenoviruses, such as strong
immunogenicity, are well known. In contrast, the intramus-
cular administration of AAV veclors is a promising strategy
for delivering therapeutic proteins safely and efficiently, and
their use has been examined in clinical trials for hemophilia.'?

Although PGI, is known to be a short-acting vasodilator,
recent studies have shown its antiremodeling effects when
used in high doses. The administration of PGI, analogues
cicaprost and iloprost in high concentrations (> 1077 mol/L)
inhibits mitogen-induced proliferation of rat primary PA
smooth muscle cells in a cAMP-dependent manner.!® Tnter-
estingly, another PGI, analogue, treprostinil, also inhibits the
proliferation of human and mouse primary lung fibroblasts
through the activation of a peroxisome proliferator-activated

Ito et al

PGIS Gene Transfer Prevents PAH 535

receptor-B/8 when used in equivalent doses.'” These obser-
vations suggest that high levels of PGI, may attenuate PA
remodeling in vivo through antiproliferative effects. Consis-
tent with previous studies. we demonstrated that high levels
ol endogenous PGI, successlully attenuated medial hypertro-
phy of the PA 346 To discover new drug targets, the roles of
peroxisome proliferator-activated receptors and high-level
PGI, in PAH therapy should be determined, because peroxi-
some proliferator-activated receptors are associated with
many inflammatory and prolifcrative disorders, including
PAH'ZAZ()

Finally, we will discuss the clinical implications and
limitations of this study. Consistent with previous studies,
maximum gene expression was noted 6 to 8 weeks after the
intramuscular injection of AAV vectors. AAV-PGIS was
injected 4 weeks before MCT administration for the trans-
gene expression to reach plateau levels when MCT-PAH was
fully developed (3 to 4 weeks after the injection). Our results
are completely based on a preventive protocol, which may be
rare in a clinical setting. However, PGl, is an established
therapeutic molecule, and the advantage of early initiation of
PG, therapy for improving survival in patients with idio-
pathic PAH has been demonstrated in a large clinical trial.?!
These observations convinced us to propose the possible
preemptive use of AAV-PGIS as a strategy to maintain basal
levels of PGI, in patients with mild symptoms of PAH or in
those identified as high-risk subjects who have not experi-
enced PAH. As an alternative, the combined use of AAV-
PGIS and an initial infusion of intravenous PGI, might be
promising; the intravenous infusion should be tapered when
sufficient levels of PGI, are attained. To evaluate the efficacy
of AAV-PGIS in a therapeutic protocol (ie, vector injection
after the development of PAH), use of a chronic hypoxic
PAH model or newly developed self-complementary AAV
vectors that can express transgenes earlier than the conven-
tional vectors should be considered.??

Perspectives

The present study has demonstrated that the single intramus-
cular injection of AAV-PGIS achieved a sustained expression
of PGI,. This expression retarded the progression of MCT-
PAH in rats without causing significant adverse effects. Thus,
this strategy provides a new therapeutic alternative for PAH
patients, However, the system in this study lacks the ability to
regulate excessive transgene expression. Therefore, regula-
tory mechanisms to ensure adequate gene expression should
be established to facilitate successful translation of this
strategy in a clinical setting.
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Abstract

Buckground: Endothelial progenitor cells (EPCs) circulate in the adult peripheral blood and contribute to neovascularization. EPCs are
considered to be included in CD34 positive mononuclear cells (CD34™ MNCs). Kinetics of circulating EPCs in congestive heart failure
(CHF) has not been fully investigated.

Methods: We determined the numbers of white blood cells (WBCs), plasma brain natriuretic peptide (BNP), serum erythropoietin, vascular
endothelial growth factor (VEGF) and thrombomodulin levels in 16 mild CHF patients (NYHA [, II), 10 severe CHF patients with acute
exacerbation (NYHA 11, IV), and 22 control subjects. The number of CD34™ MNCs in peripheral blood was quantified by flow cytometry.
Results: The ratio of CD34™ MNCs:10° WBCs in mild CHF patients was higher than that in control subjects (P <0.05). [terestingly, the ratio
of CD34™ MNCs:10®> WBCs in severe CHF patients at admission was significantly lower than that in controt subjects (P<0.005) or in mild
CHF patients (P<0.05). Levels of BNP and erythropoietin in severe CHF patients were significantly higher than those in mild CHF patients.
However, VEGF and thrombomodulin levels were not different between mild and severe CHF patients. In addition, the ratio of CD34”
MNCs: 10> WBCs in severe CHF patients increased in proportion to the amelioration of CHF during hospitalization, and this increase
correlated with the decrease in BNP level.

Conclusions: The ratio of CD34” MNCs:10° WBCs was decreased in severe CHF. These findings suggest that impaired EPC recruitment
might be involved in the pathophysiology of severe CHF.

© 2006 Elsevier Ireland Ltd. All rights reserved.

Kevwords: Heart failure; Endothelial progenitor cclls; Brain natriurctic peptide

process termed vasculogenesis [5]. EPCs and CD34" cells
increase in patients with endothelial damage [6], vascular
trauma [7], and acute myocardial infarction [8], which

1. Intreduction

The bone marrow-derived endothelial progenitor cells

(EPCs) are considered to originate from hematopoietic stem
cells, which are positive for CD34 [1,2]. Circulating EPCs
home to sites of neovascularization and differentiate into
endothelial cells in site [3,4] in a manner consistent with a
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Tokyo, Japan.
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reflects increased endothelial cell turnover. Local or systemic
administration of cultured or fresh EPCs enhances ischemic
neovascularization and improves function of ischemic tissues
in animals with hindlimb or myocardial ischemia [9,10].
Recently, the therapeutic benefits of EPC therapy were
demonstrated in patients with severe ischemia in the lower
Jimb and with acute myocardial intarction [11,12].

Despite recent therapeutic advances, congestive heart
failure (CHF) leading to high mortality is a major health
problem {13]. During progression to overt heart failure,
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Table |
Characteristics of patients with CHF

Control NYHA Torll NYHA [l or IV

Male/female (1) 16.6 8% 6:4
Age (vrs) 52=11 57%12 68=10
NYHA functional class (n)
|4l 7/9
v 377
LVEF (%) 48+18 34%15
Underlying heart disease (1)
[diopathic dilated 4 3
cardiomyopathy
Valvular heart disease 5 2
Healed myocardial infarction 0 2
Hypertensive heart discasc 1 !
Arrthythmia 3 2
Others 3 0
Smoking (1) 3 R
Diabetes mellitus (#7) 2 4
Hypercholesterolemia (i7) 3 2
Drugs (n)
Nitrate 2 2
Calcium antagonist 3 2
Beta-blocker 6 0
ACE inhibitor 1} 2
Digoxin 6 2
Diuretic 12 6

~ Values are mean SEM or number of patients. ACE. angiotensin-converting
enzyme; CHF, congestive heart failure; LVEF, left venwicular ejection
fraction; NYHA, New York Heart Association.

reduced cardiac output and concomitant neuroendocrine
activation affect the functions of several organs. Patients with
heart failure show endothelial dysfunction. In heart failure,
nitric oxide production is diminished, whereas rate of
endothelial apoptosis is increased [14]. Recently, a mobili-
zation of EPCs into circulation from bone marrow has been
reported in patients with acute myocardial infarction and
acute coronary syndrome [8]. However, little is known about
the kinetics of EPC mobilization in patients with CHF,
especially the course of EPC mobilization in severe CHF.

In the present study, we measured the number of CD34~
mononuclear cells (MNCs), plasma brain natriuretic peptide
(BNP), serum erythropoietin, vascular endothelial growth
factor (VEGF) and thrombomodulin, a marker of endotheltal
damage, levels to elucidate the kinetics of EPC mobilization
in patients with CHF.

2. Methods
2.1. Study patients

We studied 16 mild CHF outpatients with New York Heart
Association (NYHA) functional class T or 11 (8 men and
8 women. mecan age 57+12 ycars) and 10 severe CHF
paticats with NYHA functional class 11T or IV (6 inen and 4
women, mean age 68+ 10 years) admitted to our hospital for
acute exacerbation of CHF (Table 1). The diagnosis of heart
failure was confirmed in all patients by clinical findings and
noninvasive assessment of cardiac function. Left ventricular

e
pos
N

ejection fraction was determined by echocardiographic eval-
uation [15]. Patients with coronary artery disease were ex-
cluded by angiographic findings and/or clinical history.
Patients with renal failure, infection, chronic’ inflammatory
disease and malignancy were excluded from this study. The
control group consisted of 22 healthy volunteers {16 men and
6 women, mean age 52=11 years) without cardiovascular
disease. This study was approved by our institutional human
investigations committee, and written informed consent was
obtained from all patients and volunteers before participation.

2.2. Blood collection

In severe CHF patients with acute exacerbation of CHF,
sampling was performed at admission (on day 1), and on
14 days after admission. Blood sampling was performed after
a 12-hour fast. All the subjects were supine, and a 21-gauge
needle was inserted into a large antecubital vein. A 5-ml
sample of whole blood for plasma separation was drawn into
a plastic tube containing 7.5 mg Na,-ethylenediaminetetraa-
cetic acid. Plasma and serum were separated by prompt
centrifugation of the blood samples at 3000 xg at 4 °C for
{0 min. The samples were immediately frozen, and stored at
—80 °C.

2.3. Flow cytometry analysis

The number of CD34" MNCs in the peripheral blood was
quantified using flow cytometry (Cytron; Ortho Diagnostic
Systems) [16]. In brief, white blood cells (WBCs) were dually
stained with fluorescent isothiocyanate (FITC)-conjugated
CD45 (Becton Dickinson Immunocytometry Systems) and
phycoerythrin (PE)-conjugated CD34 (Becton). Progenitors
were separated by CD45 expression and right-angle light
scatter properties. Cells expressing CD34 were measured
with gating on the progenitor population. For negative

P < 0.005
1
P <005 P<0.05

» I 10 1
QO 0.6~

&
f 0.5

=4

% 0.4

o

z

S 034

3

8 021

Q

S 014

2

2

= Controt Mitd CHF  Severe CHF

Fig. 1. The number of circulating CD34”™ MNCs in CHF patients. The
CD34 MNC counts in control subjects (7=22). mild CHF patients with
New York Heart Association (NYHA) functional class [ or I (#=16) and
severe CHF patients with NYHA funcuional class I or IV (n= 1)) were
determined by two-color flow cytometry. Results are shown as means+

SEM.
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Fig. 2. Plasma BNP and scrum crythropoictin levels in CHF paticnts. Results arc shown as means £ SEM.

controls, cells were stained with FITC-conjugated CD45 and
PE-conjugated mouse IgG1 (Becton).

2.4. Measurements of BNP. ervthropoietin. VEGF and
thrombomodulin

The levels of plasma BNP and serum erythropoietin were
determined by radioimmunoassay (SRL Inc., Tokyo, Japan),
respectively. The sensitivity of the assays for BNP and
erythropoietin was 2.0 pg/ml and 5.0 mU/ml, respectively.
The levels of setum VEGF were measured using a specific
enzyme-linked immunosorbent assay kit (R&D Systems) as
reported previously [17]. The sensitivity of the assays for
serum VEGF was 9 pg/ml. The serum levels of thrombomo-
dulin were determined using the one-step sandwich enzyme
immunoassay kit (Fuji Chemical Industries Ltd., Takaoka,
Japan). The sensitivity of the assays for thrombomodulin was
1.1 FU/ml.

2.5. Statistical analvsis

Data are expressed as mean+ SEM. The data were analyzed
by nonparametric methods to avoid assumptions about the
distribution of the measured variables. ANOVA was per-
formed with the Kruskal—Wallis method. Subsequent pairwise

NS

600

500 1

300

VEGF (pg/mi)

200 1

10

Mild CHF

Severe CHF

comparisons were made with the Mann—Whitney U test. The
differences between baseline and posttreatment values were
analyzed with the Wilcoxon signed rank test. Moreover, the
association of CD34" MNCs:10° WBCs with other biochem-
ical parameters was assessed by the Spearman rank correlation
test. A P-value of <0.05 was considered significant.

3. Results
3.1. Circulating CD34" MNCs

As illustrated in Fig. 1, the ratio of CD34" MNCs:10°
WRBCs in mild CHF patients (0.46:0.11) was significantly
higher than that in control subjects (0.27+£0.02, P<0.05).
Interestingly, the ratio of CD34° MNCs:10° WBCs in severe
CHF patients at admission (0.16+0.04) was significantly
lower than that in control subjects (P<0.005) or in mild CHF
patients (P<0.05). '

3.2. Levels of BNP, erythropoietin, VEGF and thrombomo-
dulin in CHF

As previously reported, level of BNP, a marker of mor-
bidity and prognostic indicators in CHF [18,19], in severe
CHF pauents (1183+505 pg/iml) was significantly higher

NS

Thrombomodulin (FU/mi)

Mild CHF

Severe CHF

Fig. 3. Serum VEGF and thrombomodulin levels in CHF patients. Results are shown as means=SEN.
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Fig. 4. The number of circulating CD34™ MNCs during hospitalization in -0.80 T T T T T T T

severe CHF patients. The CD34” MNC counts were determined by two-
color flow cytometry. The data on day | represent the number of circulating
CD34" MNCs in the severe CHF patients (#=7) at admission. Results are
shown as means+SEM.

than that in mild CHF patients (306t 117, P<0.05, Fig. 2).
Next, we measured levels of erythropoietin and VEGEF,
physiologic stimuli for EPC mobilization [20,21], in CHF.
Level of erythropoietin (117+52 mU/ml) in severe CHF
patients was significantly higher than that (27£5, P<0.05) in
mild CHF patients (Fig. 2). In contrast, serum VEGF level was
not different between mild and severe CHF patients (355
58 pg/ml vs. 456+ 116, P=0.40, Fig. 3). Level of thrombomo-
dulin, a marker of endothelial damage, was not different bet-
ween mild and severe CHF patients (3.2+0.3 FU/ml vs. 3.0+
0.3, P=0.66, Fig. 3).

3.3. Circulating CD34° MNCs and levels of BNP and
ervthropoietin during hospitalization in severe CHF

As shown in Fig. 4, the ratio of CD34" MNCs:10° WBCs
insevere CHF patients (0.12+0.04) significantly increased in
proportion to the amelioration of CHF during hospitalization
(0.30£0.07 on 14 days after admission, P<0.05). In contrast,
levels of BNP and erythropoietin (BNP, 1494 £700 pg/ml;
erythropoietin, 79+ 22 mU/ml) decreased in proportion to the
amelioration of CHF during hospitalization (BNP, 529+ 162;

P=01
—
6000
5000
T 000
2
= 3000 -
-9
Z
2 2000
. \
plmm——

T
] 14 {days)

0 1 2 R} 4 5 6 7 8 9
Fold increase in ratio of CD34* MNCs: 10° WBCs

Fig. 6. Relation between increase in circulating CD34™ MNCs and decrcase
in level of BNP. There was a high relation between increase in circulating
CD34' MNCs and decrease in level of BNP during hospitalization in severe
CHF (y=—-0.031x-048, r=-0.79, P=0.06, n=17).

erythropoietin, 24+6 on 14 days after admission, Fig. 5).
This increase in ratio of CD34" MNCs:10> WBCs during
hospitalization in severe CHF patients correlated with the
decrease in BNP level (v=—0.031x-0.48, r=—-0.79, P=
0.06, Fig. 6).

4, Discussion

In the present study, we investigated the kinetics of
circulating EPCs in CHF. We found that the number of EPCs,
as measured by the number of cells expressing CD34 was
significantly reduced in severe CHF patients with acute exa-
cerbation and increased in proportion to the amelioration of
CHF during hospitalization. These findings suggest that im-
paired EPC recruitment might be involved in the patho-
physiology of severe CHF.

The mechanisms by which the condition of CHF modu-
lates CD34" cell numbers remain to be determined. In this
study, the number of CD34™ MNCs significantly increased in
mild CHF patients and was significantly reduced in severe

P=0.06
180 4 | S |
160 1
140 1
120

100 -

&0 4

rythropoietin (mU/ml)

40 4
20 4 I

0 T T
! 14

E

(days)

Fig. 3. Plusma BNP and serum erythropoictin levels during hospitalization in severe CHF patients. The data on day 1 represent the BNP and erythropoietin levels

in the severe CHF patienis at admission. Results are shown as means £ SEM.

—126—



348 M. Nonaka-Sarukavea et al. . International Journal of Cardiology 119 12007) 344~348

CHF patients with acute exacerbation. Injury to the heant
causes hematopoietic progenitor cells to migrate to the site of
damage and to undergo progenttor cell differentiation [22.23 1
This mechanism may contribute to the increase in CD34~
MNC's observed in mild CHF patients. Iversen et al. [24] found
decreased hematopoiesis in bone marrow of mice with CHF. In
severe CHF, suppressed bone marrow function may lead to
decrease in CD34” MNCs. An exhaustion of progenitor cells
in the advanced phases of the disease could contribute to the
biphasic bone marrow pattern of response to heart failure.

Increasing evidence suggests several growth factors and
cytokines formerly thought to be specific for the hematopoi-
etic system. Serum levels of erythropoietin and VEGF are
associated with the number of stem and progenitor cells in the
bone marrow as well as the number and function of circu-
lating EPCs [21]. In this study, we investigated levels of
erythropoietin and VEGF, two potent physiologic stimuli for
EPC mobilization. Level of erythropoietin in severe CHF
patients was significantly higher than that in mild CHF pa-
tients, but not serum VEGF level. These findings suggest that
bone marrow suppression in severe CHF secondarily may
induce the increase in erythropoietin level. In addition, the
levels of serum thrombomodulin were not different between
mild and severe CHF patients. These observations suggest
that endothelial damage in CHF is unlikely related to the
modulation of circulating CD34™ MNCs.

In conclusion, the present study demonstrated that the
number of CD34™ MNCs was decreased in severe CHF and
increased in proportion to the amelioration of CHF during
hospitalization. These findings suggest that impaired EPC
recruitment might be involved in the pathophysiology of
severe CHF and that a method of increasing CD34" MNCs
may be a novel therapeutic strategy in severe CHF.
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M-CSF Accelerates Neointimal Formation in the Early
Phase After Vascular Injury in Mice
The Critical Role of the SDF-1-CXCR4 System

Yuji Shiba, Masafumi Takahashi, Toru Yoshioka, Noriyuki Yajima, Hajime Morimoto, Atsushi Izawa,
Hirohiko Ise, Kiyohiko Hatake, Kazuo Motoyoshi, Uichi Ikeda

Objective—Since the macrophage colony-stimulating factor (M-CSF) has been shown to stimulate differentiation and
proliferation of monocyte/macrophage lineage and to be involved in the process of neointimal formation after vascular
injury, we tested the eftects of M-CSF on the recruitment of bone marrow—derived progenitor cells in neointimal

formation after vascular injury in mice.

Methods and Results—Wire-mediated vascular injury was produced in the femoral artery of C57BL/6 mice. Recombinant
human M-CSF [500 ng/(kg-day)] or saline (control) was administered for 10 consecutive days, starting 4 days before
the injury. Treatment with M-CSF accelerated neointimal formation in the early phase after injury, and this neointimal
lesion mainly consisted of bone marrow—derived cells. M-CSF treatment had no effect on the mobilization of
endothelial progenitor cells (EPCs: CD34*/Flk-1*) and reendothelialization after injury. The stromal cell-derived
factor-1 (SDF-1) was markedly expressed in the neointima and media after injury, whereas CXCR4" cells were
observed in the neointima. Further, a novel CXCR4 antagonist, AMD3100, significantly attenuated the M-CSF-induced

neointimal formation.

Conclusions—These findings suggest that M-CSF accelerated neointimal formation after vascular injury via the
SDF-1-CXCR4 systcm, and the inhibition of this system has therapeutic potential for the trcatment of cardiovascular
diseases. (Arterioscler Thromb Vasc Biol. 2007;27:283-289.)

Key Words: angioplasty m cytokines m inflammation m restcnosis m vascular biology

he vascular endothelium forms a biological interface

between circulating blood components and various tis-
sues in the body. This monolayer of endothelial cells locally
monitors systemically generated stimuli, and alters the func-
tional state of the vessels. This adaptive mechanism contrib-
utes to normal homeostasis; however, nonadaptive changes in
the endothelial structure and function, provoked by patho-
physiological stimuli, may induce “endothelial dystunction,”
which plays an important role in the initiation and progres-
sion of cardiovascular diseases. In particular, the loss of
endothelial cells because of vascular injury leads to the
migration and proliferation of vascular smooth muscle cells
(SMCs), resulting in neointimal formation. Further, the vas-
cular injury initiates an inflammatory healing response that
involves the expression of growth factors and cytokines and
promotes neointimal formation. The resultant neointimal
formation is the pathological basis of atherosclerosis and
restenosis following percutaneous coronary intervention
(PCT) such as angioplasty and stenting.

See page 263

The recruitment, activation, and proliferation of mono-
cytes/macrophages in the vessel wall make important contri-
bution to the process of atherosclerosis and restenosis. The
presence of activated monocytes/macrophages at the site of
the vascular injury leads to the release of vasoactive mole-
cules, cytokines, and growth factors, which can induce the
migration and proliferation of SMCs. However, recent evi-
dence indicates that a part of the population of endothelial
progenitor cells (EPCs) are derived from the monocyte/mac-
rophage lincage cells, and these participate in the ncovascu-
larization of ischemic tissues.!-* In addition, monocyte/mac-
rophage lineage-derived EPCs secrete large amounts of
angiogenic factors, such as vascular endothelial growth factor
(VEGF) and hepatocyte growth factor (HGF)?; this suggests
that monocytes/macrophages can promote neovasculariza-
tion. Further, the bone marrow—derived EPCs may contribute
to the process of reendothelialization, termed “vascular re-
pair.” and prevent neointimal formation after vascular injury.*
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However, it remains unclear whether the monocyte/macro-
phage lineage cells play a substantial role in neointimal
formation after vascular injury.

The macrophage colony-stimulating factor (M-CSF) is a
multifunctional proinflammatory cytokine that regulates the
differentiation, proliferation, and survival of monocytic pro-
genitor cells,’ and plays a role in the differentiation of
monocytcs to macrophages in the artcrial wall. Recent inves-
tigations suggest that M-CSF plays an important role in
human atherosclerotic lesions®? and in experimental animal
models ol atherosclerosis®?; M-CSF activates monocytes/
macrophages and promotes the proliferation of these cells and
SMCs. Further, an increased expression of M-CSF after
vascular injury has been demonstrated.'"! We previously
reported that in patients with coronary artery diseases,
M-CSF levels in the coronary sinus blood increased after PCI,
and this increase was related to the development of
restenosis. !}

In the present study, we postulate that M-CSF might play
a role in the mobilization of bone marrow—derived progenitor
cells, reendothelialization, and neointimal formation after
vascular injury. We demonstrated that exogenous M-CSF
treatment accelerated neointimal formation in the early phase
after vascular injury, and this formation was mediated
through a system comprising a key stem cell homing factor,
stromal cell-derived factor (SDF-1: CXCL12), and the
SDF-1 rcceptor CXCR4. The findings obtained from this
study may provide new insights into the role of M-CSF and
the SDF-1-CXCR4 system in the pathogenesis of neointimal
formation after vascular injury.

Materials and Methods

All materials and methods are detailed in the online supplement
available at http://atvb.ahajournals.org.

Results

Effect of M-CSF on Neointimal Formation After
Yascular Injury
We first assessed whether M-CSF was upregulated in the site
ol vascular injury, and found the expression of M-CSF at the
injured artery (Figure 1A). Previously, we demonstrated that
neointimal formation is initiated at 7 days and completed at
21 days after wire-mediated vascular injury in mice.'? Hence,
we evaluated the effect of M-CSF treatment on ncointimal
formation 7, 14, and 21 days after vascular injury. As
expected, histological analysis showed that neointimal forma-
tion was initiated on the 7" day; it increased until the 14" day,
and was completed by the 21* day after the injury in control
mice (Figure 1B). In contrast, marked neointimal formation
was observed at 7 days after the injury in M-CSF—reated
mice. Quantitative analysis revealed that the I/M ratio in the
M-CSF-treated mice significantly increased at 7 days after
the injury as compared with that in the control mice (Figure
1C, P<0.05); however, there was no difference between the
I/M ratio of the control and M-CSF—treated mice at 21 days
after the injury (Figure 1D).

Becaucs the histology of neointimal formation at 7 days in
M-CSF-treated mice appears to be different from that at 21
days, we performed an immunohistochernical analysis for
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Figure 1. Effect of M-CSF on neointimal formation after vascular
injury. A, The injured and uninjured (intact) femoral arteries were
excised at 7 days after injury. Immunohistochemical analysis for
M-CSF was performed. B through D, M-CSF [500 ng/(kg-day),
n=15] or saline (control, n=16) was administered for 10 consec-
utive days, starting 4 days before the vascular injury. The femo-
ral arteries were excised at 7, 14, and 21 days after the injury.
The sample sections were stained with HE, and neointimal for-
mation was evaluated. B, Representative photographs of HE
staining. C and D, Bar graphs show the I/M ratio quantified by
NIH Image. Data are mean*SEM (each n=5 to 8).

Control

macrophages (F4/80), endothelial cells (CD31), and SMCs
(a-SMA). As shown in Figure 2A, endothelial cells on the
surface of the lesion and macrophages and SMCs in the
lesion were observed. This finding was consistent with the
histological features of the lesion at 21 days after injury
(data not shown). Next, we assessed whether M-CSF
treatment affected reendothelialization at 4 and 7 days
after injury and found that M-CSF treatment had no effect
(Figure 2B). These results indicate that M-CSF treatment
accelerated neointimal formation but not reendothelializa-
tion after vascular injury. We further observed the expres-
sion of M-CSF receptor, c-tfms, in the neointimal lesion of
the injured arteries (Figure 2C).

Contribution of Bone Marrow—Derived Cells

To determine the contribution of bone marrow—derived cells
to accclerated ncointimal formation after vascular injury, we
used bone marrow-transplanted mice whose bone marrow
was replaced with that of ROSA26 mice. In control mice,
almost no B-galactosidase-positive cells were detected,
whereas a large number of B-galactosidase—positive cells
were detected in M-CSF-treated mice (Figure 3A). These
findings suggest that the accelerated neointimal lesion in-
duced by M-CSF mainly consisted of bone marrow—derived
cells.
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Figure 2. Immunohistochemical staining for endothelial cells,
macrophages, and smooth muscle cells. M-CSF {500
ng/(kg-day)] or saline (control) was administered for 10 consecu-
tive days, starting 4 days before the vascular injury. The femoral
arteries were excised at 7 days after the injury. Immunohisto-
chemical staining for endothelial cells (CD31), macrophages (F4/
80), and SMCs (a-SMA) was performed. A, Representative pho-
tographs of CD31, F4/80, and a-SMA expression. B, Bar graphs
show the reendothelialization ratio determined by CD31 expres-
sion at 4 and 7 days after injury quantified by NIH Image. Data
are mean+SEM (n=3 to 4). C, Immunohistochemical staining for
c-fms was performed. Irrelevant IgG was used as a negative
control.

To explore the types of bone marrow—derived cells that
were recruited in the neointimal lesion, we assessed the
number of Mac-1*/Gr-1~ (monocytes/macrophages), CD34*/
Flk-1- (EPCs),'* CD347/CD14", and CXCR4" cells in the
peripheral circutation in the control and M-CSF-treated mice.
Flow cytomctry analysis revealed that M-CSF treatment
significantly increased the number of Mac-17/Gr-17 cells
(P<0.05). but not CD34*/Flk-1* and CD347/CD14" cells
(Figure 3B though 3D). Interestingly, the number of CXCR4"

cells was also significantly increased by M-CSF treatment.

(Figure 3E, P<0.05). Further, double staining for Mac-1 and
CXCR4 showed that M-CSF-increased peripheral CXCR4*
cells contained Mac-17 cells (Figure 3F).

Further, at 21 days after injury, we evaluated the contribu-
tion of thc bonc marrow—derived cells to ncointimal forma-
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tion by using bone marrow—transplanted mice whose bone
marrow had been replaced with that of GFP mice. Because it
was difficult to discriminatc GFP-cxpressing cells from other
types of cells in the presence of autofluorescence of the
injured artery,'? we identified the bone marrow—derived cells
by immunohistochemical analysis using the anti-GFP anti-
body. Consistent with the report by Tanaka et al,'* a consid-
crablc number of GFP' cells werc detected in the ncointima
and media after the injury (supplemental Figure 1). Many
GFP* cells in the neointima of the injured artery were
positive for the staining against macrophages and SMCs.
However, a small number of CD31-positive endothelial cells
on the luminal surface of the artery were GFP-positive.

Expression of SDF-1 and CXCR4

Because SDF-1 is a ligand for CXCR4, we performed
immunohistochemical analysis to detect SDF-1 in the injured
arteries. As shown in Figure 4A. no SDF-1 expression was
observed in uninjured arteries, whereas striking SDF-1 ex-
pression was observed in the injured arteries of the control
and M-CSF-treated mice. Quantitative analysis showed that
there was no significant difference in SDF-1 expression
levels between control and M-CSF~treated mice (Figure 4B).
Further, double immunofluorescence staining showed that
SDF-1 was mainly expressed in the neointima and media,
whereas CXCR4 was mainly expressed in the neointima
(Figure 4C).

Effect of CXCR4 Antagonist on

Neointimal Formation

To explore the role of the SDF-1-CXCR4 system, we used a
CXCR4 antagonist, AMD3100. AMD3100 {300 ng/
(kg-hour)] was subcutancously administered for 7 days alter
the vascular injury using a micro-osmotic pump. Consistent
with previous reports,’”s the administration of AMD3100
significantly increased the number of circulating white blood
cells (WBCs), particularly, neutrophils and lymphocytes, as
compared with M-CSF treatment alone (Figure 5A through
5C, P<0.05). Additionally, M-CSF treatment markedly in-
creased the I/M ratio at 7 days after the injury (Figure 5D and
5E, P<0.01). AMD3100 treatment significantly reduced the
increase in the I/M ratio. that was caused by M-CSF treatment
(P<0.05). Immunohistochemical analysis revealed hat the
number of CXCR4" cells obviously decreased in the neoin-
tima of the AMD3100-treated mice (Figure 5D), but there
was no significant difference of the reendothelialization after
injury (Figure 5F).

Effect of M-CSF on CXCR4 Expression In Vitro
To investigate the mechanism by which M-CSF increases the
number of CXCR4" cells in peripheral circulation, peripheral
and bone marrow MNCs were incubated for 24 hours in the
presence or absence of M-CSF, and then analyzed for the
expression of Mac-1 and CXCR4. M-CSF treatment signifi-
cantly increased Mac-1" cells in peripheral MNCs (Figure
6A, P<0.05). However, M-CSF showed no effect on the
CXCR4"* cells in the peripheral or bone marrow MNCs.
although G-CSF decreased CXCR4™ cells in bone marrow
MNCs (Figure 6B though 6D).
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Figure 3. Contribution of bone marrow—
derived cells in the early phase. A, Bone
marrow-transplanted mice ’
(ROSA26— C57BL/6) were developed, and
wire-mediated vascular injury was pro-
duced 8 weeks after bone marrow trans-
plantation. M-CSF [500 pg/(kg-day), n=10]
or saline (control, n=10) was administered
for 10 consecutive days, starting 4 days
before vascular injury. The femoral arteries
were excised 7 days after the injury, and
X-gal staining was performed. B through
D, The percentage of Mac-1*/Gr-1~ (B),
M-CSF CD34*/Fik-1* (C), CD347/CD14* (D), and

CXCR4™* {E) cells was assessed by using
flow cytometry after saline (control) or
M-CSF {500 ng/(kg-day)] was administered

for 4 consecutive days. Data are
mean*SEM (each, n=5). E, Double stain-
ing for Mac-1* and CXCR4* cells was
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Involvement of Inflammatory Cytokines

Because the inhibition of CXCR4 signaling partially attenu-
ated the accelerated neointimal formation by M-CSF, we
investigated whether inflammatory cytokines, such as
MCP-1, interlcukin (IL)-12p70, IL-10, IL-6, and tumor ne-
crosis factor (TNF)-a, are involved in this process. M-CSF
treatment significantly increased the serum of MCP-1 levels
(P<0.05). but not that of other inflammatory cytokincs
(supplemental Figure II).

Discussion
The major findings of this study are: (1) M-CSF treatment
accelerated neointimal formation in the early phase of vas-
cular injury; this neointimal lesion mainly consisted of bone
marrow—denved cells. (2) M-CSF treatment had no effect on
EPC mobilization after the injury and reendothelialization of
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Figure 4. Expression of SDF-1 and CXCR4. M-CSF [500
ng/(kg-day), n=7] or saline (control, n=7) was administered for
10 consecutive days, starting 4 days before vascular injury. The
injured and uninjured (intact) femoral arteries were excised at 7
days after injury. A, Immunohistochemical analysis for SDF-1
was performed. B, Bar graph shows the SDF-1 expression
quantified by NIH image. Data are mean*=SEM (each, n=3 to 4).
C, Double immunofluorescence staining for SDF-1 (green) and
CXCR4 (red) was performed.

performed.

the injured artery. (3) M-CSF treatment increased the number
of peripheral CXCR4" cells; this increase was possibly
attributable to the mobilization of CXCR4" cells from the
bone marrow. (4) SDF-1 expression markedly increased in
the neointima and media after the vascular injury; a number
of CXCR4™" cells were observed in the neointima. (5) A
CXCR4 antagonist, AMD3100 significantly attenuated neo-
intimal formation in the early phase after vascular injury in
M-CSF-treated mice. These findings suggest that M-CSF
treatment accelerates ncointima formation in the carly phase
after vascular injury via the SDF-1-CXCR4 system.
Increasing evidence indicates the importance of vascular
progenitor cells derived from the bone marrow in vascular
development, homeostasis, and remodeling. In particular, the
bone marrow-derived EPCs could promote early reendothe-
lialization of the denuded vessels after injury and potentiate
their vascular repair's; this suggests the therapeutic potential
of EPC transplantation for the treatment of cardiovascular
diseases. Because colony-stimulating factors could mobilize
bone marrow stem cells into the peripheral circulation,
granulocyte CSF (G-CSF) and granulocyte-macrophage CSF
(GM-CSF) have been recently noted as clinical application of
stem cell therapy.!”'®* However, the effect of M-CSF on
vascular repair has not been investigated. Here, we showed
that exogenous M-CSF treatment significantly accelerated
ncointimal formation in the early phasc after vascular injury.
In the present study, we used a wire-mediated vascular
injury model because this model allows us to reproduce
complete endothelial cell denudation and neointimal forma-
tion after injury.'21? This model induces the robust neointi-
mal formation at 21 days after injury even in the control mice;

‘this suggests that neointimal formation in the control mice

could catch up with that in M-CSF—treated mice, and the
lesion size in the late phase was similar between the control
and M-CSF-treated mice. Xu et al?® recently showed the
importance of M-CSF-c-fms system in the vascular remod-
eling in a murine cuff-replacement model. We also detected
c-Ims—posttive cells were accumulated in the M-CSF-
induced neointimal lesion, indicating the role of M-CSF—c-
fms system in the process of ncointimal formation alter
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Figure 5. Effect of AMD3100 on rieointimal formation. M-CSF
(5600 pg/(kg-day), n=7] or saline (control, n=7) was administered
for 10 consecutive days, starting 4 days before vascular injury.
AMD3100 [300 pg/(kg-hour): AMD alone and M-CSF+AMD,
each n=7] was administered using a micro-osmotic pump for 7
days after the injury. Blood samples were collected and the
femoral arteries were excised at 7 days after the injury. The
sample sections were stained with HE and neointimal formation
was evaluated. Immunohistochemical analysis for CXCR4 was
also performed. A through C, Bar graph shows the number of
peripheral WBCs (A), neutrophils (B), and lymphocytes (C). Data
are mean+SEM (n=7). D, Representative photographs of HE
and CXCR4 staining. E and F, The bar graphs show the /M
ratio (E) and reendothelialization (F), which were quantified by
NIH Image. Data are mean=SEM (n=7).

injury. Intercstingly, Tanaka ct al'* demonstrated that the
contribution of bone marrow cells to neointimal formation
markedly differs between wire-mediated vascular injury and
cuff-replacement models, and suggest that the wire-mediated
vascular injury is suitable to investigate the role of bone
marrow cells in the vascular remodeling after injury.

We demonstrated that M-CSF had no effect on the mobi-
lization of EPCs. and reendothelialization after vascular
injury. Although Harraz ct al? rcported that CD34™ angio-
blasts were a subsct of CD14 " monocytic cells and that these
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Figure 6. Effect of M-CSF on CXCR4 expression in vitro. Pe-
ripheral or bone marrow MNCs were incubated for 24 hours in
the presence or absence of M-CSF (100 ng/mL) or G-CSF (100
ng/mL}, and then the expression levels of Mac-1 and CXCR4
were analyzed by flow cytometry. Bar graphs show the fold
change in the number of Mac-1* cells in peripheral MNCs (A),
CXCR4* cells in peripheral MNCs (B), and CXCR4" cells in bone
marrow MNCs (D). Data are mean+SEM (each, n=8 to 10). C,
Representative histogram of CXCR4 expression in bone marrow
MNCs.

monocytes have the potential to transdifferentiate into endo-
thelial cells, we could not detect increase of peripheral
CD347/CDI14" cells by M-CSF treatment. Recently, Mi-
namino et al2! showed that M-CSF increased Sca-1"/Lin",
Flk-1*/CD45", and Sca-1"/c-kit*/CD45" cells as EPCs in the
peripheral circulation. Further studies are needed to clarify
the involvement of monocytic cell-derived EPCs in the
accelerated neointimal formation by the treatment with
M-CSF. .

We clearly showed that M-CSF increased the number of
CXCR4* cells in peripheral circulation, whereas the vascular
injury induced SDF-1 expression in the injured artery. In this
regard, a recent study identified G-CSF downregulation of
CXCR4 expression as a mechanism for mobilization of bone
marrow myeloid cells.?? We showed that G-CSF clearly
reduced CXCR4 expression in bone marrow—derived MNCs
whereas M-CSF had no effect; this suggests that G-CSF and
M-CSF may mobilize CXCR4" cells by distinct mechanisms.
The mobilized CXCR4" cells were recruited; they interacted
with SDF-1 and contribute to accelerated neointimal forma-
tion, indicating that the SDF-1-CXCR4 system plays an
important role in neointimal formation after vascular injury.
Although Weber and colleagues?*2* recently reported that the
SDF-1-CXCR4 system contributed to the recruitment of
bone marrow—derived SMC progenitor cells and neointimal
formation after vascular injury in apoE™"~ mice, we could not
detect the mobilization of CXCR4" cells after vascular injury
in wild-type mice (data not shown). Therelore, it is possible
that SDF-1-CXCR4 system may play a role in vascular repair
under specific conditions such as hypcrcholesterolemia and
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M-CSF treatment. More recently, Zhang et al*s also demon-
strated that the SDF-1-CXCR4 system contributed to neoin-
timal formation after carotid artery ligation in endothelial
nitric oxide synthase (eNOS) deficient mice. Thus. these
investigations strongly support the findings of our study. We
showed that although CXCR4" cells were recruited, M-CSF
treatment had no effect on reendothelialization after vascular
injury. Additionally, this finding was supported by Weber et
al** who reported that the neutralization of SDF-1 did not
alter the reendothelialization after vascular injury in apoE™"~
mice. Converscly, Walter ct al* reported that the bone
marrow MNCs or EPCs of heterozygous CXCR4"~ mice
displayed reduced CXCR4 expression and atienuated neovas-
cularization capacity, suggesting that the CXCR4" cells
function as EPCs in ischemic tissue. Taken together, we
postulate that the CXCR4" cells have the potential to function
as both EPCs and SMC progenitor cells according to the
circumstances, and the SDF-1-CXCR4 system may contrib-
ute to the pathogenesis of cardiovascular diseases.

The present study showed that M-CSF treatment increascd
the level of MCP-1 in serum. Because MCP-1 is a major
chemokine that induces the recruitment and activation of
monocytes,2”-28 the accumulation of monocytes/macrophages
at the injured artery might be mediated, at least in part. via
MCP-1 induction.

Treatment with AMD3100 attenuated the M-CSF-induced
neointimal formation after vascular injury; this suggests a
therapeutic potential of this compound in treating the devel-
opment of atherosclerosis and restenosis after PCILL Interest-
ingly, recent investigations demonstrated that AMD3100
treatment rapidly mobilizes CD34" hematopoietic stem cells
from the bone marrow into peripheral circulation and syner-
gistically enhances the mobilization of CD34" cells in com-
bination with G-CSF.22-31 More recently, Capoccia et al?
reported that G-CSF combined with AMD3100 promoted
angiogencsis in a murinc modcl of hindlimb ischemia. In our
study, however, the reendothelialization was not affected by
AMD?3100. This discrepancy might be attributable to contin-
uous or transient inhibition of CXCR4 signaling. In the study
by Capoccia et al,2 AMD3100 was given by a single
injection, while AMD3100 was given by a continuous infu-
sion using an osmotic pump in our study. Therefore, we
postulate that continuous CXCR4 inhibition abrogates the
chemotactic activity for SDF-1 and homing to the site of
vascular injury. Supporting this, a recent study demonstrated
that continuous inhibition of CXCR4 signaling impaired
functional capacity of EPCs and inhibited angiogenesis.2¢
Further investigations are required to use clinical application
of this compound.

In summary, we demonstrated that M-CSF mobilized
CXCR4* cells from the bone marrow into peripheral circu-
lation, and vascular injury induced SDF-1 expression in the
injured artery. The bone marrow—derived CXCR4' cclls
were recruited to the site of the injured artery where they
interacted with SDF-1 resulting in the early development of
neointimal formation. Further, we showed that the CXCR4
antagonist, AMD3100 significantly inhibited M-CSF-
induced neointimal formation. These findings suggest that
M-CSF accclerated ncointimal formation after vascular in-
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jury. at least in part, via the SDF-1-CXCR4 system, and that
the inhibition of the SDF-1-CXCR4 pathway might have
therapeutic potential in the treatment of vascular injury.
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