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Bone marrow mononuclear cells (BMC) from patients with ischemic
cardiomyopathy (ICMP) show a reduced neovascularization capac-
ity in vivo. NO plays an important role in neovascularization, and
NO bioavailability is typically reduced in patients with ICMP. We
investigated whether the impaired neovascularization capacity of
ICMP patient-derived progenitor cells can be restored by pretreat-
ment with the novel endothelial NO synthase (eNOS) transcription
enhancer AVE9488 (AVE). Ex vivo pretreatment of BMC from
patients with ICMP with AVE significantly increased eNOS mRNA
expression by 2.1-fold (P < 0.05) and eNOS activity as assessed by
ESR by >3-fold (P < 0.05). The increased eNOS expression was
associated with an enhanced migratory capacity in vitro (P < 0.01)
and improved neovascularization capacity of the infused BMCin an
ischemic hind limb model in vivo (P < 0.001). The improvement in
ischemic limb perfusion after infusion of AVE-pretreated BMC
resulted in an increase in swimming time (P < 0.05). The enhance-
ment of limb perfusion by AVE-treated BMC was abrogated by ex
vivo pretreatment with the eNOS inhibitor NG-nitro-L-arginine
methyl ester. Consistently, AVE showed no effect on the impaired
migratory capacity of BMC derived from eNOS-deficient mice,
documenting the specific involvement of NO. The reduced neo-
vascularization capacity of BMC from patients with ICMP may limit
their therapeutic potential in cell therapy studies. Here, we show
that pharmacological enhancement of eNOS expression with AVE
at least partially reverses the impaired functional activity of BMC
from ICMP patients, highlighting the critical role of NO for pro-
genitor cell function.
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he restoration of tissue vascularization after critical ischemia

is a major therapeutic goal in cardiovascular medicine.
Experimental studies suggest that bone marrow or peripheral
blood-derived stem/progenitor cell treatment enhances neovas-
cularization of ischemic tissue (1-3). Recently, we and others
have demonstrated that intracoronary infusion of adult progen-
itor cells is feasible and safe in patients with peripheral arterial
disease, acute myocardial infarction, and ischemic cardiomyo-
pathy (ICMP) and may improve perfusion and regional and
global left ventricular function (4-6). However, the functional
activity of bone marrow mononuclear cells (BMC) and circu-
lating blood-derived endothelial progenitor cells (EPC) is sig-
nificantly impaired in patients with coronary artery disease,
diabetes, or ICMP (7-9). Impaired bioavailability of NO is a
hallmark of patients with atherosclerosis (10). In parallel, en-
dothelial-derived NO is a key regulator for endothelial cell
growth (11), migration (12), vascular remodeling (13), and
angiogenesis (11, 14). Importantly, it was recently demonstrated
that endothelial NO synthase (eNOS) plays a crucial role for the
functional activity of stem and progenitor cells (15-17). Thus,
impaired bioavailability of NO may significantly contribute to
the functional impairment of BMC from patients with ICMP.

www.pnas.org/cgi/doi/10.1073/pnas.0604144103

The transcriptional enhancement of eNOS expression might be
a promising pharmacological target for the pretreatment of
BMC to restore their functional activity.! Therefore, in the
present study, we investigated the effect of AVE9488 (AVE), a
substance that has been shown to transcriptionally enhance
eNOS expression in mature endothelial cells,! on the functional
activity of ICMP patient-derived BMC.

Results

We have recently shown that patients with ICMP have an
impaired function of their BMC, resulting in reduced homing
and transmigration of these cells into ischemic tissue after i.v.
administration (9). Therefore, we first investigated whether local
i.m. administration of BMC from patients with ICMP might
compensate for their impaired migratory activity, resulting in a
greater therapeutic effect as compared with i.v. administration
of the cells. However, the i.m. administration of the same
numbers of BMC from identical patients with ICMP did not
augment perfusion recovery as compared with the therapeutic
effect observed after i.v. infusion of BMC (Fig. 5, which is
published as supporting information on the PNAS web site).
Based on these findings, we conclude that the functional activity
of the cells is crucial for their neovascularization capacity and
cannot be circumvented by local administration of the cells.
Therefore, targeting the functional activity of the cells by
enhanced expression and activity of NO was the purpose of the
following experiments.

Increased eNOS Expression and Activity by AVE. Ex vivo treatment
for 18-24 h with AVE increased eNOS mRNA expression in
peripheral blood-derived EPC, CD34* cells, and BMC (Fig. 1).
As a control, treatment of human umbilical vein endothelial cells
with AVE dose-dependently increased eNOS mRNA expression
(1.6- = 0.3-fold; P < 0.05) and eNOS protein expression (1.7- =
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Fig. 1. Effect of AVE on eNOS expression. (A) Expression of eNOS RNA,

protein, and eNOS-derived NO is augmented in the presence of the eNOS
transcription enhancer AVE. eNOS mRNA expression was detected by quan-
titative real-time RT-PCR of 100 ng of RNA by using a light cycler instrument
inBMC derived from patients with ICMP pretreated with vehicle or AVE (5 uM)
for 18 h (n = 3). (Band C) NO production of Lin~CD105* cells was determined
by ESR. (B) Representative recordings from n = 3 experiments are depicted. (C)
Quantitative data are presented. (D) eNOS Western blot analysis of cells
treated with either vehicle or AVE. A representative blot is shown. ERK1/2 was
used as a loading control. (E) eNOS expression was measured by RT-PCR in
CD34" cells after treatment with 5 uM AVE for 24 h.

0.2 fold; P < 0.05) with a maximal effect at a concentration of
5 uM.

Because the detection limits of our assays were too low to
detect eNOS activity in crude BMC, we isolated Lin-CD105*
bone marrow-derived cells. NO production as assessed by ESR
was significantly enhanced by pretreatment of Lin~CD105™ cells
by AVE (Fig. 1 B and C). Consistently, the protein expression of
eNOSinLin~ CD105" cells was markedly increased by treatment
with AVE (Fig. 1D). Moreover, AVE induced the up-regulation
of eNOS mRNA in CD34* cells (Fig. 1E).

Increased Functional Activity of BMC After Pretreatment with AVE.
Next, we tested the effect of AVE on the migratory capacity of
BMC. The migratory capacity of BMC in response to stromal
cell-derived factor 1 (SDF-1) was significantly reduced (P <
0.01) in patients as compared with healthy controls (Fig. 24).
However, the impaired migratory capacity of BMC from patients
with ICMP was significantly enhanced by pretreatment with
AVE. A significantly increased SDF-1-induced migratory ca-
pacity by AVE was also detected in healthy control-derived BMC
and CD347 cells but not in total monocytic CD14* cells (Fig.
2B). The effect of AVE on the migratory activity of BMC was
inhibited by the simultaneous treatment with antibodies directed
against the SDF-1 receptor CXCR4 (53 = 17%; P < 0.05).
To further define the specific role of eNOS on the AVE-
enhanced migratory capacity, BMC were simultaneously treated
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Fig. 2. Effect of AVE on migration. (A) Shown are the numbers of migrated

BMC toward the chemoattractant factor SDF-1 derived from healthy donors
(n = 12) and patients with ICMP that were pretreated for 18 h with either
vehicle (n = 11), L-NAME (n = 11), AVE (n = 11), or AVE plus L-NAME (n = 6).
(B) Increase in SDF-1-mediated migration by AVE-pretreatment (5 uM, 24 h) in
CD14" cells, BMC, and CD34" cells isolated from healthy volunteers (n = 3-4)
is shown. (C) The number of BMC from WT and eNOS knockout (eNOS~/~) mice
that migrated in response to SDF-1 to the lower chamber of a modified Boyden
chamber assay after pretreatment for 18 h with either vehicle or AVE (n = 8
per group) is shown.

with the eNOS inhibitor NS-nitro-L-arginine methyl ester (L-
NAME). L-NAME abrogated the effect of AVE on the migra-
tory activity of BMC (Fig. 24). Moreover, we used murine BMC
from eNOS™/~ mice in comparison with WT mice. The migra-
tory capacity in response to SDF-1 of BMC derived from
eNOS~/~ mice was markedly and significantly reduced as com-
pared with WT mice (Fig. 2C). Pretreatment with AVE signif-
icantly increased the migratory capacity of isolated BMC derived
from WT mice, whereas no effect on the migratory capacity of
BMC derived from eNOS~/~ mice was detected. Likewise, BMC
lacking the NO downstream target, the cGMP-dependent pro-
tein kinase I (GKI) (18), showed a reduction in SDF-1-induced
migration to 51.9 = 2.4% of WT BMC. Moreover, SDF-1-
induced migration of GKI—/— BMC was not augmented in the
presence of AVE (16.3 £ 6.7% compared with WT BMC plus
AVE). Thus, specific enhancement of eNOS transcription and
downstream signaling is indeed critical for mediating the effects
of AVE on the migratory capacity of BMC.

Increased Neovascularization Capacity of BMC After Pretreatment
with AVE. To demonstrate the in vivo relevance of the ex vivo
findings, we used the murine model of hind limb ischemia.
Animals i.v. infused with 5 X 10° BMC derived from patients
with ICMP showed a significantly reduced recovery of limb
perfusion after induction of hind limb ischemia as compared
with infusion of BMC from healthy controls (Fig. 3 4 and B).
Pharmacological enhancement of eNOS expression by pretreat-
ment of BMC derived from patients with ICMP with AVE
resulted in a significantly enhanced recovery of limb perfusion
as compared with DMSO-treated BMC (Fig. 3 A and B).
Likewise, AVE-pretreated, ex vivo-expanded EPC showed a
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Fig. 3.

Effect of AVE on recovery after ischemia. (A) Recovery of limb perfusion after hind limb ischemia as assessed by laser Doppler blood flow analysis on

day 14 after i.v. infusion of BMC derived from either healthy donors or nine patients with ICMP into nude mice. BMC from ICMP patients were pretreated with
vehicle, AVE, or AVE plus L-NAME for 18 h. The number of mice in each group is indicated in the bars. (B) Representative laser Doppler images for each group
are depicted. Arrows indicate ischemic limbs. Perfusion signals are subdivided into six different intervals, each displayed as a separate color. Low or no perfusion
is displayed as dark blue; highest perfusion interval is displayed as red. (C) Recovery of limb perfusion by i.v. infusion of circulating blood-derived EPC isolated
from patients after pretreatment with AVE for 18 h compared with controls. (D) Exercise capacity expressed as the swimming time ratio (swimming time on day
14 after hind limb ischemia/swimming time before induction of hind limb ischemia) in a murine model of hind limb ischemia. Mice were either untreated or

received i.v. infusions of BMC from healthy donors or patients with ICMP.

1.7-fold increase in functional activity to augment blood flow in
vivo as compared with untreated EPC (Fig. 3C). To document an
improvement in functional capacity associated with the en-
hanced recovery of ischemic hind limb perfusion, the physical
capacity of the mice was assessed by using a swimming test.
Pretreatment of infused BMC derived from patients with ICMP
with AVE significantly increased the swimming time ratio as
compared with mice receiving vehicle-treated BMC (Fig. 3D).

The functional activity of AVE-treated patient-derived BMC
was further confirmed in a myocardial infarction model dem-
onstrating a significant improvement of ejection fraction (150 =
8.8%, P < 0.05) and stroke work (188 = 18.2%, P < 0.05) in mice
injected with AVE-pretreated BMC.

Consistent with the in vitro data, the effect of AVE was
abrogated by the pretreatment with the pharmacological eNOS
inhibitor L-NAME (Fig. 34). Histological analysis of the adduc-
tor muscles indicated severe necrosis in mice receiving no cell
therapy and to a lesser extent in mice receiving untreated BMC
from patients with ICMP (Fig. 44). In mice receiving BMC
pretreated with AVE, however, the ischemic muscle was much
better preserved in line with improved blood flow recovery after
induction of limb ischemia. The capillary density in mice receiv-
ing AVE-treated BMC was significantly higher as compared with
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vehicle-treated BMC (121 = 5.8%, P < 0.01, versus control
animals). Moreover, the number of small- and medium-sized
conduit vessels in the ischemic muscles of mice receiving AVE-
treated BMC was significantly higher as compared with mice
receiving vehicle-treated BMC (Fig. 4 B and C). Vascular
incorporation and endothelial differentiation of injected BMCs
was significantly enhanced by pretreatment of infused BMC with
the eNOS enhancer AVE (Fig. 4 D and E).

Discussion

The results of the present study demonstrate that pretreatment
with the eNOS transcription enhancer AVE largely rescues the
impaired functional activity of BMC derived from patients with
ICMP. Most importantly, the improved in vivo neovasculariza-
tion capacity of AVE-pretreated BMC is associated with a
significant increase in physical exercise capacity after the induc-
tion of hind limb ischemia.

The functional activity of transplanted stem and progenitor
cells is critical for their therapeutic effects in patients with
cardiovascular diseases (9, 19). As demonstrated previously, the
migratory capacity of stem and progenitor cells, which is essen-
tial for the invasion of the cells into ischemic tissue after
mobilization from the bone marrow or after systemic infusion, is
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Fig. 4.

Effect of AVE on morphology, capillary density, and incorporation. (A) Histological morphology of the ischemic muscles was assessed in H&E-stained

sections. (B) Conductance vessels were identified by staining for smooth muscle a-actin with a Cy3-labeled mouse mAb (red color). (C) The number of small (<50
m), medium (50-100 um), and large (>100 nm) vessels was counted separately (n = 5 mice per group). (D) Incorporation of human BMC (stained for HLA-ABC,
red) into vessels (endothelial marker CD31, green) after pretreatment with vehicle or AVE. Sytox was used for nuclear staining (blue). Representative images are
shown. (Upper) Merged pictures. (Lower) Staining for human HLA and nuclei. (E) Double positive cells were quantified from 10 sections provided by five mice

per group.

significantly reduced in the mononuclear fraction of bone mar-
row cells and circulating EPC derived from patients with ICMP
or cardiovascular risk factors (7, 9). Accordingly, we initially
tested whether direct i.m. injection of isolated BMC from
patients with ICMP, which supposedly bypasses the impaired
homing and transmigration processes of these cells, might gen-
erate a greater effect on neovascularization as opposed to the
systemic infusion of BMC. However, i.m.-injected BMC did not
augment the levels of blood flow recovery after hind limb
ischemia compared with i.v. injections of BMC. Based on these
data, we conclude that the functional activity of the cells is
crucial for their neovascularization capacity even after local i.m.
administration of the cells. Therefore, improving the functional
activity of BMC from patients with ICMP may be a promising
approach for optimizing the results after cell therapy.
Impaired NO bioavailability is a hallmark of patients with
ICMP (10, 20). Mechanistically, reduced NO bioavailability in
patients with ICMP is the consequence of a combination of
increased inactivation of NO by elevated levels of reactive
oxygen species (20), uncoupling of the eNOS itself (21), and
decreased eNOS protein expression in endothelial cells (22).
Thus, we hypothesized that NO deficiency might impair the
functional capacity of BMC in patients with ICMP and that
increasing eNOS expression may represent a promising target
for improving the functional outcome after autologous trans-
plantation of cells derived from patients with ICMP. Indeed,
pretreatment of BMC derived from patients with ICMP with the

14540 | www.pnas.org/cgi/doi/10.1073/pnas.0604144103

pharmacological eNOS transcription enhancer AVE resulted in
significant up-regulation of eNOS expression on both the mRNA
and protein levels. Consistently, NO production as assessed by
ESR was also increased. The enhanced NO production was
associated with a significant improvement of the functional
capacity of these cells. In addition, the pharmacological effect of
AVE was virtually abrogated by pretreatment with the pharma-
cological eNOS inhibitor L-NAME or genetic knockdown of
eNOS using eNOS-deficient cells, thus confirming that the
enhancement of the migratory capacity of BMC to the cytokine
SDF-1 by AVE is indeed related to an increased activity of
eNOS. SDF-1 was recently shown to stimulate recruitment of
CXCR4" endothelial progenitor cells and hemangiocytes to
augment revascularization (23, 24). In addition, retention of
bone marrow-derived proangiogenic cells was shown to be
mediated by SDF-1 (25). The improvement of SDF-1-mediated
responses by AVE may contribute to the improved homing of
patient-derived cells.

NO regulates many aspects of blood flow recovery after
ischemia and exerts multiple signaling effects. In addition to the
regulation of angiogenesis by its well established effects on
endothelial migration, tube formation, and survival, eNOS acts
as a second messenger to control arteriogenesis (26). An in-
creased blood supply provided by NO-mediated vasodilation is
believed to contribute to shear-dependent remodeling of pre-
existing collaterals (26). In addition, the expression of NO was
shown to be essential for progenitor cell homing and progenitor

Sasaki et al.
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cell-mediated improvement of neovascularization after ischemia
(15). The augmentation of eNOS expression in BM-derived cells
thus is likely to improve neovascularization on several levels.
Indeed, in the present study an improved progenitor cell homing
and an increase in the number of arteries documenting enhanced
arteriogenesis was observed after AVE pretreatment of the
infused progenitor cells.

The variety of NO effects in vivo is mirrored by the complex
downstream signaling. NO can signal by cGMP-dependent or
-independent pathways (27, 28). Because cGMP-dependent pro-
tein kinase I (GKI)+/— mice show an impaired neovascular-
ization (29) and SDF-induced BMC migration was inhibited in
GKI—/— cells, one may speculate that the effects of NO are at
least in part mediated by cGMP-dependent downstream signal-
ing pathways.

Importantly, the increased migratory capacity of BMC derived
from patients with ICMP pretreated with AVE not only trans-
lated into a significant improvement of their neovascularization
capacity in vivo, but was also associated with a significantly
improved exercise capacity as assessed by a swimming test.
Matsumoto et al. (30) demonstrated that the number of hind
limb kicks during swimming is strongly correlated with the water
current, whereas forelimb kicks remain at a low rate even at high
currents and are primarily used for body stabilization. Thus,
endurance capacity assessed in a countercurrent swimming pool
closely reflects the exercise capacity of hind limbs in mice (30).
Of note, the swimming time ratio significantly correlated with
the measured laser Doppler perfusion ratio (data not shown).

In conclusion, pretreatment of BMC derived from patients
with ICMP with the pharmacological eNOS enhancer AVE
resulted in a significant improvement of the impaired functional
capacity and neovascularization capacity of the infused cells.
These results could have major clinical implications as a safe and

—_

. Kocher AA, Schuster MD, Szabolcs MJ, Takuma S, Burkhoff D, Wang J,

Homma S, Edwards NM, Itescu S (2001) Nat Med 7:430—-436.

2. Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B, Pickel J,
McKay R, Nadal-Ginard B, Bodine DM, et al. (2001) Nature 410:701-705.

3. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T,
Witzenbichler B, Schatteman G, Isner JM (1997) Science 275:964-967.

4. Assmus B, Schachinger V, Teupe C, Britten M, Lehmann R, Dobert N,
Grunwald F, Aicher A, Urbich C, Martin H, et al. (2002) Circulation 106:3009—
3017.

5. Perin EC, Dohmann HF, Borojevic R, Silva SA, Sousa AL, Mesquita CT, Rossi
M1, Carvalho AC, Dutra HS, Dohmann HJ, et al. (2003) Circulation 107:2294—
2302.

6. Tateishi-Yuyama E, Matsubara H, Murohara T, Ikeda U, Shintani S, Masaki
H, Amano K, Kishimoto Y, Yoshimoto K, Akashi H, et al. (2002) Lancet
360:427-435.

7. Vasa M, Fichtlscherer S, Aicher A, Adler K, Urbich C, Martin H, Zeiher AM,
Dimmeler S (2001) Circ Res 89:E1-E7.

8. Tepper OM, Galiano RD, Capla JM, Kalka C, Gagne PJ, Jacobowitz GR,
Levine JP, Gurtner GC (2002) Circulation 106:2781-2786.

9. Heeschen C, Lehmann R, Honold J, Assmus B, Aicher A, Walter DH, Martin
H, Zeiher AM, Dimmeler S (2004) Circulation 109:1615-1622.

10. Zeiher AM, Drexler H, Saurbier B, Just H (1993) J Clin Invest 92:
652-662.

11. Ziche M, Morbidelli L, Masini E, Amerini S, Granger HJ, Maggi CA, Geppetti
P, Ledda F (1994) J Clin Invest 94:2036-2044.

12. Murohara T, Witzenbichler B, Spyridopoulos I, Asahara T, Ding B, Sullivan A,
Losordo DW, Isner JM (1999) Arterioscler Thromb Vasc Biol 19:1156-1161.

13. Rudic RD, Shesely EG, Maeda N, Smithies O, Segal SS, Sessa WC (1998) J Clin
Invest 101:731-736.

14. Murohara T, Asahara T, Silver M, Bauters C, Masuda H, Kalka C, Kearney M,
Chen D, Symes JF, Fishman MC, et al. (1998) J Clin Invest 101:2567-2578.

15. Aicher A, Heeschen C, Mildner-Rihm C, Urbich U, Ihling C, Technau-Ihling
K, Zeiher AM, Dimmeler S (2003) Nat Med 9:1370-1376.

16. Iwakura A, Luedemann C, Shastry S, Hanley A, Kearney M, Aikawa R, Isner

JM, Asahara T, Losordo DW (2003) Circulation 108:3115-3121.

Sasaki et al.

feasible pharmacological pretreatment of isolated stem and
progenitor cells to enhance the therapeutic efficacy of autolo-
gous cell therapy in patients with chronic peripheral artery
occlusive disease or ischemic heart disease.

Methods

Cell Isolation and Measurement of Migration. Human or murine BM
aspirates were collected, and BMC were isolated by density
gradient centrifugation (9, 15). Subpopulations were isolated by
magnetic beads. The migratory capacity toward SDF-1 was
determined by using a Boyden chamber (9) (for details, see
Supporting Text, which is published as supporting information on
the PNAS web site).

eNOS Measurement. eNOS expression was detected by quantita-
tive RT-PCR and Western blot. NO production was detected by
using the Fe(DETC), complex, which specifically traps NO (31)
(see Supporting Text).

Hind Limb Ischemia Model. The in vivo neovascularization capacity
of BMC was investigated in a murine model of unilateral hind
limb ischemia. For details on cell injection, limb perfusion
measurements, determination of the exercise capacity, and
histology see Supporting Text.
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