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Introduction

Improving neovascularization (the formation of new blood vessels during adult life)
is an important topic both in the field of tissue engineering as well as in the develop-
ment of new cardiovascular disease therapies. A better understanding of the con-
tribution of endothelial progenitor cells (EPC) and the specific adaptations of endo-
thelial cells (EC) during chronic hypoxia to neovascularization is urgently required to
initiate more successful (pre)clinical studies on restoring efficient perfusion. Because
of the evolving insight in the nature and origin of EPC during the course of these
studies, we studied both the ‘classical’ EPC as well as the later identified endothe-
lial colony-forming cells (ECFC). These ECFC are identical to the blood-outgrowth
endothelial cells (BOEC), as described in Chapter 5. Initially we thought these cells
might serve as an enforcement of the endothelial lining, either as cell replacement
because of endothelial injury or apoptosis, or to keep up with the demand for endo-
thelial cells, which are recruited by the angiogenic process. During the course of the
studies it appeared that two subtypes of progenitor cells were present in the ‘clas-
sical’ EPC population, the early or myeloid EPC and the endothelial colony-forming
cells (ECFC/BOEC). In addition, we examined the genomic response of endothelial
cells exposed to a prolonged period of hypoxia. Mostly due to technical limitations,
hypoxia is mainly studied in the acute phase of tissue repair and neovascularization.
However, studying the prolonged effect of hypoxia on endothelial cells may give a
better approximation of pathological conditions, such as seen in peripheral artery
disease or chronic heart failure.

Various types of circulating angiogenesis-stimulating progenitor cells

When we initiated our first studies on the potential beneficial contribution of EPC to
angiogenesis, crude cell populations such as unselected peripheral blood and bone
marrow-derived mononuclear cells were generally used. To enhance neovascular-
ization by postnatal vasculogenesis, we decided to study the effect of the hemato-
poietic stem-cell containing CD34* cell population on various components of neo-
vascularization (Chapter 4). At that time it was hypothesized that certain cells in this
CD34" cell fraction functioned as angioblasts, giving rise to endothelial progenitor
cells and endothelial cells?*. The CD34* population was also chosen to avoid later
risk of unwanted side-effects such as stimulation of atherosclerosis® ©.

Recruitment and retention of CD34* progenitor cells to sites of tube formation were
the two initial components of EPC biology we studied (Chapter 3). Whereas the
CD34* cells manifested an at random movement over the growth factor- and cy-
tokine-stimulated endothelial monolayer, the progenitor cells remained associated
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with a developing tube once they reached them. Related to inflammation, adhesion
receptors might be responsible for the specific recruitment and retention. Further-
more, in agreement with other parallel studies™" we documented a very low num-
ber of CD34" cells that actually incorporated in the endothelial lining of developing
tubes and induced a modest stimulation of tube formation. In contrast, addition of
cultured EPC (in Chapter 4 also indicated as circulating angiogenic cells) or CD34*
co-cultured with CD34- cells dramatically enhanced tube formation. Despite the posi-
tive expression of a number of endothelial markers on these cultured EPC, such as
endothelial nitric oxide synthase (eNOS), VE-cadherin (CD144), VEGF receptor 2
(VEGFRZ, or kinase insert domain receptor (KDR)), CD146 and CD31, it is highly
likely that the cells used in these experiments resemble the so-called early EPC or
CFU-EC'18. In contrast to the believe at that time, these colonies were later shown
not to be composed of endothelial cells, but to consist of a core of round hema-
topoietic cells, including myeloid progenitor cells, monocytes and T lymphocytes,
and spindle-shaped monocytes/macrophages at the periphery. Although these cells
manifest very limited or no incorporation in the endothelial lining at all, it does not ex-
clude a role for these cells in angiogenesis and arteriogenesis, as was also evident
from our experiments. Their effect on angiogenesis resembles the potent stimulatory
role of monocytes and macrophages, which has been described by many investiga-
tors'7-29,

The peritubular positioning of the CD34* progenitor cells in our studies has many si-
milarities to that of myeloid progenitor cells, which undergo extravasation to become
positioned around developing vessels in tumors where they stimulate tumor angio-
genesis® 3, Interestingly, when CD34* and CD34- cells were co-cultured the largest
number of EPC colonies were formed, which were more successful in stimulating
in vitro tubular sprouting than a pure population of CD34"* cells (Chapter 4). Virtu-
ally no cell clusters were formed when CD34*and CD34- cells were separated by a
0.4 um pore trans-well system allowing diffusion of soluble factors without physical
contact. These experiments suggested that direct cell-cell contact between CD34*-
and CD34-cells was necessary for endothelial differentiation of CD34*-cells, but the
involvement of platelet microparticles, which also cannot pass the filter and may
contribute to the acquisition of endothelial marker proteins®, cannot be excluded.
Later on Van Beem et al. demonstrated that also the interaction between T lympho-
cytes and monocytes was essential for the extent of colony formation'. These re-
sults were in support of a myeloid nature of the CD34" cell that we used in our initial
studies. Furthermore, the modest purity of CD34* cell preparations (90%) we used
in these experiments may accommodate ‘contaminating’ cells with pro-angiogenic
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potential or the capacity to differentiate into true endothelial cells. In support of this
suggestion, we documented the appearance of clusters and confluent monolayers of
cobblestone-shaped cells in long-term cultures of EPC (6 weeks), which phenotypi-
cally resembled mature endothelial cells. Also their in vitro growth kinetics showed
a high similarity to the later characterized endothelial colony forming cells (ECFC).

As mentioned before, during the course of our studies, a novel type of EPC was
identified and characterized. These so-called late-outgrowth endothelial cells, or en-
dothelial colony-forming cells (ECFC, indicated as blood-outgrowth endothelial cell
(BOEC) in Chapter 5), have the typical endothelial cobblestone morphology and
display a wide range of endothelial markers, without the expression of hematopoietic
or monocytic lineage markers CD45, CD14, CD11b or CD1633%-%, Apart from the
endothelial differentiation and high proliferative potential, these cells possess the ca-
pacity to form capillary-like tubes in vivo which connect to the resident vasculature,
thereby becoming part of the systemic circulation” & 12 3640, Both ECFC/BOEC and
early EPC have been suggested as being suitable for therapeutic applications, to re-
place or support the host vasculature (Fig. 1)'%3%41, |t is known for several years that
cardiovascular risk factors and diseases, like hypertension and diabetes, negatively
influence the number and functionality of the ‘classical’ EPC*“%, To circumvent this
complication, genetic modification or incubation with pharmaceutical compounds
have shown promising results in enhancing the potential of EPC in a preclinical
setting®® 4%%2, For ECFC, the number of reports on ECFC dysfunction is scarce® %,
but they also suggest a reduced presence in blood in diabetes and cardiovascular
disease. Similar to the modification of ‘classical’ EPC, ex vivo modulation (e.g. pri-
ming) of ECFC is a valid option, for example by SDF-1, which enhanced binding to
activated endothelium and stimulated FGF-2 and MMP-2 production by ECFC®.

Choice of progenitor cells in tissue repair

In support of the preferred use of ECFC/BOEC over the early EPC for vascular re-
generating cell therapies, the biological activities of the ECFC/BOEC more closely
resemble those of mature differentiated endothelial cells, as we and others have
clearly demonstrated® (Chapter 5). As both EPC types are present in only very low
numbers in the circulation (0.1-0.01% of the mononuclear cells), the superior ex vivo
expansion is a useful characteristic of ECFC/BOEC to obtain sufficient cell numbers
for therapy. Furthermore, ECFC/BOEC are able to incorporate into an existing en-
dothelial monolayer, thereby forming VE-cadherin positive cell-cell junctions®. The
formation of tubular structures in vitro, as well as their integration into a function-
ally perfused capillary plexus in vivo are reasons for further preclinical testing® 5"
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%8, Since ECFC/BOEC can be derived from different sources, like peripheral blood,
cord blood and bone marrow, we made an analysis of potential differences in the
pro-angiogenic properties of peripheral and cord blood. Although a slightly more
angiogenic phenotype favors cord blood-derived ECFC/BOEC, the difference could
be matched by administering VEGF to peripheral blood ECFC/BOEC. Because au-
tologous cord blood so far is usually not available for the often aged cardiovascular
patients, this latter fact is of great value. Until banking of autologous cord blood has
come into effect, our results suggest that PB-BOEC might be equally eligible as CB-
BOEC, since equal proliferation and tube formation could be reached by the addition
of VEGF.

PROTEASES

II

BONE MARROW SYSTEMIC CIRCULATION

[OCFU-EC (O ECFC (=D ENDOTHELIAL CELL % MESENCHYMAL STROMAL CELL]

Fig 1. Contribution of endothelial progenitor cells to adult neovascularization

Hypoxia in a tissue induces HIF expression which controls the production of pro-angiogenic growth fac-
tors and cytokines in stromal cells (). Proteins like VEGF and SDF-1 enter the circulation (II) and stimu-
late proteases (e.g. MMP-9) in the bone marrow (lll), whereby resident progenitor cells are released in
the systemic circulation. The progenitor cells of both CFU-EC and ECFC migrate towards areas of neo-
vascularization (IV), where they position themselves either in the endothelial lining of developing blood
vessels (V) or peri-vascular (VI). The ECFC support neovascularization by the supply of true endothelial
cells which proliferate, migrate and form new blood vessels (VIIl). Peri-vascular CFU-EC contribute to this
process by the hypoxia-driven secretion of pro-angiogenic growth factors (VII).
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Cellular cooperation in generating stable vessels

Despite the promise of EPC delivery in treating diseases associated with blood ves-
sel disorders, (pre)clinical results on single EPC cell type infusions have been disap-
pointing®¢'. Given the different origins and functions of early EPC and ECFC/BOEC
to neovascularization, Yoon et al. was among the first to investigate the possible
synergism between these different cell types*. Injection of a mixture of the two types
of cells resulted in superior neovascularization in vivo to any single-cell type trans-
plantation. These results were supported by a more recent publication of Chade et
al. who studied the effect of simultaneous delivery of early EPC and late-outgrowth
EPC?®. The pro-angiogenic role of growth factors secreted by the early EPC which
coincided with the delivery of endothelial cells by the late-outgrowth EPC for neo-
vascularization was suggested as a plausible explanation (Fig. 1). This described
cooperation may have contributed to the significant stimulation of tube outgrowth by
the relatively large number of early/classical EPC and the modest incorporation of
supposed late-outgrowth EPC into the endothelial lining that we observed in our ini-
tial studies (Chapter 3). This type of combination therapy now awaits more thorough
examination for possible therapeutic application.

Next to the induction of angiogenesis by growth factors, and the supply of endothe-
lial cells (either by the resident blood vessel wall population, or by circulating pro-
genitor cells) for capillaries, the developing blood vessels need to be stabilized by
mural or perivascular cells. Mesenchymal stromal cells have been suggested as a
promising source of angiogenesis-promoting and blood vessel-supporting cells®-73,
Because of their multi-potency as well as immune suppressive properties, these
cells make an interesting candidate for cell-based therapies™ 7482, In fact, a posi-
tive role of paracrine factors produced by MSC on neovascularization has been de-
scribed by a number of groups %, In agreement with other publications, we report
the production and secretion of considerable amounts of pro-angiogenic factors,
such as CXCL1, FGF-2, HGF, IL-6, MDK, u-PA, PGE,, TGF-R1, and VEGF by MSC
(Chapter 6). Proliferation, one of the key components of angiogenesis was signifi-
cantly increased when incubating human endothelial cells with conditioned medium
from human fetal lung mesenchymal stromal cells (FL-MSC-CM). Furthermore, incu-
bation of endothelial cells with FL-MSC-CM supplemented with the cytokine TNF-a
significantly stimulated tube formation in a 3D fibrin matrix. VEGF and HGF were
largely responsible for this stimulatory effect on angiogenesis, which is supported by
a large number of reports83 87. 8. 91-100.104-109 'Next to the production of growth factors
and cytokines, proteases are also produced by MSC. MSC-derived uPA as well as
MMP have been reported to have a stimulatory effect on endothelial tube formation
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in 3D fibrin gels due, in part, to degradation of the matrix'%® 110,

In this context it is of interest to note that Au et al. used human bone marrow-derived
mesenchymal stromal cells (hMSC) as a source of stabilizing perivascular cells®.
MSC efficiently stabilized nascent blood vessels in vivo by functioning as perivas-
cular precursor cells. The engineered blood vessels derived from human umbilical
cord vein endothelial cells and hMSC remained stable and functional for more than
130 days in vivo. In contrast, single injection of endothelial cells resulted in the for-
mation of tube-like structures, but these capillaries were non-functional and regres-
sed within 30 days®’. Co-implantation of progenitor cells for both endothelial cells as
well as perivascular cells may have therapeutic potential above the use of terminally
differentiated cells (Fig. 1). In vivo, the engineered vascular networks formed by co-
culture of human endothelial and mesenchymal progenitor cells isolated from blood
and bone marrow remained patent at 4 weeks®. The formation of these long-lasting
microvascular networks by postnatal progenitor cells obtained from less invasive
sources constitutes an important step forward in the development of clinical strate-
gies for tissue vascularization.

Endothelial transcriptional profile of short-term and prolonged hypoxia

One of the aspects that received still little attention is the behavior of endothelial pro-
genitor cells and mature (differentiated) endothelial cells present in a hypoxic area. In
particular, the different effects of short-term and prolonged hypoxia on vascular en-
dothelial cells received little attention in regenerative medicine. This is rather contra-
dictory since a number of diseases, like cancer, heart ischemia and chronic infection,
are usually accompanied by prolonged hypoxia''2'. Because of the lack of data on
chronic hypoxic exposure we started a detailed genomic analysis of human endothe-
lial cells subjected to short and prolonged periods of hypoxia. Comparison with five
previously published microarray studies on short-term hypoxia-exposed endothelial
cells'?126 showed a substantial overlap in identity of the genes, more than originally
anticipated. The stringency of microarray analysis, which was responsible for a con-
siderable underestimation of the number of hypoxia-induced genes, resulted in the
identification of highly significant ‘common’ hypoxia-regulated genes. Genes with
lower statistical significance may therefore appear at random in the various studies.
More importantly, when we compared the effects of acute versus chronic hypoxia,
it became clear that the differences were limited and reflected, if any, a quantitative
rather than a qualitative difference. Indeed, only eight genes responded qualitatively
different to the duration of hypoxia, based on statistical analysis. Concerning HIF
protein levels, HIF-1a was transiently induced by hypoxia, but it decreased rapidly
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again after 12 hours, while the transient activation of HIF-2a lasted for more than 24
hours, but finally also decreased. These data apparently imply that other factors co-
regulate the activity of the HIF-1 circuit during chronic hypoxia.

In cardiovascular (patho)physiology, chronic hypoxia and subsequent chronic activa-
tion of the HIF pathway can be both adaptive as well as deleterious. The shift from
aerobic to glycolytic metabolism as enforced by HIF-1a regulation is a beneficial
short-term effect, whereas long-term protective effects included HIF-1a-/HIF-2a-
mediated induction of angiogenesis'?-'%0, Conversely, in advanced ischemic heart
disease the adaptive regulation of HIF appeared to be imbalanced. Chronic activation
of the HIF pathway in vivo resulted in severe progressive heart failure, formation of
malignant cardiac tumors with the capacity to metastasize, and premature death".
A study on human chronic heart failure supported these findings, suggesting the
detrimental effect of a chronically activated HIF system'2. Furthermore, prolonged
HIF signaling potentially contributed to the pathogenesis of endothelial dysfunction,
characterized by decreased vasorelaxation, increased thrombosis and inflamma-
tion, as well as an altered angiogenic potential; all factors intimately associated with
progression and severity of cardiovascular disease'. Under our experimental con-
ditions prolonged hypoxia dramatically reduced HIF protein levels (Chapter 7). In-
creased expression of PHD-2, PHD-3 and HIF-304, an alternatively spliced variant
of HIF-3a with a HRE-inhibiting domain structure'4 '35, were most likely responsible
for this time-dependent repression of HIF. The adverse effects of a fully active HIF
system during chronic hypoxia can thereby be prevented'® 3" 136142 |n fact, when
we conducted our study on the time-dependency of hypoxia, it was demonstrated
that chronic hypoxia induced HIF-1a and HIF-2a ‘desensitization’, caused by aug-
mented PHD expression and activity'3.In addition, it was demonstrated that the neg-
ative Ets transcription factor (Net) may play a role in the time-dependent regulation
of hypoxia-induced gene transcription, as was evident by the requirement for both
HIF-1a and Net in a large number of hypoxia-regulated genes. Net regulated the ex-
pression of several genes known to control HIF-1a stability, including PHD-2, PHD-3
and Siah2'%4, Recently, Serchov et al. demonstrated that during short-term hypoxia
PHD-1 and PHD-3 interacted with Net resulting in its stabilization which coincided
with HIF-1a stabilization®. In mouse endothelial cells, Net repressed PHD-2 and -3
expression, partially prolonging HIF-1a-mediated regulation. However, in prolonged
hypoxia, the induction of PHD-2 and PHD-3 gradually predominated, resulting in
degradation of both Net and HIF-1a'.
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Regarding endothelial cells, hypoxia and its principal transcription factor HIF are
considered the major driving forces for neovascularization'?: 146-151 " Apart from the
formation of new capillaries, supplying arterioles need to enlarge, since short-term
effects, like vasodilatation, are no longer sufficient to adequately regulate the per-
fusion of the expanded vascular bed'* 52, In agreement with others, we showed
that the HIF pathway was markedly induced in endothelial cells during short-term
hypoxia, with increased protein levels of HIF-1 and -2a'5%'%%, These transcription fac-
tors migrate to the nucleus, where they form an active transcriptional complex with
HIF-1p1%6-1%¢, By binding to hypoxia-responsive elements inside the promoter regions
of genes, a large number of angiogenic growth factors, receptors and proteases are
synthesized, like vascular endothelial growth factor (VEGF)'°, placental growth fac-
tor (PIGF)'®", platelet-derived growth factor B (PDGF-B)'®2, basic fibroblast growth
factor (bFGF)'®2, and stromal-cell derived factor 1 (SDF-1)'¢3, Collectively, these fac-
tors promote endothelial cell survival, proliferation, and migration, whereby they try
to restore tissue perfusion®7°, Although the current believe is that the majority of
angiogenic molecules is synthesized and secreted by perivascular and stromal cells
inside the hypoxic area?* 183171173 'we found that endothelial cells also can contribute
to this process by increased expression of the growth factors VEGF-A, VEGF-B,
and PIGF as well as the proteases MMP2 and MMP10 (Chapter 7). Apparently
some autocrine pathway is utilized to promote survival during prolonged periods of
hypoxia, and perhaps even activates proliferation, migration, and capillary tube for-
mation66-169.174.175 ]t js suggested that this response is triggered by hypoxia-induced
activation of the MEK/ERK2-pathway, and, as documented in some studies, inde-
pendent from VEGEF, although this remains debatable'%-17¢,

Our studies have provided a first step to better understand the short- and long-
term responses of human endothelial cells to hypoxia. Future studies have to verify
whether there is a specific response of the endothelial genome to hypoxia. In this
respect the considerable contribution of HIF-2a, which is more tissue-specific than
HIF-1a may play a role'"®-81,

Next to the important role of HIF, KLF-2 was identified as a potential hypoxia-regu-
lated transcription factor, given its reduction during hypoxia which coincided with a
number of direct and indirect KLF-2 target genes (Chapter 7). It appears that hypox-
ia partially mimics a pro-inflammatory transcription profile with increases in a num-
ber of proinflammatory and profibrotic genes that were repressed by KLF-2, such
as MCP1, PAI-1, E-selectin and endothelin'® '8, Furthermore, a recent publication
demonstrated the potent inhibitory role of KLF-2 on angiogenesis'®. Mechanistically,
KLF-2 promoted HIF-1a degradation in a von Hippel-Lindau protein-independent
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but proteasome-dependent manner. The down-regulation of KLF-2 thus may also
contribute to limit this way of HIF-1a degradation. It is too early to estimate whether
KLF-2 might be a suitable target for modulating the angiogenic response in disease
states.

The information on gene induction by acute and prolonged hypoxia in human umbili-
cal vein and microvascular endothelial cells may act as a reference for future studies
on the effects of various degrees and durations of hypoxia on early EPC and ECFC.
Precursors of EPC typically reside in the hypoxic osteoblastic niche of the bone
marrow. However, once these cells enter the blood, they become exposed to much
higher oxygen tension. The chemo-attraction of these cells in the ischemic tissue, as
driven by factors like VEGF and SDF-1, results in a completely new hypoxic environ-
ment with different properties being demanded from these cells. Understanding of
their behavior at those sites is needed for optimal use of such cells in tissue repair.

Finally, although this thesis mainly focuses on the role of hypoxia on angiogenesis
and adult vasculogenesis in neovascularization, it goes without saying that growth
and development of larger supplying blood vessels is equally important in improving
tissue perfusion's. During the acute phase of hypoxia, small capillaries are rapidly
formed in, and around, the border of the hypoxic area. However, their survival is
completely dependent on the proper connection to supplying arterioles. In a large
number of types of tumors this process is imbalanced resulting in malfunctioning
vasculature® '8 |n developing granulation tissue and wound repair more organized
vascular structures are formed. The resident collateral vessels need to grow and
mature in order to bypass the blockage and find connections to the newly formed
capillary plexus. Without this process, the small blood vessels as formed in hypoxia-
induced angiogenesis rapidly become obsolete and are swiftly degraded8&-'°",

Perspective

The concept of progenitor cells that can differentiate into true endothelial cells with
high proliferative potential or into perivascular-positioned, angiogenesis-promoting
cells is attractive, but also highly debated. As mentioned before better characteri-
zation and identification of ECFC and its circulating precursor as well as the early
outgrowth/circulating angiogenic cells in the blood by specific markers would help to
improve the isolation, separation and amplification of these cells, and the possible
use of these cells for autologous and possibly heterologous transplantation.
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Hypoxia plays a key role in the overall biology of progenitor cells?* 63173, Upon im-
paired tissue perfusion, hypoxia induces the expression of various cytokines and
growth factors in perivascular cells (vascular fibroblasts, smooth muscle cells).
These factors initiate the mobilization of endothelial progenitor cells and circulating
angiogenic cells from the bone marrow to the systemic circulation®? %, Locally, hy-
poxia is responsible for a cytokine gradient across the blood vessel which, presum-
ably, is responsible for progenitor cell homing and extravasation, whereby these
cells positioned themselves in and around the developing vessels'®. By secreting
proangiogenic molecules, the perivascular myeloid cells support resident endothelial
cells and endothelial progenitors to proliferate and thereby neovascularization. In all
of the above-mentioned steps, proteases are indispensable. Manipulating mobilizing

and/or entrapment signals may offer therapeutic opportunities to stimulate angiogen-
eSiSSO, 195-198.

In vivo, a number of diseases are most likely responsible for the failure to adequa-
tely compensate for reduced perfusion upon vascular occlusive events. The resul-
ting hypoxia would normally activate the HIF system, thereby initiating a cascade of
adaptive processes to restore perfusion. However, in type 2 diabetes, high glucose
is responsible for a decrease in transactivation by HIF-1a during hypoxia'®®. Cova-
lent modification of the co-factor p300 by the dicarbonyl metabolite methylglyoxal
resulted in impaired binding to HIF-1a and a reduction of VEGF production, thereby
hampering neovascularization. It is therefore not surprising than compounds are be-
ing designed to stimulate HIF signaling. The clinical use of PHD and FIH inhibitors
has been suggested in ischemic disorders such as myocardial infarction, stroke, and
peripheral artery disease to promote neovascularization and restore tissue oxygen-
ation. These organic small molecules interfere with the utilization of iron and/or 2-ox-
oglutarate by the PHD resulting in inhibition of HIF prolyl hydroxylation and activation
of HIF-dependent transcription2°®2%7, Promising results have been documented in
the preclinical treatment of stroke, anemia, myocardial infarction, and ischemic renal
disease??®2'5_ Although some of these agents have now entered human clinical trials,
the safety of chronically administering HIF prolyl hydroxylase inhibitors to humans
remains an important issue, especially given the potential links between HIF and
Cancer212, 216, 217'

Adenoviral or peptide-based gene delivery of stabilized HIF-1a is another strategy,
and has been shown to effectively enhance angiogenesis and vascular maturation
in dermal wounds, reduce infarct size in a preclinical model of myocardial infarction,
and improved outcome in a mouse model of diabetic peripheral artery disease?'8-2%,
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In addition to this preclinical data, a clinical study had provided evidence that genetic
variation at the HIF-1a locus contributes to variation in the arteriogenic response to
ischemia. The relative risk for the absence of collaterals was increased five-fold in
cardiovascular patients with the variant allele?®. In these patients, a relative defi-
ciency of HIF-1a may prevent arteriogenesis and thus provide a rational for HIF-1a
gene therapy?¥.

Altogether, this thesis provides a wide platform of fundamental research and re-
sults on two important determinants of neovascularization, being hypoxia and pro-
angiogenic progenitor cells. The described mechanisms may help to initiate novel
preclinical experiments to increase the knowledge on stimulating neovasculariza-
tion, supporting the fields of cardiovascular research as well as tissue engineering.

References

1.Richardson MR, Yoder MC. Endothelial progenitor cells: Quo Vadis? J Mol Cell Cardiol. 2010.

2.Risau W, Flamme |. Vasculogenesis. Annu Rev Cell Dev Biol. 1995;11:73-91.

3.Risau W. Embryonic angiogenesis factors. Pharmacol Ther. 1991;51:371-376.

4 Hristov M, Weber C. Endothelial progenitor cells: characterization, pathophysiology, and possible clini-
cal relevance. J Cell Mol Med. 2004;8:498-508.

5.Sata M, Saiura A, Kunisato A, Tojo A, Okada S, Tokuhisa T, Hirai H, Makuuchi M, Hirata Y, Nagai R.
Hematopoietic stem cells differentiate into vascular cells that participate in the pathogenesis of athero-
sclerosis. Nat Med. 2002;8:403-409.

6.Imamura H, Ohta T, Tsunetoshi K, Doi K, Nozaki K, Takagi Y, Kikuta Kl. Transdifferentiation of bone
marrow-derived endothelial progenitor cells into the smooth muscle cell lineage mediated by tansforming
growth factor-beta1. Atherosclerosis. 2010.

7.Hur J, Yoon CH, Kim HS, Choi JH, Kang HJ, Hwang KK, Oh BH, Lee MM, Park YB. Characterization
of Two Types of Endothelial Progenitor Cells and Their Different Contributions to Neovasculogenesis.
Arterioscler Thromb Vasc Biol. 2004;24:288-293.

8.Gulati R, Jevremovic D, Peterson TE, Chatterjee S, Shah V, Vile RG, Simari RD. Diverse origin and
function of cells with endothelial phenotype obtained from adult human blood. Circ Res. 2003;93:1023-
1025.

9.Zampetaki A, Kirton JP, Xu Q. Vascular repair by endothelial progenitor cells. Cardiovasc Res.
2008;78:413-421.

10.Tanaka K, Sata M. Contribution of circulating vascular progenitors in lesion formation and vascular
healing: lessons from animal models. Curr Opin Lipidol. 2008;19:498-504.

11.Sieveking DP, Buckle A, Celermajer DS, Ng MK. Strikingly different angiogenic properties of endothe-
lial progenitor cell subpopulations: insights from a novel human angiogenesis assay. J Am Coll Cardiol.
2008;51:660-668.

12.Yoder MC, Mead LE, Prater D, Krier TR, Mroueh KN, Li F, Krasich R, Temm CJ, Prchal JT, Ingram DA.
Redefining endothelial progenitor cells via clonal analysis and hematopoietic stem/progenitor cell princi-
pals. Blood. 2007;109:1801-1809.

13.Rohde E, Malischnik C, Thaler D, Maierhofer T, Linkesch W, Lanzer G, Guelly C, Strunk D. Blood



Discussions

monocytes mimic endothelial progenitor cells. Stem Cells. 2006;24:357-367.

14.Rohde E, Bartmann C, Schallmoser K, Reinisch A, Lanzer G, Linkesch W, Guelly C, Strunk D. Immune
cells mimic the morphology of endothelial progenitor colonies in vitro. Stem Cells. 2007;25:1746-1752.
15.van Beem RT, Noort WA, Voermans C, Kleijer M, ten Brinke A, van Ham SM, van der Schoot CE,
Zwaginga JJ. The presence of activated CD4(+) T cells is essential for the formation of colony-forming
unit-endothelial cells by CD14(+) cells. J Immunol. 2008;180:5141-5148.

16.Hur J, Yang HM, Yoon CH, Lee CS, Park KW, Kim JH, Kim TY, Kim JY, Kang HJ, Chae IH, Oh BH,
Park YB, Kim HS. Identification of a novel role of T cells in postnatal vasculogenesis: characterization of
endothelial progenitor cell colonies. Circulation. 2007;116:1671-1682.

17.Arras M, Ito WD, Scholz D, Winkler B, Schaper J, Schaper W. Monocyte activation in angiogenesis
and collateral growth in the rabbit hindlimb. J Clin Invest. 1998;101:40-50.

18.Polverini PJ. Role of the macrophage in angiogenesis-dependent diseases. Exs. 1997;79:11-28.
19.Leibovich SJ, Polverini PJ, Shepard HM, Wiseman DM, Shively V, Nuseir N. Macrophage-induced
angiogenesis is mediated by tumour necrosis factor-alpha. Nature. 1987;329:630-632.

20.Moldovan NI. Role of monocytes and macrophages in adult angiogenesis: a light at the tunnel’s end.
J Hematother Stem Cell Res. 2002;11:179-194.

21.De Palma M, Venneri MA, Galli R, Sergi Sergi L, Politi LS, Sampaolesi M, Naldini L. Tie2 identifies a
hematopoietic lineage of proangiogenic monocytes required for tumor vessel formation and a mesenchy-
mal population of pericyte progenitors. Cancer Cell. 2005;8:211-226.

22.0'Neill TJt, Wamhoff BR, Owens GK, Skalak TC. Mobilization of bone marrow-derived cells en-
hances the angiogenic response to hypoxia without transdifferentiation into endothelial cells. Circ Res.
2005;97:1027-1035.

23.Zentilin L, Tafuro S, Zacchigna S, Arsic N, Pattarini L, Sinigaglia M, Giacca M. Bone marrow mono-
nuclear cells are recruited to the sites of VEGF-induced neovascularization but are not incorporated into
the newly formed vessels. Blood. 2006;107:3546-3554.

24.Grunewald M, Avraham |, Dor Y, Bachar-Lustig E, Itin A, Jung S, Chimenti S, Landsman L, Abramov-
itch R, Keshet E. VEGF-induced adult neovascularization: recruitment, retention, and role of accessory
cells. Cell. 2006;124:175-189.

25.0kamoto R, Ueno M, Yamada Y, Takahashi N, Sano H, Suda T, Takakura N. Hematopoietic cells regu-
late the angiogenic switch during tumorigenesis. Blood. 2005;105:2757-2763.

26.Rafii S, Lyden D. Cancer. A few to flip the angiogenic switch. Science. 2008;319:163-164.
27.Anghelina M, Krishnan P, Moldovan L, Moldovan NI. Monocytes/macrophages cooperate with pro-
genitor cells during neovascularization and tissue repair: conversion of cell columns into fibrovascular
bundles. Am J Pathol. 2006;168:529-541.

28.Rehman J, Li J, Orschell CM, March KL. Peripheral blood “endothelial progenitor cells” are derived
from monocyte/macrophages and secrete angiogenic growth factors. Circulation. 2003;107:1164-1169.
29.Rookmaaker MB, Verhaar MC, Loomans CJ, Verloop R, Peters E, Westerweel PE, Murohara T, Staal
FJ, van Zonneveld AJ, Koolwijk P, Rabelink TJ, van Hinsbergh VW. CD34+ cells home, proliferate, and
participate in capillary formation, and in combination with CD34- cells enhance tube formation in a 3-di-
mensional matrix. Arterioscler Thromb Vasc Biol. 2005;25:1843-1850.

30.Carmeliet P, Luttun A. The emerging role of the bone marrow-derived stem cells in (therapeutic) angio-
genesis. Thromb Haemost. 2001;86:289-297.

31.Rafii S, Lyden D. Therapeutic stem and progenitor cell transplantation for organ vascularization and
regeneration. Nat Med. 2003;9:702-712.

32.Prokopi M, Pula G, Mayr U, Devue C, Gallagher J, Xiao Q, Boulanger CM, Westwood N, Urbich C,
Willeit J, Steiner M, Breuss J, Xu Q, Kiechl S, Mayr M. Proteomic analysis reveals presence of platelet
microparticles in endothelial progenitor cell cultures. Blood. 2009;114:723-732.

241



| Chapter 8

N
n
N

33.Fadini GP, Albiero M, Boscaro E, Menegazzo L, Cabrelle A, Piliego T, Federici M, Agostini C, Avogaro
A. Rosuvastatin stimulates clonogenic potential and anti-inflammatory properties of endothelial progenitor
cells. Cell Biol Int. 2010.

34.Case J, Mead LE, Bessler WK, Prater D, White HA, Saadatzadeh MR, Bhavsar JR, Yoder MC, Ha-
neline LS, Ingram DA. Human CD34+AC133+VEGFR-2+ cells are not endothelial progenitor cells but
distinct, primitive hematopoietic progenitors. Exp Hematol. 2007;35:1109-1118.

35.Timmermans F, Van Hauwermeiren F, De Smedt M, Raedt R, Plasschaert F, De Buyzere ML, Gillebert
TC, Plum J, Vandekerckhove B. Endothelial outgrowth cells are not derived from CD133+ cells or CD45+
hematopoietic precursors. Arterioscler Thromb Vasc Biol. 2007;27:1572-1579.

36.Lin Y, Weisdorf DJ, Solovey A, Hebbel RP. Origins of circulating endothelial cells and endothelial out-
growth from blood. J Clin Invest. 2000;105:71-77.

37.Ishikawa M, Asahara T. Endothelial progenitor cell culture for vascular regeneration. Stem Cells Dev.
2004;13:344-349.

38.Melero-Martin JM, Khan ZA, Picard A, Wu X, Paruchuri S, Bischoff J. In vivo vasculogenic potential of
human blood-derived endothelial progenitor cells. Blood. 2007;109:4761-4768.

39.Shepherd BR, Enis DR, Wang F, Suarez Y, Pober JS, Schechner JS. Vascularization and engraft-
ment of a human skin substitute using circulating progenitor cell-derived endothelial cells. Faseb J.
2006;20:1739-1741.

40.Yoon CH, Hur J, Park KW, Kim JH, Lee CS, Oh IY, Kim TY, Cho HJ, Kang HJ, Chae IH, Yang HK,
Oh BH, Park YB, Kim HS. Synergistic neovascularization by mixed transplantation of early endothelial
progenitor cells and late outgrowth endothelial cells: the role of angiogenic cytokines and matrix metal-
loproteinases. Circulation. 2005;112:1618-1627.

41.0tt I, Keller U, Knoedler M, Gotze KS, Doss K, Fischer P, Urlbauer K, Debus G, von Bubnoff N, Rude-
lius M, Schomig A, Peschel C, Oostendorp RA. Endothelial-like cells expanded from CD34+ blood cells
improve left ventricular function after experimental myocardial infarction. Faseb J. 2005;19:992-994.
42.Loomans CJ, De Koning EJ, Staal FJ, Rabelink TJ, Zonneveld AJ. Endothelial progenitor cell dysfunc-
tion in type 1 diabetes: another consequence of oxidative stress? Antioxid Redox Signal. 2005;7:1468-
1475.

43.Loomans CJ, de Koning EJ, Staal FJ, Rookmaaker MB, Verseyden C, de Boer HC, Verhaar MC,
Braam B, Rabelink TJ, van Zonneveld AJ. Endothelial progenitor cell dysfunction: a novel concept in the
pathogenesis of vascular complications of type 1 diabetes. Diabetes. 2004;53:195-199.

44 Hill JM, Zalos G, Halcox JP, Schenke WH, Waclawiw MA, Quyyumi AA, Finkel T. Circulating endothe-
lial progenitor cells, vascular function, and cardiovascular risk. N Engl J Med. 2003;348:593-600.
45.Werner N, Kosiol S, Schiegl T, Ahlers P, Walenta K, Link A, Bohm M, Nickenig G. Circulating endothe-
lial progenitor cells and cardiovascular outcomes. N Engl J Med. 2005;353:999-1007.

46.Werner N, Nickenig G. Influence of cardiovascular risk factors on endothelial progenitor cells: limita-
tions for therapy? Arterioscler Thromb Vasc Biol. 2006;26:257-266.

47 Hristov M, Fach C, Becker C, Heussen N, Liehn EA, Blindt R, Hanrath P, Weber C. Reduced numbers
of circulating endothelial progenitor cells in patients with coronary artery disease associated with long-
term statin treatment. Atherosclerosis. 2007;192:413-420.

48.Vasa M, Fichtlscherer S, Aicher A, Adler K, Urbich C, Martin H, Zeiher AM, Dimmeler S. Number and
migratory activity of circulating endothelial progenitor cells inversely correlate with risk factors for coronary
artery disease. Circ Res. 2001;89:E1-7.

49.Assmus B, Urbich C, Aicher A, Hofmann WK, Haendeler J, Rossig L, Spyridopoulos |, Zeiher AM,
Dimmeler S. HMG-CoA reductase inhibitors reduce senescence and increase proliferation of endothelial
progenitor cells via regulation of cell cycle regulatory genes. Circ Res. 2003;92:1049-1055.

50.lwaguro H, Yamaguchi J, Kalka C, Murasawa S, Masuda H, Hayashi S, Silver M, Li T, Isner JM, Asa-



Discussions

hara T. Endothelial progenitor cell vascular endothelial growth factor gene transfer for vascular regenera-
tion. Circulation. 2002;105:732-738.

51.Sasaki K, Heeschen C, Aicher A, Ziebart T, Honold J, Urbich C, Rossig L, Koehl U, Koyanagi M,
Mohamed A, Brandes RP, Martin H, Zeiher AM, Dimmeler S. Ex vivo pretreatment of bone marrow mono-
nuclear cells with endothelial NO synthase enhancer AVE9488 enhances their functional activity for cell
therapy. Proc Natl Acad Sci U S A. 2006;103:14537-14541.

52.Kalka C, Masuda H, Takahashi T, Gordon R, Tepper O, Gravereaux E, Pieczek A, Iwaguro H, Hayashi
Sl, Isner JM, Asahara T. Vascular endothelial growth factor(165) gene transfer augments circulating en-
dothelial progenitor cells in human subjects. Circ Res. 2000;86:1198-1202.

53.Tan K, Lessieur E, Cutler A, Nerone P, Vasaniji A, Asosingh K, Erzurum S, Anand-Apte B. Impaired
function of circulating CD34(+) CD45(-) cells in patients with proliferative diabetic retinopathy. Exp Eye
Res. 2010.

54.Cogle CR. Abstract 5636: Time From Onset of Acute Anterior Myocardial Infarction Negatively Influ-
ences Bone Marrow Cell Function: Preliminary Data From the NHLBI CCTRN Ancillary Studies. Circula-
tion. 2009;120:51132.

55.Zemani F, Silvestre JS, Fauvel-Lafeve F, Bruel A, Vilar J, Bieche |, Laurendeau |, Galy-Fauroux I,
Fischer AM, Boisson-Vidal C. Ex vivo priming of endothelial progenitor cells with SDF-1 before transplan-
tation could increase their proangiogenic potential. Arterioscler Thromb Vasc Biol. 2008;28:644-650.
56.van Beem RT, Verloop RE, Kleijer M, Noort WA, Loof N, Koolwijk P, van der Schoot CE, van Hinsbergh
VW, Zwaginga JJ. Blood outgrowth endothelial cells from cord blood and peripheral blood: angiogenesis-
related characteristics in vitro. J Thromb Haemost. 2009;7:217-226.

57.Au P, Tam J, Fukumura D, Jain RK. Bone marrow-derived mesenchymal stem cells facilitate engineer-
ing of long-lasting functional vasculature. Blood. 2008;111:4551-4558.

58.Melero-Martin JM, De Obaldia ME, Kang SY, Khan ZA, Yuan L, Oettgen P, Bischoff J. Engineering
robust and functional vascular networks in vivo with human adult and cord blood-derived progenitor cells.
Circ Res. 2008;103:194-202.

59.Voswinckel R, Ziegelhoeffer T, Heil M, Kostin S, Breier G, Mehling T, Haberberger R, Clauss M,
Gaumann A, Schaper W, Seeger W. Circulating vascular progenitor cells do not contribute to compensa-
tory lung growth. Circ Res. 2003;93:372-379.

60.Hagensen MK, Shim J, Thim T, Falk E, Bentzon JF. Circulating endothelial progenitor cells do not
contribute to plaque endothelium in murine atherosclerosis. Circulation. 2010;121:898-905.

61.Bluff JE, Ferguson MW, O’Kane S, Ireland G. Bone marrow-derived endothelial progenitor cells do not
contribute significantly to new vessels during incisional wound healing. Exp Hematol. 2007;35:500-506.
62.Chade AR, Zhu X, Lavi R, Krier JD, Pislaru S, Simari RD, Napoli C, Lerman A, Lerman LO. Endo-
thelial progenitor cells restore renal function in chronic experimental renovascular disease. Circulation.
2009;119:547-557.

63.Crisan M, Yap S, Casteilla L, Chen CW, Corselli M, Park TS, Andriolo G, Sun B, Zheng B, Zhang L,
Norotte C, Teng PN, Traas J, Schugar R, Deasy BM, Badylak S, Buhring HJ, Giacobino JP, Lazzari L,
Huard J, Peault B. A perivascular origin for mesenchymal stem cells in multiple human organs. Cell Stem
Cell. 2008;3:301-313.

64.Crisan M, Huard J, Zheng B, Sun B, Yap S, Logar A, Giacobino JP, Casteilla L, Peault B. Purification
and culture of human blood vessel-associated progenitor cells. Curr Protoc Stem Cell Biol. 2008;Chapter
2:Unit2B 2 1-2B 2 13.

65.Caplan Al. All MSCs are pericytes? Cell Stem Cell. 2008;3:229-230.

66.Brighton CT, Lorich DG, Kupcha R, Reilly TM, Jones AR, Woodbury RA, 2nd. The pericyte as a pos-
sible osteoblast progenitor cell. Clin Orthop Relat Res. 1992:287-299.

67.Doherty MJ, Ashton BA, Walsh S, Beresford JN, Grant ME, Canfield AE. Vascular pericytes express

243



| Chapter 8

N
5
N

osteogenic potential in vitro and in vivo. J Bone Miner Res. 1998;13:828-838.

68.Farrington-Rock C, Crofts NJ, Doherty MJ, Ashton BA, Griffin-Jones C, Canfield AE. Chondrogenic
and adipogenic potential of microvascular pericytes. Circulation. 2004;110:2226-2232.

69.Shi S, Gronthos S. Perivascular niche of postnatal mesenchymal stem cells in human bone marrow
and dental pulp. J Bone Miner Res. 2003;18:696-704.

70.Sarugaser R, Lickorish D, Baksh D, Hosseini MM, Davies JE. Human umbilical cord perivascular
(HUCPV) cells: a source of mesenchymal progenitors. Stem Cells. 2005;23:220-229.

71.Baksh D, Yao R, Tuan RS. Comparison of proliferative and multilineage differentiation potential of hu-
man mesenchymal stem cells derived from umbilical cord and bone marrow. Stem Cells. 2007;25:1384-
1392.

72.Sorrell JM, Baber MA, Caplan Al. Influence of Adult Mesenchymal Stem Cells on In Vitro Vascular
Formation. Tissue Eng Part A. 2009.

73.da Silva Meirelles L, Caplan Al, Nardi NB. In search of the in vivo identity of mesenchymal stem cells.
Stem Cells. 2008;26:2287-2299.

74 .Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, Moorman MA, Simonetti
DW, Craig S, Marshak DR. Multilineage potential of adult human mesenchymal stem cells. Science.
1999;284:143-147.

75.Porada CD, Zanjani ED, Almeida-Porad G. Adult mesenchymal stem cells: a pluripotent population
with multiple applications. Curr Stem Cell Res Ther. 2006;1:365-369.

76.Le Blanc K, Tammik C, Rosendahl K, Zetterberg E, Ringden O. HLA expression and immunologic
properties of differentiated and undifferentiated mesenchymal stem cells. Exp Hematol. 2003;31:890-896.
77.Noel D, Djouad F, Bouffi C, Mrugala D, Jorgensen C. Multipotent mesenchymal stromal cells and im-
mune tolerance. Leuk Lymphoma. 2007;48:1283-1289.

78.Lu LL, Liu YJ, Yang SG, Zhao QJ, Wang X, Gong W, Han ZB, Xu ZS, Lu YX, Liu D, Chen ZZ, Han
ZC. Isolation and characterization of human umbilical cord mesenchymal stem cells with hematopoiesis-
supportive function and other potentials. Haematologica. 2006;91:1017-1026.

79.Ennis J, Gotherstrom C, Le Blanc K, Davies JE. In vitro immunologic properties of human umbilical
cord perivascular cells. Cytotherapy. 2008;10:174-181.

80.Le Blanc K, Ringden O. Immunomodulation by mesenchymal stem cells and clinical experience. J
Intern Med. 2007;262:509-525.

81.Uccelli A, Pistoia V, Moretta L. Mesenchymal stem cells: a new strategy for immunosuppression?
Trends Immunol. 2007;28:219-226.

82.Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and disease. Nat Rev Immunol.
2008;8:726-736.

83.Liao W, Zhong J, Yu J, Xie J, Liu Y, Du L, Yang S, Liu P, Xu J, Wang J, Han Z, Han ZC. Therapeutic
benefit of human umbilical cord derived mesenchymal stromal cells in intracerebral hemorrhage rat: im-
plications of anti-inflammation and angiogenesis. Cell Physiol Biochem. 2009;24:307-316.

84.Cai L, Johnstone BH, Cook TG, Tan J, Fishbein MC, Chen PS, March KL. IFATS collection: Human
adipose tissue-derived stem cells induce angiogenesis and nerve sprouting following myocardial infarc-
tion, in conjunction with potent preservation of cardiac function. Stem Cells. 2009;27:230-237.

85.Wu KH, Zhou B, Mo XM, Cui B, Yu CT, Lu SH, Han ZC, Liu YL. Therapeutic potential of human umbili-
cal cord-derived stem cells in ischemic diseases. Transplant Proc. 2007;39:1620-1622.

86.Min JY, Sullivan MF, Yang Y, Zhang JP, Converso KL, Morgan JP, Xiao YF. Significant improvement
of heart function by cotransplantation of human mesenchymal stem cells and fetal cardiomyocytes in
postinfarcted pigs. Ann Thorac Surg. 2002;74:1568-1575.

87.Tang YL, Zhao Q, Qin X, Shen L, Cheng L, Ge J, Phillips MI. Paracrine action enhances the effects of
autologous mesenchymal stem cell transplantation on vascular regeneration in rat model of myocardial



Discussions

infarction. Ann Thorac Surg. 2005;80:229-236; discussion 236-227.

88.Tang YL, Zhao Q, Zhang YC, Cheng L, Liu M, Shi J, Yang YZ, Pan C, Ge J, Phillips MI. Autologous
mesenchymal stem cell transplantation induce VEGF and neovascularization in ischemic myocardium.
Regul Pept. 2004;117:3-10.

89.Madonna R, Geng YJ, De Caterina R. Adipose Tissue-Derived Stem Cells. Characterization and Po-
tential for Cardiovascular Repair. Arterioscler Thromb Vasc Biol. 2009.

90.Suga H, Eto H, Shigeura T, Inoue K, Aoi N, Kato H, Nishimura S, Manabe |, Gonda K, Yoshimura K. IF-
ATS collection: Fibroblast growth factor-2-induced hepatocyte growth factor secretion by adipose-derived
stromal cells inhibits postinjury fibrogenesis through a c-Jun N-terminal kinase-dependent mechanism.
Stem Cells. 2009;27:238-249.

91.Phinney DG, Prockop DJ. Concise review: mesenchymal stem/multipotent stromal cells: the state of
transdifferentiation and modes of tissue repair--current views. Stem Cells. 2007;25:2896-2902.

92.0h JY, Kim MK, Shin MS, Wee WR, Lee JH. Cytokine secretion by human mesenchymal stem cells
cocultured with damaged corneal epithelial cells. Cytokine. 2009.

93.Chen X, Li Y, Wang L, Katakowski M, Zhang L, Chen J, Xu Y, Gautam SC, Chopp M. Ischemic rat brain
extracts induce human marrow stromal cell growth factor production. Neuropathology. 2002;22:275-279.
94 Kinnaird T, Stabile E, Burnett MS, Epstein SE. Bone-marrow-derived cells for enhancing collateral
development: mechanisms, animal data, and initial clinical experiences. Circ Res. 2004;95:354-363.
95.Kinnaird T, Stabile E, Burnett MS, Shou M, Lee CW, Barr S, Fuchs S, Epstein SE. Local delivery of
marrow-derived stromal cells augments collateral perfusion through paracrine mechanisms. Circulation.
2004;109:1543-1549.

96.Chen J, Zhang ZG, Li Y, Wang L, Xu YX, Gautam SC, Lu M, Zhu Z, Chopp M. Intravenous adminis-
tration of human bone marrow stromal cells induces angiogenesis in the ischemic boundary zone after
stroke in rats. Circ Res. 2003;92:692-699.

97.Chen J, Li Y, Katakowski M, Chen X, Wang L, Lu D, Lu M, Gautam SC, Chopp M. Intravenous bone
marrow stromal cell therapy reduces apoptosis and promotes endogenous cell proliferation after stroke in
female rat. J Neurosci Res. 2003;73:778-786.

98.Zacharek A, Chen J, Cui X, Li A, Li Y, Roberts C, Feng Y, Gao Q, Chopp M. Angiopoietin1/Tie2 and
VEGF/Flk1 induced by MSC treatment amplifies angiogenesis and vascular stabilization after stroke. J
Cereb Blood Flow Metab. 2007;27:1684-1691.

99.Rehman J, Traktuev D, Li J, Merfeld-Clauss S, Temm-Grove CJ, Bovenkerk JE, Pell CL, Johnstone
BH, Considine RV, March KL. Secretion of angiogenic and antiapoptotic factors by human adipose stro-
mal cells. Circulation. 2004;109:1292-1298.

100.Nakagami H, Maeda K, Morishita R, Iguchi S, Nishikawa T, Takami Y, Kikuchi Y, Saito Y, Tamai K,
Ogihara T, Kaneda Y. Novel autologous cell therapy in ischemic limb disease through growth factor secre-
tion by cultured adipose tissue-derived stromal cells. Arterioscler Thromb Vasc Biol. 2005;25:2542-2547 .
101.Moon MH, Kim SY, Kim YJ, Kim SJ, Lee JB, Bae YC, Sung SM, Jung JS. Human adipose tissue-
derived mesenchymal stem cells improve postnatal neovascularization in a mouse model of hindlimb
ischemia. Cell Physiol Biochem. 2006;17:279-290.

102.Abarbanell AM, Wang Y, Herrmann JL, Weil BR, Poynter JA, Manukyan MC, Meldrum DR. Toll-like
receptor 2 mediates mesenchymal stem cell associated myocardial recovery and VEGF production fol-
lowing acute ischemia/reperfusion injury. Am J Physiol Heart Circ Physiol. 2010.

103.Psaltis PJ, Paton S, See F, Arthur A, Martin S, Itescu S, Worthley SG, Gronthos S, Zannettino AC. En-
richment for STRO-1 expression enhances the cardiovascular paracrine activity of human bone marrow-
derived mesenchymal cell populations. J Cell Physiol. 2010;223:530-540.

104.Aggarwal S, Pittenger MF. Human mesenchymal stem cells modulate allogeneic immune cell re-
sponses. Blood. 2005;105:1815-1822.

245



| Chapter 8

N
N
[=2]

105.Ghajar CM, Blevins KS, Hughes CC, George SC, Putnam AJ. Mesenchymal stem cells enhance
angiogenesis in mechanically viable prevascularized tissues via early matrix metalloproteinase upregula-
tion. Tissue Eng. 2006;12:2875-2888.

106.Kinnaird T, Stabile E, Burnett MS, Lee CW, Barr S, Fuchs S, Epstein SE. Marrow-derived stromal
cells express genes encoding a broad spectrum of arteriogenic cytokines and promote in vitro and in vivo
arteriogenesis through paracrine mechanisms. Circ Res. 2004;94:678-685.

107.Haynesworth SE, Baber MA, Caplan Al. Cytokine expression by human marrow-derived mesenchy-
mal progenitor cells in vitro: effects of dexamethasone and IL-1 alpha. J Cell Physiol. 1996;166:585-592.
108.Gnecchi M, He H, Liang OD, Melo LG, Morello F, Mu H, Noiseux N, Zhang L, Pratt RE, Ingwall JS,
Dzau VJ. Paracrine action accounts for marked protection of ischemic heart by Akt-modified mesenchy-
mal stem cells. Nat Med. 2005;11:367-368.

109.Zhang M, Mal N, Kiedrowski M, Chacko M, Askari AT, Popovic ZB, Koc ON, Penn MS. SDF-1 expres-
sion by mesenchymal stem cells results in trophic support of cardiac myocytes after myocardial infarction.
Faseb J. 2007;21:3197-3207.

110.Johansson U, Rasmusson |, Niclou SP, Forslund N, Gustavsson L, Nilsson B, Korsgren O, Mag-
nusson PU. Formation of composite endothelial cell-mesenchymal stem cell islets: a novel approach to
promote islet revascularization. Diabetes. 2008;57:2393-2401.

111.Chaplin DJ, Durand RE, Olive PL. Acute hypoxia in tumors: implications for modifiers of radiation ef-
fects. Int J Radiat Oncol Biol Phys. 1986;12:1279-1282.

112.Dewhirst MW, Cao Y, Moeller B. Cycling hypoxia and free radicals regulate angiogenesis and radio-
therapy response. Nat Rev Cancer. 2008;8:425-437.

113.Rofstad EK, Galappathi K, Mathiesen B, Ruud EB. Fluctuating and diffusion-limited hypoxia in hypox-
ia-induced metastasis. Clin Cancer Res. 2007;13:1971-1978.

114.Zolzer F, Streffer C. Increased radiosensitivity with chronic hypoxia in four human tumor cell lines. Int
J Radiat Oncol Biol Phys. 2002;54:910-920.

115.Shrieve DC, Harris JW. The in vitro sensitivity of chronically hypoxic EMT6/SF cells to X-radiation and
hypoxic cell radiosensitizers. Int J Radiat Biol Relat Stud Phys Chem Med. 1985;48:127-138.

116.Chan N, Milosevic M, Bristow RG. Tumor hypoxia, DNA repair and prostate cancer progression: new
targets and new therapies. Future Oncol. 2007;3:329-341.

117.Bindra RS, Crosby ME, Glazer PM. Regulation of DNA repair in hypoxic cancer cells. Cancer Metas-
tasis Rev. 2007;26:249-260.

118.Huang LE, Bindra RS, Glazer PM, Harris AL. Hypoxia-induced genetic instability--a calculated mech-
anism underlying tumor progression. J Mol Med. 2007;85:139-148.

119.0’Byrne KJ, Dalgleish AG, Browning MJ, Steward WP, Harris AL. The relationship between angiogen-
esis and the immune response in carcinogenesis and the progression of malignant disease. Eur J Cancer.
2000;36:151-169.

120.Algawi O, Wang HP, Espiritu M, Singh G. Chronic hypoxia promotes an aggressive phenotype in rat
prostate cancer cells. Free Radic Res. 2007;41:788-797.

121.Harris AL. Hypoxia--a key regulatory factor in tumour growth. Nat Rev Cancer. 2002;2:38-47.
122.Ning W, Chu TJ, Li CJ, Choi AM, Peters DG. Genome-wide analysis of the endothelial transcriptome
under short-term chronic hypoxia. Physiol Genomics. 2004;18:70-78.

123.Chi JT, Wang Z, Nuyten DS, Rodriguez EH, Schaner ME, Salim A, Wang Y, Kristensen GB, Helland
A, Borresen-Dale AL, Giaccia A, Longaker MT, Hastie T, Yang GP, van de Vijver MJ, Brown PO. Gene
expression programs in response to hypoxia: cell type specificity and prognostic significance in human
cancers. PLoS Med. 2006;3:e47.

124.Manalo DJ, Rowan A, Lavoie T, Natarajan L, Kelly BD, Ye SQ, Garcia JG, Semenza GL. Transcrip-
tional regulation of vascular endothelial cell responses to hypoxia by HIF-1. Blood. 2005;105:659-669.



Discussions

125.Le Jan S, Le Meur N, Cazes A, Philippe J, Le Cunff M, Leger J, Corvol P, Germain S. Characteriza-
tion of the expression of the hypoxia-induced genes neuritin, TXNIP and IGFBP3 in cancer. FEBS Lett.
2006;580:3395-3400.

126.Takeda N, Maemura K, Imai Y, Harada T, Kawanami D, Nojiri T, Manabe |, Nagai R. Endothelial PAS
domain protein 1 gene promotes angiogenesis through the transactivation of both vascular endothelial
growth factor and its receptor, Flt-1. Circ Res. 2004;95:146-153.

127 .McLeod CJ, Pagel |, Sack MN. The mitochondrial biogenesis regulatory program in cardiac adapta-
tion to ischemia--a putative target for therapeutic intervention. Trends Cardiovasc Med. 2005;15:118-123.
128.Marczin N, El-Habashi N, Hoare GS, Bundy RE, Yacoub M. Antioxidants in myocardial ischemia-re-
perfusion injury: therapeutic potential and basic mechanisms. Arch Biochem Biophys. 2003;420:222-236.
129.Scortegagna M, Ding K, Oktay Y, Gaur A, Thurmond F, Yan LJ, Marck BT, Matsumoto AM, Shelton
JM, Richardson JA, Bennett MJ, Garcia JA. Multiple organ pathology, metabolic abnormalities and im-
paired homeostasis of reactive oxygen species in Epas1-/- mice. Nat Genet. 2003;35:331-340.
130.Oktay Y, Dioum E, Matsuzaki S, Ding K, Yan LJ, Haller RG, Szweda LI, Garcia JA. Hypoxia-induc-
ible factor 2alpha regulates expression of the mitochondrial aconitase chaperone protein frataxin. J Biol
Chem. 2007;282:11750-11756.

131.Lei L, Mason S, Liu D, Huang Y, Marks C, Hickey R, Jovin IS, Pypaert M, Johnson RS, Giordano FJ.
Hypoxia-inducible factor-dependent degeneration, failure, and malignant transformation of the heart in
the absence of the von Hippel-Lindau protein. Mol Cell Biol. 2008;28:3790-3803.

132.Zolk O, Solbach TF, Eschenhagen T, Weidemann A, Fromm MF. Activation of negative regulators of
the hypoxia-inducible factor (HIF) pathway in human end-stage heart failure. Biochem Biophys Res Com-
mun. 2008;376:315-320.

133.Kamat CD, Thorpe JE, Shenoy SS, Ceriello A, Green DE, Warnke LA, lhnat MA. A long-term “mem-
ory” of HIF induction in response to chronic mild decreased oxygen after oxygen normalization. BMC
Cardiovasc Disord. 2007;7:4.

134.Maynard MA, Evans AJ, Hosomi T, Hara S, Jewett MA, Ohh M. Human HIF-3alpha4 is a dominant-
negative regulator of HIF-1 and is down-regulated in renal cell carcinoma. Faseb J. 2005;19:1396-1406.
135.Maynard MA, Qi H, Chung J, Lee EH, Kondo Y, Hara S, Conaway RC, Conaway JW, Ohh M. Multiple
splice variants of the human HIF-3 alpha locus are targets of the von Hippel-Lindau E3 ubiquitin ligase
complex. J Biol Chem. 2003;278:11032-11040.

136.del Peso L, Castellanos MC, Temes E, Martin-Puig S, Cuevas Y, Olmos G, Landazuri MO. The von
Hippel Lindau/hypoxia-inducible factor (HIF) pathway regulates the transcription of the HIF-proline hy-
droxylase genes in response to low oxygen. J Biol Chem. 2003;278:48690-48695.

137.Stiehl DP, Wirthner R, Koditz J, Spielmann P, Camenisch G, Wenger RH. Increased prolyl 4-hydroxy-
lase domain proteins compensate for decreased oxygen levels. Evidence for an autoregulatory oxygen-
sensing system. J Biol Chem. 2006;281:23482-23491.

138.Marxsen JH, Stengel P, Doege K, Heikkinen P, Jokilehto T, Wagner T, Jelkmann W, Jaakkola P,
Metzen E. Hypoxia-inducible factor-1 (HIF-1) promotes its degradation by induction of HIF-alpha-prolyl-
4-hydroxylases. Biochem J. 2004;381:761-767.

139.Metzen E, Stiehl DP, Doege K, Marxsen JH, Hellwig-Burgel T, Jelkmann W. Regulation of the prolyl
hydroxylase domain protein 2 (phd2/egin-1) gene: identification of a functional hypoxia-responsive ele-
ment. Biochem J. 2005;387:711-717.

140.D’Angelo G, Duplan E, Vigne P, Frelin C. Cyclosporin A prevents the hypoxic adaptation by activating
hypoxia-inducible factor-1alpha Pro-564 hydroxylation. J Biol Chem. 2003;278:15406-15411.

141.Berra E, Richard DE, Gothie E, Pouyssegur J. HIF-1-dependent transcriptional activity is required for
oxygen-mediated HIF-1alpha degradation. FEBS Lett. 2001;491:85-90.

142.Henze AT, Riedel J, Diem T, Wenner J, Flamme |, Pouyseggur J, Plate KH, Acker T. Prolyl hydroxy-

247



| Chapter 8

N
i
(o]

lases 2 and 3 act in gliomas as protective negative feedback regulators of hypoxia-inducible factors.
Cancer Res. 2010;70:357-366.

143.Ginouves A, llc K, Macias N, Pouyssegur J, Berra E. PHDs overactivation during chronic hypoxia
“desensitizes” HIFalpha and protects cells from necrosis. Proc Natl Acad Sci U S A. 2008;105:4745-4750.
144.Gross C, Dubois-Pot H, Wasylyk B. The ternary complex factor Net/Elk-3 participates in the transcrip-
tional response to hypoxia and regulates HIF-1 alpha. Oncogene. 2008;27:1333-1341.

145.Serchov T, Dubois-Pot-Schneider H, Charlot C, Rosl F, Wasylyk B. Involvement of net and Hif1alpha
in distinct yet intricately linked hypoxia-induced signaling pathways. J Biol Chem. 2010;285:21223-21232.
146.Pugh CW, Ratcliffe PJ. Regulation of angiogenesis by hypoxia: role of the HIF system. Nat Med.
2003;9:677-684.

147.Tang N, Wang L, Esko J, Giordano FJ, Huang Y, Gerber HP, Ferrara N, Johnson RS. Loss of HIF-
1alpha in endothelial cells disrupts a hypoxia-driven VEGF autocrine loop necessary for tumorigenesis.
Cancer Cell. 2004;6:485-495.

148.Licht AH, Muller-Holtkamp F, Flamme I, Breier G. Inhibition of hypoxia-inducible factor activity in en-
dothelial cells disrupts embryonic cardiovascular development. Blood. 2006;107:584-590.

149.Skuli N, Liu L, Runge A, Wang T, Yuan L, Patel S, Iruela-Arispe L, Simon MC, Keith B. Endothelial de-
letion of hypoxia inducible factor-2alpha (HIF-2{alpha}) alters vascular function and tumor angiogenesis.
Blood. 2009.

150.Duan LJ, Zhang-Benoit Y, Fong GH. Endothelium-intrinsic requirement for Hif-2alpha during vascular
development. Circulation. 2005;111:2227-2232.

151.Walshe TE, D’Amore PA. The role of hypoxia in vascular injury and repair. Annu Rev Pathol.
2008;3:615-643.

152.Fraisl P, Mazzone M, Schmidt T, Carmeliet P. Regulation of angiogenesis by oxygen and metabolism.
Dev Cell. 2009;16:167-179.

153.Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. 2003;3:721-732.

154.Simon MC, Liu L, Barnhart BC, Young RM. Hypoxia-induced signaling in the cardiovascular system.
Annu Rev Physiol. 2008;70:51-71.

155.0hneda O, Nagano M, Fujii-Kuriyama Y. Role of hypoxia-inducible factor-2alpha in endothelial devel-
opment and hematopoiesis. Methods Enzymol. 2007;435:199-218.

156.Kallio PJ, Okamoto K, O’'Brien S, Carrero P, Makino Y, Tanaka H, Poellinger L. Signal transduction in
hypoxic cells: inducible nuclear translocation and recruitment of the CBP/p300 coactivator by the hypoxia-
inducible factor-1alpha. Embo J. 1998;17:6573-6586.

157 Konietzny R, Konig A, Wotzlaw C, Bernadini A, Berchner-Pfannschmidt U, Fandrey J. Molecular im-
aging: into in vivo interaction of HIF-1alpha and HIF-2alpha with ARNT. Ann N Y Acad Sci. 2009;1177:74-
81.

158.Pugh CW, O’Rourke JF, Nagao M, Gleadle JM, Ratcliffe PJ. Activation of hypoxia-inducible factor-1;
definition of regulatory domains within the alpha subunit. J Biol Chem. 1997;272:11205-11214.
159.Salceda S, Beck |, Caro J. Absolute requirement of aryl hydrocarbon receptor nuclear translocator
protein for gene activation by hypoxia. Arch Biochem Biophys. 1996;334:389-394.

160.Shweiki D, Itin A, Soffer D, Keshet E. Vascular endothelial growth factor induced by hypoxia may
mediate hypoxia-initiated angiogenesis. Nature. 1992;359:843-845.

161.Nicosia RF. What is the role of vascular endothelial growth factor-related molecules in tumor angio-
genesis? Am J Pathol. 1998;153:11-16.

162.Kuwabara K, Ogawa S, Matsumoto M, Koga S, Clauss M, Pinsky DJ, Lyn P, Leavy J, Witte L, Jo-
seph-Silverstein J, et al. Hypoxia-mediated induction of acidic/basic fibroblast growth factor and platelet-
derived growth factor in mononuclear phagocytes stimulates growth of hypoxic endothelial cells. Proc Nat/
Acad Sci U S A. 1995;92:4606-4610.



Discussions

163.Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas N, Kleinman ME, Capla JM, Galiano
RD, Levine JP, Gurtner GC. Progenitor cell trafficking is regulated by hypoxic gradients through HIF-1
induction of SDF-1. Nat Med. 2004;10:858-864.

164.Economopoulou M, Langer HF, Celeste A, Orlova VV, Choi EY, Ma M, Vassilopoulos A, Callen E,
Deng C, Bassing CH, Boehm M, Nussenzweig A, Chavakis T. Histone H2AX is integral to hypoxia-driven
neovascularization. Nat Med. 2009;15:553-558.

165.Coleman ML, Ratcliffe PJ. Angiogenesis: escape from hypoxia. Nat Med. 2009;15:491-493.
166.Namiki A, Brogi E, Kearney M, Kim EA, Wu T, Couffinhal T, Varticovski L, Isner JM. Hypoxia induces
vascular endothelial growth factor in cultured human endothelial cells. J Biol Chem. 1995;270:31189-
31195.

167.Murohara T, Witzenbichler B, Spyridopoulos |, Asahara T, Ding B, Sullivan A, Losordo DW, Isner
JM. Role of endothelial nitric oxide synthase in endothelial cell migration. Arterioscler Thromb Vasc Biol.
1999;19:1156-1161.

168.Phillips PG, Birnby LM, Narendran A. Hypoxia induces capillary network formation in cultured bovine
pulmonary microvessel endothelial cells. Am J Physiol. 1995;268:L789-800.

169.Kroon ME, Koolwijk P, van der Vecht B, van Hinsbergh VW. Urokinase receptor expression on human
microvascular endothelial cells is increased by hypoxia: implications for capillary-like tube formation in a
fibrin matrix. Blood. 2000;96:2775-2783.

170.Marti HJ, Bernaudin M, Bellail A, Schoch H, Euler M, Petit E, Risau W. Hypoxia-induced vascular
endothelial growth factor expression precedes neovascularization after cerebral ischemia. Am J Pathol.
2000;156:965-976.

171.Banai S, Shweiki D, Pinson A, Chandra M, Lazarovici G, Keshet E. Upregulation of vascular endo-
thelial growth factor expression induced by myocardial ischaemia: implications for coronary angiogenesis.
Cardiovasc Res. 1994;28:1176-1179.

172.Brogi E, Wu T, Namiki A, Isner JM. Indirect angiogenic cytokines upregulate VEGF and bFGF gene
expression in vascular smooth muscle cells, whereas hypoxia upregulates VEGF expression only. Circu-
lation. 1994;90:649-652.

173.Ruiz de Alimodovar C, Luttun A, Carmeliet P. An SDF-1 trap for myeloid cells stimulates angiogenesis.
Cell. 2006;124:18-21.

174.Schafer M, Ewald N, Schafer C, Stapler A, Piper HM, Noll T. Signaling of hypoxia-induced autono-
mous proliferation of endothelial cells. Faseb J. 2003;17:449-451.

175.Meininger CJ, Schelling ME, Granger HJ. Adenosine and hypoxia stimulate proliferation and migra-
tion of endothelial cells. Am J Physiol. 1988;255:H554-562.

176.Hartel FV, Holl M, Arshad M, Aslam M, Gunduz D, Weyand M, Micoogullari M, Abdallah Y, Piper HM,
Noll T. Transient hypoxia induces ERK-dependent anti-apoptotic cell survival in endothelial cells. Am J
Physiol Cell Physiol. 2010.

177.Shimotake J, Derugin N, Wendland M, Vexler ZS, Ferriero DM. Vascular endothelial growth factor
receptor-2 inhibition promotes cell death and limits endothelial cell proliferation in a neonatal rodent model
of stroke. Stroke. 2010;41:343-349.

178.Schafer M, Schafer C, Ewald N, Piper HM, Noll T. Role of redox signaling in the autonomous prolifera-
tive response of endothelial cells to hypoxia. Circ Res. 2003;92:1010-1015.

179.Yamashita T, Ohneda K, Nagano M, Miyoshi C, Kaneko N, Miwa Y, Yamamoto M, Ohneda O, Fujii-
Kuriyama Y. Hypoxia-inducible transcription factor-2alpha in endothelial cells regulates tumor neovascu-
larization through activation of ephrin A1. J Biol Chem. 2008;283:18926-18936.

180.Hu CJ, Wang LY, Chodosh LA, Keith B, Simon MC. Differential roles of hypoxia-inducible factor 1al-
pha (HIF-1alpha) and HIF-2alpha in hypoxic gene regulation. Mol Cell Biol. 2003;23:9361-9374.
181.Skuli N, Simon MC. HIF-1alpha versus HIF-2alpha in endothelial cells and vascular functions: is there

249



| Chapter 8

N
a
o

a master in angiogenesis regulation? Cell Cycle. 2009;8:3252-3253.

182.Boon RA, Fledderus JO, Volger OL, van Wanrooij EJ, Pardali E, Weesie F, Kuiper J, Pannekoek H,
ten Dijke P, Horrevoets AJ. KLF2 suppresses TGF-beta signaling in endothelium through induction of
Smad7 and inhibition of AP-1. Arterioscler Thromb Vasc Biol. 2007;27:532-539.

183.Fledderus JO, van Thienen JV, Boon RA, Dekker RJ, Rohlena J, Volger OL, Bijnens AP, Daemen
MJ, Kuiper J, van Berkel TJ, Pannekoek H, Horrevoets AJ. Prolonged shear stress and KLF2 suppress
constitutive proinflammatory transcription through inhibition of ATF2. Blood. 2007;109:4249-4257.
184.Kawanami D, Mahabeleshwar GH, Lin Z, Atkins GB, Hamik A, Haldar SM, Maemura K, Lamanna JC,
Jain MK. Kruppel-like Factor 2 Inhibits Hypoxia-inducible Factor 1{alpha} Expression and Function in the
Endothelium. J Biol Chem. 2009;284:20522-20530.

185.Schaper W. Collateral circulation: past and present. Basic Res Cardiol. 2009;104:5-21.
186.Carmeliet P, De Smet F, Loges S, Mazzone M. Branching morphogenesis and antiangiogenesis can-
didates: tip cells lead the way. Nat Rev Clin Oncol. 2009;6:315-326.

187.Mazzone M, Ruiz de Almodovar C, Carmeliet P. Building in resistance to endothelial cell death. Nat
Genet. 2007;39:1308-1309.

188.Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med. 2000;6:389-395.

189.Dor Y, Porat R, Keshet E. Vascular endothelial growth factor and vascular adjustments to perturbati-
ons in oxygen homeostasis. Am J Physiol Cell Physiol. 2001;280:C1367-1374.

190.Benjamin LE, Hemo |, Keshet E. A plasticity window for blood vessel remodelling is defined by pericy-
te coverage of the preformed endothelial network and is regulated by PDGF-B and VEGF. Development.
1998;125:1591-1598.

191.Markkanen JE, Rissanen TT, Kivela A, Yla-Herttuala S. Growth factor-induced therapeutic angioge-
nesis and arteriogenesis in the heart--gene therapy. Cardiovasc Res. 2005;65:656-664.

192.Heissig B, Hattori K, Dias S, Friedrich M, Ferris B, Hackett NR, Crystal RG, Besmer P, Lyden D,
Moore MA, Werb Z, Rafii S. Recruitment of stem and progenitor cells from the bone marrow niche requi-
res MMP-9 mediated release of kit-ligand. Cell. 2002;109:625-637.

193.Aicher A, Heeschen C, Mildner-Rihm C, Urbich C, Ihling C, Technau-lhling K, Zeiher AM, Dimmeler S.
Essential role of endothelial nitric oxide synthase for mobilization of stem and progenitor cells. Nat Med.
2003;9:1370-1376.

194.Quesenberry PJ, Colvin G, Abedi M. Perspective: fundamental and clinical concepts on stem cell
homing and engraftment: a journey to niches and beyond. Exp Hematol. 2005;33:9-19.

195.0rimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, Delaunay T, Naeem R, Carey VJ, Richard-
son AL, Weinberg RA. Stromal fibroblasts present in invasive human breast carcinomas promote tumor
growth and angiogenesis through elevated SDF-1/CXCL12 secretion. Cell. 2005;121:335-348.
196.Urbich C, Dimmeler S. Endothelial progenitor cells: characterization and role in vascular biology. Circ
Res. 2004;95:343-353.

197.Trop S, Tremblay ML, Bourdeau A. Modulation of bone marrow-derived endothelial progenitor cell
activity by protein tyrosine phosphatases. Trends Cardiovasc Med. 2008;18:180-186.

198.Foo SS, Turner CJ, Adams S, Compagni A, Aubyn D, Kogata N, Lindblom P, Shani M, Zicha D, Adams
RH. Ephrin-B2 controls cell motility and adhesion during blood-vessel-wall assembly. Cell. 2006;124:161-
173.

199.Thangarajah H, Yao D, Chang El, Shi Y, Jazayeri L, Vial IN, Galiano RD, Du XL, Grogan R, Galvez
MG, Januszyk M, Brownlee M, Gurtner GC. The molecular basis for impaired hypoxia-induced VEGF
expression in diabetic tissues. Proc Natl Acad Sci U S A. 2009;106:13505-13510.

200.Jaakkola P, Mole DR, Tian YM, Wilson M, Gielbert J, Gaskell SJ, Kriegsheim A, Hebestreit HF, Muk-
herji M, Schofield CJ, Maxwell PH, Pugh CW, Ratcliffe PJ. Targeting of HIF-alpha to the von Hippel-Lindau
ubiquitylation complex by O2-regulated prolyl hydroxylation. Science. 2001;292:468-472.



Discussions

201.lvan M, Haberberger T, Gervasi DC, Michelson KS, Gunzler V, Kondo K, Yang H, Sorokina I, Cona-
way RC, Conaway JW, Kaelin WG, Jr. Biochemical purification and pharmacological inhibition of a mam-
malian prolyl hydroxylase acting on hypoxia-inducible factor. Proc Natl Acad Sci U S A. 2002;99:13459-
13464.

202.Schlemminger |, Mole DR, McNeill LA, Dhanda A, Hewitson KS, Tian YM, Ratcliffe PJ, Pugh CW,
Schofield CJ. Analogues of dealanylalahopcin are inhibitors of human HIF prolyl hydroxylases. Bioorg
Med Chem Lett. 2003;13:1451-1454.

203.Asikainen TM, Ahmad A, Schneider BK, Ho WB, Arend M, Brenner M, Gunzler V, White CW. Stimu-
lation of HIF-1alpha, HIF-2alpha, and VEGF by prolyl 4-hydroxylase inhibition in human lung endothelial
and epithelial cells. Free Radic Biol Med. 2005;38:1002-1013.

204.Asikainen TM, Schneider BK, Waleh NS, Clyman RI, Ho WB, Flippin LA, Gunzler V, White CW.
Activation of hypoxia-inducible factors in hyperoxia through prolyl 4-hydroxylase blockade in cells and
explants of primate lung. Proc Nat/ Acad Sci U S A. 2005;102:10212-10217.

205.Safran M, Kim WY, O’Connell F, Flippin L, Gunzler V, Horner JW, Depinho RA, Kaelin WG, Jr. Mouse
model for noninvasive imaging of HIF prolyl hydroxylase activity: assessment of an oral agent that stimu-
lates erythropoietin production. Proc Natl Acad Sci U S A. 2006;103:105-110.

206.McDonough MA, McNeill LA, Tilliet M, Papamicael CA, Chen QY, Banerji B, Hewitson KS, Schofield
CJ. Selective inhibition of factor inhibiting hypoxia-inducible factor. J Am Chem Soc. 2005;127:7680-7681.
207 .Banerji B, Conejo-Garcia A, McNeill LA, McDonough MA, Buck MR, Hewitson KS, Oldham NJ, Scho-
field CJ. The inhibition of factor inhibiting hypoxia-inducible factor (FIH) by beta-oxocarboxylic acids.
Chem Commun (Camb). 2005:5438-5440.

208.Kido M, Du L, Sullivan CC, Li X, Deutsch R, Jamieson SW, Thistlethwaite PA. Hypoxia-inducible
factor 1-alpha reduces infarction and attenuates progression of cardiac dysfunction after myocardial in-
farction in the mouse. J Am Coll Cardiol. 2005;46:2116-2124.

209.Natarajan R, Salloum FN, Fisher BJ, Kukreja RC, Fowler AA, 3rd. Hypoxia inducible factor-1 activa-
tion by prolyl 4-hydroxylase-2 gene silencing attenuates myocardial ischemia reperfusion injury. Circ Res.
2006;98:133-140.

210.Ratan RR, Siddig A, Aminova L, Lange PS, Langley B, Ayoub |, Gensert J, Chavez J. Translation
of ischemic preconditioning to the patient: prolyl hydroxylase inhibition and hypoxia inducible factor-1 as
novel targets for stroke therapy. Stroke. 2004;35:2687-2689.

211.Baranova O, Miranda LF, Pichiule P, Dragatsis I, Johnson RS, Chavez JC. Neuron-specific inacti-
vation of the hypoxia inducible factor 1 alpha increases brain injury in a mouse model of transient focal
cerebral ischemia. J Neurosci. 2007;27:6320-6332.

212.Kaelin WG, Jr. The von Hippel-Lindau protein, HIF hydroxylation, and oxygen sensing. Biochem
Biophys Res Commun. 2005;338:627-638.

213.Bernhardt WM, Gottmann U, Doyon F, Buchholz B, Campean V, Schodel J, Reisenbuechler A, Klaus
S, Arend M, Flippin L, Willam C, Wiesener MS, Yard B, Warnecke C, Eckardt KU. Donor treatment with a
PHD-inhibitor activating HIFs prevents graft injury and prolongs survival in an allogenic kidney transplant
model. Proc Natl Acad Sci U S A. 2009;106:21276-21281.

214 Warnecke C, Griethe W, Weidemann A, Jurgensen JS, Willam C, Bachmann S, Ivashchenko Y, Wag-
ner |, Frei U, Wiesener M, Eckardt KU. Activation of the hypoxia-inducible factor-pathway and stimulation
of angiogenesis by application of prolyl hydroxylase inhibitors. Faseb J. 2003;17:1186-1188.

215.Patel TH, Kimura H, Weiss CR, Semenza GL, Hofmann LV. Constitutively active HIF-1alpha im-
proves perfusion and arterial remodeling in an endovascular model of limb ischemia. Cardiovasc Res.
2005;68:144-154.

216.Teicher BA. Acute and chronic in vivo therapeutic resistance. Biochem Pharmacol. 2009;77:1665-
1673.

251



| Chapter 8

N
a
N

217 Bertout JA, Patel SA, Simon MC. The impact of O2 availability on human cancer. Nat Rev Cancer.
2008;8:967-975.

218.Shohet RV, Garcia JA. Keeping the engine primed: HIF factors as key regulators of cardiac metabo-
lism and angiogenesis during ischemia. J Mol Med. 2007;85:1309-1315.

219.Ratan RR, Siddig A, Smirnova N, Karpisheva K, Haskew-Layton R, McConoughey S, Langley B,
Estevez A, Huerta PT, Volpe B, Roy S, Sen CK, Gazaryan |, Cho S, Fink M, LaManna J. Harnessing
hypoxic adaptation to prevent, treat, and repair stroke. J Mol Med. 2007;85:1331-1338.

220.Shyu KG, Wang MT, Wang BW, Chang CC, Leu JG, Kuan P, Chang H. Intramyocardial injection of
naked DNA encoding HIF-1alpha/VP 16 hybrid to enhance angiogenesis in an acute myocardial infarction
model in the rat. Cardiovasc Res. 2002;54:576-583.

221.Trentin D, Hubbell J, Hall H. Non-viral gene delivery for local and controlled DNA release. J Control
Release. 2005;102:263-275.

222.0zawa K, Kondo T, Hori O, Kitao Y, Stern DM, Eisenmenger W, Ogawa S, Ohshima T. Expression
of the oxygen-regulated protein ORP150 accelerates wound healing by modulating intracellular VEGF
transport. J Clin Invest. 2001;108:41-50.

223.Vincent KA, Feron O, Kelly RA. Harnessing the response to tissue hypoxia: HIF-1 alpha and thera-
peutic angiogenesis. Trends Cardiovasc Med. 2002;12:362-367.

224 Kelly BD, Hackett SF, Hirota K, Oshima Y, Cai Z, Berg-Dixon S, Rowan A, Yan Z, Campochiaro PA,
Semenza GL. Cell type-specific regulation of angiogenic growth factor gene expression and induction of
angiogenesis in nonischemic tissue by a constitutively active form of hypoxia-inducible factor 1. Circ Res.
2003;93:1074-1081.

225.Sarkar K, Fox-Talbot K, Steenbergen C, Bosch-Marce M, Semenza GL. Adenoviral transfer of HIF-
1alpha enhances vascular responses to critical limb ischemia in diabetic mice. Proc Natl/ Acad Sci U S A.
2009;106:18769-18774.

226.Resar JR, Roguin A, Voner J, Nasir K, Hennebry TA, Miller JM, Ingersoll R, Kasch LM, Semenza GL.
Hypoxia-inducible factor 1alpha polymorphism and coronary collaterals in patients with ischemic heart
disease. Chest. 2005;128:787-791.

227 Hirota K, Semenza GL. Regulation of hypoxia-inducible factor 1 by prolyl and asparaginyl hydroxyla-
ses. Biochem Biophys Res Commun. 2005;338:610-616.



Discussions 253






