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Abstract
Regenerative cardiovascular medicine is the frontline of 21st-century health care. Cell therapy
trials using bone marrow progenitor cells documented that the approach is feasible, safe and
potentially beneficial in patients with ischemic disease. However, cardiovascular prevention and
rehabilitation strategies should aim to conserve the pristine healing capacity of a healthy organism
as well as reactivate it under disease conditions. This requires an increased understanding of stem
cell microenvironment and trafficking mechanisms. Engagement and disengagement of stem cells
of the osteoblastic niche is a dynamic process, finely tuned to allow low amounts of cells move
out of the bone marrow and into the circulation on a regular basis. The balance is altered under
stress situations, like tissue injury or ischemia, leading to remarkably increased cell egression.
Individual populations of circulating progenitor cells could give rise to mature tissue cells (e.g.
endothelial cells or cardiomyocytes), while the majority may differentiate to leukocytes, affecting
the environment of homing sites in a paracrine way, e.g. promoting endothelial survival,
proliferation and function, as well as attenuating or enhancing inflammation. This review focuses
on the dynamics of the stem cell niche in healthy and disease conditions and on therapeutic means
to direct stem cell/progenitor cell mobilization and recruitment into improved tissue repair.
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1. Introduction
The U.S. Department of Health and Human Services report “2020: A New Vision—A
Future for Regenerative Medicine” highlights that regenerative medicine and more
specifically cell therapy is the forefront of 21st-century health care (U.S. Department of
Health & Human Services., 2005). Current cardiovascular cytotherapy is based on the
rationale that single or repeated boluses of exogenous stem cells (SC) or progenitor cells
(PC) could compensate for the loss of function imposed by acute or chronic diseases
affecting the heart and peripheral vasculature. (Dib et al., 2010)
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From initial studies using transplantation of heterogeneous cell populations, the field has
rapidly moved to antigenically defined or functionally enriched/competent PC. More
recently, the use of conditioned PC has been considered for tissue repair as well as for
creation of artificial tissues and organs (Bader & Macchiarini, 2010; Bartunek et al., 2008;
Janssens et al., 2006; Schächinger et al., 2006; Tendera et al., 2009) (Fig. 1). Interpretation
of reported data is often complicated by the variety of definitions, especially for “endothelial
progenitor cells” (EPC). Although the reconstitution of endothelial integrity and—in
ischemic situations—promotion of vascularization represent a major target of SC therapy in
cardiovascular medicine, other SC mediated mechanisms, such as cardiomyogenesis, are
still discussed. Finally, hematopoietic SC/PC (HSC/HPC), differentiating into paracrinally
active leukocytes may contribute to the therapeutic success as well as to adverse effects.

Based on antigenic and clonogenic characteristics, three populations, often referred to in the
literature, can currently be distinguished: CFU-Hill, also sometimes referred to as CFU-EC,
yield adherent colonies consisting of myeloid cells and T-cells (Hill et al., 2003; Yoder et
al., 2007). The second population, most commonly used in cardiovascular studies, is now
often referred to as circulating angiogenic cells (CACs) and comprise mainly myeloid cells,
who are able to support angiogenesis in a paracrine way (Rehman et al., 2003; Yoder et al.,
2007). Finally, endothelial colony forming cells (ECFC) give rise to cells not expressing
myeloid markers anymore, but exhibiting phenotypic and antigenic characteristics of mature
endothelial cells (EC) (Yoder et al., 2007). Although alterations in all 3 readouts from blood
samples might hint at altered PC liberation from the bone marrow (BM), their individual
phenotype, as well as their beneficial and adverse effects might be distinct. Due to the rather
imprecise characterization of “EPC” in many reports, we have focused on studies providing
antigenic markers to define PC and/or detailed culture conditions.

Although transplantation is the most common means to replenish impoverished SC pools,
regenerative medicine cannot be limited to a supply side approach. As a part of a preventive
medicine program, the maintenance of SC fitness represents the most obvious method for
conservation of initial healing capacity of a healthy organism. Likewise, in aged or diseased
individuals, reactivation of endogenous stem cell potential might help the rejuvenation of
damaged organs. Therefore, the maintenance of SC niches, the guided mobilization of
specific SC/PC populations from these niches, as well as their subsequent recruitment to the
ischemic/injured target organ are intertwined and should be addressed in a concerted fashion
(Fig. 2).

This review focuses on natural mechanisms of repair on a pharmacologic and therapeutic
perspective. We initially discuss the importance of maintaining niche fitness for the
availability and coordinated liberation of SC/PC as well as therapeutic options to improve or
maintain the integrity of SC microenvironment. In the second part, we address mechanisms
involved in recruitment of PC from their niche to sites of tissue damage and new clinically
attractive options to modulate SC trafficking in a directed way, with regard to the specific
situations typically prevailing in cardiovascular patients.

2. Targeting the stem cell niche
The niche is defined as “a subset of tissue cells and extracellular substrates that can
indefinitely house one or more SC and control their self renewal and progeny in vivo”
(Spradling et al., 2001). It is now clear that SC niches are present in many adult tissues,
including the BM, heart, arteries, veins, gonads, skin and gut. Changes in the repertoire of
mature cells caused by aging and diseases are paralleled by concordant modifications in
niche composition, function and trafficking. Therefore, the age-related functional decline of
an organ generally reflects an accruing deficit of its regenerative capacity. The niche has
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attracted much attention because understanding its internal organization and integration in
the systems biology of those different organs could be relevant for multiple therapeutic
purposes.

2.1. Composition of the BM stem cell niche
In this section, we will present recent data concerning the BM, the organ with the greatest
SC niche density, and then discuss some relevant features shared by niches in different
organs. The BM niche is strategically located and organized to support the continuous and
balanced production of hematopoietic cells through a tight control of cell survival, self-
renewal and differentiation (Gong, 1978; Calvi et al., 2003; Zhang et al., 2003; Kiel et al.,
2005; Kopp et al., 2005). Two main locations have been shown to house SC within the BM:
the endosteal region and the perivascular region. In the past, the osteoblastic and vascular
niches were considered distinct entities, the former ensuring the hypoxic environment ideal
for maintenance of SC quiescence and the latter providing concentrations of oxygen and
growth factors (GF) more appropriate for SC differentiation (Abkowitz et al., 2003; Dar et
al., 2005; Heissig et al., 2005; Jin et al., 2006; Yin & Li, 2006).

This organization has been questioned following recent demonstration of functional
relations and inter-exchanges between niches (reviewed in Kiel & Morrison, 2008). In the
femoral marrow, clusters of sinusoidal SC can be found at different distance from the bone,
with the closest SC being only 5 to 10 cell diameters far from the endosteum. Relations are
even more intimate in the skull marrow, where endosteal SC are enmeshed in microvessels
and thus equally influenced by factors released by BM EC and osteoblasts (Lo Celso et al.,
2009). Vascular sinusoids do not only constitute the anatomical substrate for specific niches
but they are also highly specialized to assist SC mobilization, having large inter-cellular
clefts, few tight junctions, and discontinuous endothelium (De Bruyn et al., 1970).

Nerves projecting from extraganglionic sympathetic fibers and afferent sensory fibers
originating from the spinal ganglia supply the bones, enter the marrow along with the
nutrient arteries and then split into branches, providing a dense neuronal network that
becomes an integral part of the niche (Yamazaki & Allen, 1990). Autonomic noradrenergic
and peptidergic nerve fibers interact with stromal, perivascular cells and hematopoietic
tissue in BM contributing to regulation of BM functions and homeostasis (reviewed in
Nance & Sanders, 2007).

2.2. Logistics and dynamic regulation of the niche
Under homeostatic conditions, anchorage is provided via membrane-bound GF interacting
with their receptors and via integrins, both mechanisms also providing trophic signals from
neighbor cells of the niche. Gap junctions and cadherins allow cells to communicate with
each other and exchange signals instrumental to self-renewal, expansion or differentiation
(Montecino-Rodriguez et al., 2000; Urbanek et al., 2006). Accordingly, genetic or
pharmacologic manipulations of EC, osteoblasts, osteoclasts, stromal cells and neurons all
result in disturbance of hematopoiesis (Visnjic et al., 2004; Yao et al., 2005; Zhu et al.,
2007).

BM niches are dynamic entities. For instance, the low-perfused, low-oxygenic niche, which
under steady state conditions spatially corresponds to the endosteum, expands to occupy a
large part of the marrow following administration of mobilizing cytokines, whereas it
remarkably contracts during ageing (Jang & Sharkis, 2007; Levesque et al., 2007). The
osteoblastic niche also remodels following ischemia or sympathetic stimulation (Rafii &
Lyden, 2003; Katayama et al., 2006). This seems to require the redeployment of cytokine
gradients across the BM vasculature, activation of proteases, like cathepsins and
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metalloproteases (MMPs), which liberate soluble Kit ligand, also known as stem cell factor
(SCF), from the stroma and thereby promote the activation, maturation and translocation of
c-kit+ SC from the endosteum to the vascular compartment of the marrow. Another internal
mechanism that controls bone and BM remodeling is supervised by the interaction between
osteoblasts and osteoclasts. Increase in osteoblast activity through stimulation of the
parathyroid hormone receptor or inactivation of the bone morphogenic protein receptor-1a
results in expansion of HSC of the endosteal niche. This response is generally balanced by
the constraining action of negative regulators of hematopoiesis, like osteopontin (Stier et al.,
2005). In contrast, activation of osteoclasts through RANK ligand, which is produced by
contiguous stromal cells, results in detachment of hematopoietic SC from the endosteoum
thereby initiating the process of mobilization (Kollet et al., 2001).

Although cytokine- and GF-mediated signaling remains the most acknowledged mechanism
controlling the niche, new evidence underscores the importance of other distinct chemical
and physical cues. For instance, the BM environment is influenced by the peculiar
hemodynamics of vascular sinusoids. As a consequence of the slow blood flow in these
large venous structures, oxygen tension rapidly decreases from the vascular to the
osteoblastic niche. Microvascular disease caused by diabetes or other degenerative
angiopathies could make this perfusion/oxygenation gradient steeper triggering reactive
responses in cells that are distant from the vascular niche. At late phases of BM
microangiopathy, the osteoblastic niche becomes exhausted with the residual vasculature
providing an ultimate shelter for HSC cells (Oikawa et al., 2010).

Another physical peculiarity of the BM is its encapsulation in the bone, which makes the
marrow subjected to sharp increases in pressure. This could occur as a consequence of
changes in vascular permeability, leading to marrow edema and depression of
hematopoiesis. Conversely, impaired hematopoiesis may result in reduced cellularity and
lower pressure, which in turn trigger the expansion of the stromal component, in particular
adipocytes, to replenish the space made available by the loss of hematopoietic cells.
Adipocytes do not simply fill marrow space, but rather act as a predominantly negative
regulators of BM microenvironment, through paracrine production of neuropilin-1, lipocalin
2, adiponectin and TNF-α each of which can impair hematopoiesis (DiMascio et al., 2007;
Naveiras et al., 2009).

Reactive oxygen species (ROS) play a crucial role in the control of niche dynamics. The
physiological gradient of ROS across the BM acts as a signaling mechanism governing
functional compartmentalization of SC. Most primitive SC preferentially reside in the “low
ROS-low risk zone” ideal for maintenance of quiescence. Instead, the high ROS zone
adjacent to the marrow vasculature is ideally suited to facilitate SC maturation (Jang &
Sharkis, 2007). Under pathologic conditions, excessive production of ROS might endanger
the viability of SC. In fact, genetically modified mice, lacking essential components of the
regulatory system that maintains ROS within the physiologic range, show accelerated SC
senescence and progressive BM failure (Ito et al., 2004; Tothova et al., 2007; Chen et al.,
2008). A similar activation of SC senescence is observed in mice exposed to exogenous
oxidants (Ito et al., 2006). Redox-dependent signaling, centered on the forkhead O (FoxO)
family of transcription factors, participates in the regulation of BM SC response to oxidative
stress, quiescence and survival (Tothova et al., 2007). With advancing age, mutagenic
lesions accrue and expose SC to possible transformation upon acquisition of a full repertoire
of oncogenic modifications.

Diabetes represents a typical example of excessive oxidative stress and accelerated BM
aging. We demonstrated that in BM of type 1 diabetic mice, the elevation in intra-cellular
ROS infringes on DNA integrity and compromises SC function (Oikawa et al., 2010).
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Different mechanisms might contribute to increased oxidative stress in BM of diabetic
animals, including critical hypoperfusion and high glucose, which are both potent activators
of ROS generation by mitochondrial complex III (Du et al., 2003; Klimova & Chandel,
2008). Furthermore, ROS could originate from other damaged cells of the niche, e.g. EC and
stromal cells, as well as from erythrocytes extravasated form leaky capillaries and sinusoids.
Indeed, hemorrhage is frequently observed in diabetic BM and extravasated erythrocytes
supply ROS via the Fenton reaction and may reduce nitric oxide (NO) availability (Iyamu et
al., 2008).

Sympathetic regulation of BM homeostasis and PC release may be disrupted under
pathological conditions, thereby jeopardizing PC-mediated reparative mechanisms (Busik et
al., 2009; Van Craenenbroeck et al., 2009). In a rat model of type 2 diabetes mellitus (T2D),
reduced BM sympathetic nerve terminals and noradrenaline levels were associated with a
de-regulation of the circadian release of PC into the blood, which coincided with the first
incidence of microvascular damage in the same animal model (Busik et al., 2009).

2.3. Extra bone morrow niches
While the interactive chemical signaling and physical forces regulating SC homeostasis
within the BM are at last in part recognized, it remains unknown whether niches in other
organs are specialized in a silmilar way. An extensive consideration of extra-BM niches is
out of the scope of the present review; however, we will underline some distinct aspects that
support niche heterogeneity but also common features supporting the view of a general
program governing SC organization and function in adult organs.

Apart from the second hematopoietic organ, the spleen, SC niches have been identified in
the heart, the epicardium, the wall of large vessels, as well as within adipose tissue, the liver
and small intestines (Beltrami et al., 2003; Zengin et al., 2006; Aicher et al., 2007; Invernici
et al., 2007; Cai et al., 2008; Zhou et al., 2008; Campagnolo et al., 2010). While most of
these studies have employed animal models, some observations have been verified in adult
humans as well. Future studies still have to elucidate the individual contribution of extra-
BM SC/PC niches to cardiovascular regeneration as well as to the prevention of
cardiovascular aging. Furthermore, it needs to be established, how cardiovascular risk
factors affect individual organ-resident SC/PC pools and how their deterioration can be
prevented.

Anatomical location determines relevant environmental differences among cardiac SC
niches, although the consequences are not fully appreciated: for instance, epicardial SC are
subjected to a lower physical strain and higher perfusion compared to intramyocardial and
subendocardial SC. Whether this corresponds to a hierarchic compartimentalization of
cardiac SC, as described for BM SC, remains to be determined. Similarly, little is known as
to whether the mechanisms implicated in the progressive loss of cardiac SC fitness, which
may contribute to aging of the heart, differ from processes underlying the decline of BM
fitness (reviewed in Anversa et al., 2005). Evidence suggests that increased oxidative
burden, as evident in diabetes, mediate telomeric shortening also in cardiac SC (Rota et al.,
2006). In a mouse model, lowering oxidative stress by deletion of the p66shc gene prevented
the loss of PC numbers and fitness in diabetes (Rota et al., 2006).

In arteries and veins of adult humans, SC/PC have been described between the media and
the adventitia (Zengin et al., 2006; Campagnolo et al., 2010). Although the structure of those
putative niches has not been investigated in detail yet, mesenchymal SC, as well as smooth
muscle cell/pericyte precursors were identified, suggesting a hierarchy of more or less
mature cells present. Vessel resident SC/PC seem to be affected by aging and disease
conditions as well: the plasticity of saphenous vein precursors from CAD patients was below
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that of stem cells isolated from fetal aortae (Invernici et al., 2007; Campagnolo et al., 2010).
However, they might still represent a reservoir of cells able to support and stabilize vessel
formation, especially in patients receiving coronary artery bypass surgery, where saphenous
vein is a readily available source (Campagnolo et al., 2010). Prevention strategies aiming
specifically at vascular function, such as physical exercise training, might be able to
preserve the fitness of those vascular niches, although no clinical data are available
supporting this notion.

The spleen is thought to constitute a reservoir of HSC and possibly other PC, representing a
relay station between the BM and the circulation (reviewed in Zhao et al., 2009).
Interestingly, some hematopoiesis still continues to take place in the adult spleen and
transplanted BM SC/PC preferably home to the BM as well as to the spleen (Hofmann et al.,
2005; Kang et al., 2006). While studying the contribution of spleenic progenitors to
cardiovascular regeneration in humans is complicated by ethical considerations, mouse data
suggest that spleen-derived CAC can enhance re-endothelialization and reduce neointima
formation after vascular injury, as well as improve myocardial performance in experimental
myocarditis (Werner et al., 2003,2005; Wassmann et al., 2006). Opposite results, namely the
promotion of lesion growth, were reported in ApoE-deficient mice receiving BM cells or
spleen-derived CAC (George et al., 2005a).

Finally, human adipose tissue has been described as a source of PC able to give rise to
cardiomyocyte- and endothelial-like cells and pericytes, promoting angiogenesis, vascular
and cardiac function (Miranville et al., 2004; Planat-Benard et al., 2004; Sengenès et al.,
2005; Yamada et al., 2006; Amos et al., 2008; Cai et al., 2009). Brown and white adipose
tissue, as well as visceral and subcutaneous fat depots apparently harbour distinct types and
amounts of PC, with individual plasticity and proliferative characteristics (Prunet-Marcassus
et al., 2006; Joe et al., 2009). Given the high prevalence of adipositas in cardiovascular
patients, together with the unfavourable paracrine characteristics of (visceral) adipose tissue
(Shibata et al., 2008; reviewed in Zhang & Zhang, 2009), the questions arise whether fat
depots can function as a “sponge” for circulating PC, thereby reducing their availability to
other sites. The fact that weight loss in adipose patients has resulted in elevated levels of
circulating PC could support this hypothesis (Müller-Ehmsen et al., 2008). However, further
mechanisms are conceivable, such as distinct fat depots throughout the body serving as a
resevoir for PC/SC to be liberated at weight loss, or simply the altered contribution of
adipose tissue to circulating cytokine/growth factor levels, which then modulate PC
mobilization from the BM or other sources.

2.4. Therapeutic maneuvers to maintaining SC fitness
Previous studies showed that glucose-lowering therapies can improve PC function in
diabetes (reviewed in Fadini, 2008a). Anti-oxidant therapies may be beneficial to contrast
the damaging action of ROS. In genetically-modified animals unable to modulate ROS
production, administration of the anti-oxidant agent N-acetyl-L-cysteine restored the
reconstitutive capacity of hematopoietic SC, thereby preventing BM failure (Ito et al., 2004;
Tothova et al., 2007).

We recently performed a series of preclinical trials using the vitamin B1 analogue
benfotiamine (BFT) to prevent cardiovascular complications of diabetes (Katare et al., 2010;
Oikawa et al., 2010). BFT is an activator of the pentose phosphate pathway, which
represents an important source of anti-oxidant equivalents and substrates for DNA synthesis
and repair. Of note, we found that diabetes reduces the activity of the rate-limiting enzymes
of the pentose phosphate pathway, e.g. transketolase and G6PDH in BM of diabetic mice.
Oral supplementation of BFT restored G6PDH activity and prevented oxidative stress, AGE
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accumulation, and p-H2AX elevation in BM of diabetic mice. Importantly, enhanced anti-
oxidative defense by BFT significantly reduced SC apoptosis and prevented SC depletion.

ROS elevation causes potent upregulation of p16 and p19 in hematopoietic SC, which are
under control of mitogen-activated protein kinase (MAPK) signaling. In vitro inhibition of
p38MAPK blocks the upregulation of p16/p19 and extends the lifespan of HSC in serial
transplantation experiments (Ito et al., 2006). MAPK inhibitors restore defective
hematopoietic activity in patients with aplastic anemia; however, no study has been
conducted to evaluate if the treatment may be useful to improve SC dysfunction in
nonhematologic patients. Similarly, to the best of our knowledge, no clinical trial has been
performed to test the benefit of anti-oxidants to prevent or rescue BM SC decline in
cardiovascular patients.

Due to the inhibitory action of adipocytes on BM microenvironment, antagonizing marrow
adipogenesis may prevent SC decline. In mice treated with the peroxisome proliferator-
activated receptor gamma (PPARgamma) inhibitor diphenol A diglycerol ether, which
inhibits adipogenesis, marrow engraftment was accelerated after irradiation compared to
controls receiving vehicle (Naveiras et al., 2009). Adipocyte function is highly regulated in
response to changing oxygen levels and physiological regulation of adipocyte formation
involves factors originally identified as hypoxia-responsive proteins. Hypoxia inducible
factor-1 alpha (HIF-1alpha), a transcription factor essential for cellular responses to
decreased oxygen levels, is regulated by prolyl hydroxylase (PHD) enzymes.
Pharmacological inhibition of PHD activity during the initial stages of adipogenesis
abrogates the formation of adipocytes and might be considered for antagonizing BM
adipogenesis (Floyd et al., 2007).

The renin–angiotensin-system (RAS) and the kallikrein–kinin system represent two
interlinked endocrine networks which have lately gained attention for their regulation of
inflammation and endothelial cell function (reviewed in Montecucco et al., 2009 and Costa-
Neto et al., 2008). Various studies indicate a role of a local BM RAS in hematopoiesis and
possibly controlling SC niche homeostasis (reviewed in de Resende et al., 2010). Therefore,
the blockade of the main effector of the RAS, angiotensin II, currently representing a
successful strategy in the therapy of cardiovascular disease (reviewed in Tai et al., 2010),
possibly also acts also via modulation of BM homeostasis.

Many hormones have relevant effects on hematopoiesis and their deficit could result in
failure of BM to contribute to stress-associated response. Pre-clinical studies indicate a role
for estrogen and parathyroid hormone in cardiovascular disease, both directly and through
support of BM-associated regenerative potential (Iwakura et al., 2006; Bolego et al., 2010;
Fadini et al., 2008b; reviewed in Pagliarulo et al., 2008). However, clinical studies, e.g.
assessing the cardiovascular benefit of estrogen therapy in post-menopausal women
retrieved controversial findings, possibly affected by treatment modalities (reviewed in: Olié
et al., 2010 and Stefanick, 2010).

Therapeutic vasculogenesis/angiogenesis is mainly regarded as a strategy aiming to restore
blood flow to ischemic organs. However, considering the crucial role of BM sinusoids for
governing niche homeostasis as well as PC/SC release, stimulation of marrow
vascularization represents a potential, yet not tested means for reconstitution of the vascular
niche. Recent studies showed that donor PC and even BM vascular cells repair marrow
sinusoids and support restoration of homeostasis following lethal irradiation (Slayton et al.,
2007; Li et al., 2008). The mechanism of vascular sinusoid regeneration is seemingly
dependent on vascular endothelial growth factor (VEGF) signaling since conditional
deletion of the VEGF receptor 2 contrasted BM vascular and hematopoietic reconstitution
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(Hooper et al., 2009). However, delivery of angiogenic agents, as well as gene transfer of
angiogenic factors, like VEGF, is obstacled by the bone sorrounding the marrow, thus
targeted vectors are required to avoid undesired angiogenesis in different organs.

Finally, lifestyle modifications, such as smoking cessation, caloric restriction and regular
physical exercise play a major role in primary as well as secondary prevention, and are
included in current cardiovascular therapy/prevention guidelines. High-calorie food, as well
as smoking, promote a systemic inflammatory state, which eventually acts back on BM
homeostasis (Parhami et al., 1999; reviewed in Di Stefano et al., 2010; Zhang & Zhang,
2009). Physical exercise, weight loss, as well as some dietary regimens might beneficially
act on BM fitness (reviewed in Müller-Ehmsen et al., 2008; Möbius-Winkler et al., 2009).

3. Targeting SC Trafficking
Under steady state conditions, small numbers of HSC constantly leave the BM, enter tissues,
and travel back to the BM or peripheral niches via the blood and lymph (Massberg & von
Andrian, 2009). SC liberation into the blood increases dramatically after an acute injury or
ischemia, e.g. myocardial infarction, thereby providing large numbers of reparative units to
the damaged tissue and thus facilitate healing. Follow-up studies of sex-mismatched
transplanted hearts indicate engraftment of recipient-derived SC/PC (Quaini et al., 2002;
Angelini et al., 2007). Similar results were derived in cases of sex-mismatched BM
transplantation (Deb et al., 2003). Evidence indicates that recipient-derived SC differentiate
shortly after arriving in the donor-derived heart, albeit SCs persisting within niches in the
donor organ likely contribute to the healing response and might travel within the recipient.
Few data are available about SC trafficking between extra-BM niches, and it is not known to
what extent peripheral niches provide those regnerative elements to nearby tissues.

The travel of SC/PC from the main reservoir, the BM, via the blood, into the activated tissue
is guided by the interplay of several molecular and cellular mechanisms. Initially, the
disruption of anchorage mechanisms between SC and stromal cells allow the SC to leave the
niche, while increased concentrations of chemotactic substances (e.g. lipids and
chemokines) outside the BM niche provide a migratory stimulus (Heissig et al., 2002;
Ceradini et al., 2004; Fig. 3). However, maintaining stable gradients within the flowing
blood over long distances would require considerable metabolic costs. Therefore, the
implication of other conducting mechanisms, such as neuronal signal transmission or local
deposition of messenger substances by platelets and microparticles, in PC mobilization and
recruitment has recently gained attention (Broome et al., 2000; de Boer et al., 2006; Stellos
et al., 2008; Fig. 3).

Homing to the target tissue is again modulated by intertwined mechanisms: loose adhesion
via selectins as well as membrane bound GF and their ligands/receptors, mediate the rolling
movement of the blood-borne cells along the endothelial layer. Subsequently, integrins
mediate firm adhesion, as well as diapedesis and invasion of the target tissue, via their
interaction with endothelial surface molecules and matrix proteins (Papayannopoulou et al.,
1995; Frenette et al., 1998; Mazo et al., 1998; Vermeulen et al., 1998; Dimitroff et al., 2001;
Papayannopoulou et al., 2001; Katayama et al., 2003; Avigdor et al., 2004). Finally, the
directional migration of recruited PC within the target tissue and their organization into
niche-like structures contribute to stable engraftment for tissue repair. This process requires
the sensing of directional chemotactic gradients, the concerted establishment and disruption
of focal adhesions, cytoskeletal arrangement and secretion of proteases to promote matrix
digestion. Furthermore, sensing and generation of messenger substances underlie the
communication with other cells in order to form peripheral tissue niches and/or guide
differentiation.
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The relative contribution of individual signaling pathways (e.g. selectins, integrins, GF) for
cell recruitment seems to vary, e.g. depending on the local cytokine spectrum, warranting
further investigation especially in cardiovascular disease, where an increased burden of
inflammatory markers, both locally and within the circulation, may result in altered
composition of the recruited cell population(s), thereby affecting regeneration (Nahrendorf
et al., 2007; Massberg & von Andrian, 2009). In addition, platelets as well as circulating
microparticles constitute additional players, able to deposit messengers and provide
adhesion platforms at sites of endothelial injury and thereby modulate the homing of SC and
their subsequent function (de Boer et al., 2006; Prokopi et al., 2009; Fig. 3).

Atherosclerotic lesions represent additional sites recruiting PC from the blood, including
inflammatory precursors, which may contribute to lesion growth and plaque instability, as
well as intima thickening (George et al., 2005a; Wang et al., 2010). Those foci of activated
endothelium, spread throughout the vasculature, may also potentially “capture” regenerative
and anti-inflammatory PC before they reach the infarcted myocardium. Similar obstacles are
posed by other organs, such as the lung, spleen and liver, which serve as a preferred homing
place to i.v. transferred PC, and could recruit mobilized SC/PC thus limiting homing to the
heart (Werner et al., 2003; Hofmann et al., 2005; Kang et al., 2006; Fischer et al., 2009).
The problem is underlined by clinical studies reporting that only a very minor part of the
transfused or directly injected cells remains, e.g. within the myocardium for more than a day
(Hofmann et al., 2005; Kang et al., 2006).

3.1. Growth factors and cytokines
3.1.1. Optimizing mobilization—Within the BM, SC/PC are anchored to stromal cells
and ECM via integrin binding to cell adhesion molecules (e.g. VLA-4/VCAM-1) or ECM
proteins (VLA-4/fibronectin), and via interaction with cell surface- or matrix-bound
cytokines (e.g. SDF-1/CXCR4; SCF/cKit) (reviewed in: Lapidot & Petit, 2002) (Fig. 3).
Disruption of this interaction represents the underlying mechanism of several currently
applied mobilization strategies, e.g. by the CXCR4 inhibitor AMD3100, or by colony-
stimulating factors (CSFs) such as granulocyte or granulocyte–monocyte colony-stimulating
factor (G-CSF, GM-CSF, respectively) (Table 1) (Kalka et al., 2000; Fukuhara et al., 2004;
Honold et al., 2006; Fujita et al., 2007; Blum et al., 2009; Christopher et al., 2009). The
second underlying mechanism of SC/PC liberation consists in increasing serum levels of
chemotactic agents, thus providing a gradient guiding SC/PC out into the blood (Fig. 3). A
variety of GF have been used to elevate circulating PC levels, among them VEGF,
erythropoietin (Epo), and placenta-derived growth factor (PlGF) (Table 1) (Kalka et al.,
2000; Hattori et al., 2002; Bahlmann et al., 2004; Urao et al., 2006).

G-CSF, currently the most widely used agent in clinics for SC mobilization (Table 1),
affects both mechanisms of SC mobilization, i.e. the interruption of anchoring mechanisms
(by down-regulation of SDF-1 expression, activation of the protease CD26 (Dipeptidyl
peptidase-IV, DPP-IV) which cleaves SDF-1 N-terminally, thereby rendering it unable to
bind CXCR4, and by attenuating β1 integrin function), as well as increasing serum levels of
further cytokines and GF (Lévesque et al., 2003; Christopherson et al., 2004,2006; Campbell
et al., 2007; Kawai et al., 2007). Consistently, G-CSF treatment has been shown promising
therapeutic benefit in animal models of ischemia, albeit it also mobilizes inflammatory cells,
which might promote atherosclerosis (Orlic et al., 2001; Harada et al., 2005; Cella et al.,
2006; Haghighat et al., 2007; Tura et al., 2010).

Treatment with G-CSF alone, harbors several drawbacks, such as the high rate of non-
responders (Anderlini et al., 1997; Stiff et al., 2000; Croop et al., 2001) and the necessity of
multiple daily injections for several days (reviewed in: Pelus et al., 2005). Those issues can
partly be overcome by combining G-CSF with other mobilization strategies. Faster and more
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efficient liberation has been achieved by combining administration of G-CSF, VEGF, SCF,
parathyroid hormone or CXCR4-inhibition (Table 1) (Weaver et al., 1996; Begley et al.,
1997; Facon et al., 1999; Hess et al., 2002; To et al., 2003; Mijovic et al., 2005; Brunner et
al., 2008; Fruehauf et al., 2009; Jalili et al., 2009; Pitchford et al., 2009). Of note, distinct PC
populations are liberated by combinations of cytokines, as compared to single treatment
(Donahue et al., 2009; Fruehauf et al., 2009; Pitchford et al., 2009). These effects were, e.g.
attributed to an inverse action of VEGF on proliferation/migration of VEGF-R1 expressing
lin−sca-1+ HPC (increased proliferation/reduced migration) compared with VEGF-R2
expressing CD34+ EPC/ECFC (reduced proliferation/increased mobilization) (Pitchford et
al., 2009). Interaction of GF and cytokines with multiple receptors is common. SDF-1, for
example, can bind two distinct receptors, the CXCR4 and the CXCR7 (Hartmann et al.,
2008; Mazzinghi et al., 2008). CXCR7 expression was initially described mainly for
malignant cells, but recently also neuronal and myogenic CXCR7 was discovered (Maksym
et al., 2009; Melchionna et al., 2010; Odemis et al., 2010), leaving the question open,
whether individual SDF-1 receptors on distinct cell types or in specific pathological
situations play a role for the recruitment of PC. Although CXCR4 and CXCR7 interact and
may even form functional heterodimers, inhibition of CXCR4 apparently does not affect
CXCR7 function (Narumi et al., 2010). Specific blockade of CXCR4 (e.g. by AMD3100/
plerixafor) might therefore augment CXCR7-mediated functions of SDF-1. The ability of
cytokine receptors to form heterodimers places further problems on their specific targeting:
inhibition of one participating receptor monomer might functionally inhibit the whole
complex, as has been shown for CCR2, CCR5, and CXCR4 (Sohy et al., 2009). This takes
on a critical aspect as inhibition of CCR2 and CCR5 by TAK-779 negatively affects cell
recruitment through SDF-1 (Sohy et al., 2009). However, not all functionally interacting
receptors can be cross-inhibited, as was shown for CXCR4 and CXCR7 (Narumi et al.,
2010). Moreover, the spectrum of signals transfered by multiple cytokine receptors on the
same cell's surface are integrated during intracellular signal processing, providing a single
cellular response (King et al., 2001; Grebien et al., 2008; Eash et al., 2010).

Further studies are required to untangle interrelations between cytokine receptors and help to
utilize the involvement of the specific cytokine profile in a given pathologic situation in
order to enhance mobilization/recruitment of specific PC populations, and avoid off-target
effects (Broxmeyer et al., 1999).

3.1.2. Reconciling mobilization and recruitment—In a therapeutic approach,
liberation of PC from the BM merely precedes their subsequent recruitment to the target
tissue. The double role of individual molecules, such as integrins or SDF-1, in BM retention,
as well as PC recruitment to the target tissue (Fig. 3) (Teixidó et al., 1992; Hirsch et al.,
1996; Potocnik et al., 2000; Bonig et al., 2006) therefore poses a logistical problem for
liberation strategies interrupting those anchoring/adhesion mechanisms without providing
alternative homing mechanisms. In a similar way, excessive mobilization treatment might
affect niche homeostasis (Fig. 2).

Indeed, several clinical trials using G-CSF for SC mobilization as a mono-therapy after MI
failed to increase global cardiac function (Engelmann et al., 2006; Zohlnhofer et al., 2006,
2008; Engelmann et al., 2009). The lack of clinical benefit has been attributed to limitations
in study design as well as to the interference of G-CSF with SDF-1/CXCR4 signaling,
thereby potentially impairing the homing and engraftment of the mobilized PC to the
infarcted tissue, as well as other SDF-1-induced PC functions, such as survival (Yin et al.,
2007; Abdel-Latif et al., 2008).

Two approaches seem capable of overcoming this dilemma: First, timing seems to be
important, as supported by a recent clinical study comparing short- and long-term CXCR4
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blockade (Jujo et al., 2010). A single bolus of the CXCR4 inhibitor AMD3100 enhanced PC
liberation from the BM, but also allowed for their recruitment to the infarcted myocardium,
beneficially affecting cardiac vascularity and survival in a mouse model of myocardial
infarction (MI). In contrast, continuous CXCR4 blockade increased PC liberation, but
impaired their engraftment and enhanced adverse cardiac remodeling (Jujo et al., 2010).

Another approach might consist in separately targeting distinct mechanisms for cell
liberation and homing. Zaruba et al. therefore inhibited DPP-IV during G-CSF treatment in
order to prevent SDF-1 cleavage, while using other G-CSF induced mechanisms to liberate
PC. Dual administration of G-CSF and DPP-IV inhibitor SITAgliptin (diprotin A) improved
homing of mobilized SC from BM which contributed to improved cardiac
neovascularization, prevented cardiomyocytes from apoptosis and finally led to improved
myocardial regeneration after MI as well as enhanced survival in a preclinical setting
(Zaruba et al., 2009). This approach is currently scrutinized in the SITAGRAMI trial on
patients suffering from acute MI. A first ad-interim report indicates feasibility and safety of
the proposed approach (Theiss et al., 2010). In a pre-clinical study, the combination of G-
CSF and HGF had a significant synergistic effect, suggesting that the combination of
mobilization of SC BM to peripheral circulation and their recruitment to the ischemic area
might potentiate angiogenesis and vasculogenesis (Ieda et al., 2007).

Integrins as well as interaction with matrix- or membrane bound GF mediate SC/PC
residence within the BM, as well as their recruitment (Fig. 3). In addition, selectins and
further endothelial molecules such as the junctional adhesion molecule JAM-A, can take
redundant roles in SC recruitment from the circulation (Teixidó et al., 1992; Khaldoyanidi et
al., 1996; Roy & Verfaillie, 1999; Oostendorp et al., 2000; Peled et al., 2000; Kollet et al.,
2001; Papayannopoulou et al., 2001; Hidalgo & Frenette, 2005; Bonig et al., 2006). When
SDF-1 or integrin signaling becomes disturbed, as under AMD3100 or G-CSF treatment,
those alternative mechanisms might become more relevant for SC homing.

Distinct selectins can bind multiple ligands, resulting in largely overlapping functions
(Bullard et al., 1996; Frenette et al., 1996; Dimitroff et al., 2001; Xia et al., 2002; Sperandio
et al., 2003; Biancone et al., 2004; Hidalgo & Frenette, 2005). In addition, integration from
SDF-1/CXCR4 signals into selectin pathways seems limited (Becker et al., 1999; Bonig et
al., 2006). Interestingly, approximately one third of CD34+ PC express a non-functional
form of the selectin ligand PSGL-1 (Hidalgo et al., 2002; Biancone et al., 2004; de Boer et
al., 2006). Forced PSGL1 fucosylation enhanced interaction of CB CD34+ progenitors with
selectins, but results are not conslusive for the consequences on BM engraftment (Xia et al.,
2004; Hidalgo & Frenette, 2005) and no results are available for the relevance of
fucosylation of vascular homing of PC.

In contrast to selectins, integrins play a major role in multiple steps of PC homing, including
firm adhesion, diapedesis, and interaction with ECM proteins during migration and
engraftment. Peled et al. described β1 integrin/VCAM-1 interaction to be crucial for PC
adhesion to endothelium, but not for diapedesis through umbilical vein EC (Peled et al.,
2000). In contrast, the β1 integrin very late antigen-4 (VLA-4) was involved in PC
diapedesis through BM-EC, suggesting that the site-dependent heterogeneity of endothelium
and hence the expression of adhesion molecules might critically modulate cell recruitment
(Peled et al., 2000; van Buul et al., 2002; Ostermann et al., 2005; Scheiermann et al., 2009).
This notion is furthermore supported by the findings that besides ICAM-1, the endothelial
junctional molecule JAM-A is able to interact with the β2 integrin lymphocyte function-
associated antigen 1 (LFA-1), as well as to engage homophilic interaction with JAM-A
expressed on certain PC (Allingham et al., 1997; Ostermann et al., 2002, 2005; Mamdouh et
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al., 2009; Stellos et al., 2010). Site-specific differential expression of JAMA might therefore
modulate PC recruitment/mobilization.

Another determining variable is presented by cytokines and GFs, which affect the relative
importance of SDF-1 and β1 integrin signaling for SC recruitment (Fig. 3). SDF-1 is a
potent inducer of integrin expression. However, HSC/HPC are still capable of efficient BM
homing, even with genetic abrogation of SDF-1/CXCR4 interaction or under blockade of
CXCR4 or G-protein signaling (Kawabata et al., 1999; Wiesmann & Spangrude, 1999;
Peled et al., 2000; Rosu-Myles et al., 2000; Christopherson et al., 2004; Mahmud et al.,
2004; Bonig et al., 2006). In contrast, in the presence of cytokines, SC homing becomes
dependent on SDF-1 and/or β2 integrin (Bonig et al., 2006; Foguenne et al., 2009). Those
studies are in line with earlier reports describing the differential expression of CXCR4 as
well as integrins by bFGF, TNF-α, SCF, HGF, or SDF-1, (Strobel et al., 1997; Feil &
Augustin, 1998; Weimar et al., 1998; Becker et al., 1999; Peled et al., 2000; Hart et al.,
2004; Bonig et al., 2006).

In the clinical setting, those findings demand consideration of the patient's inflammatory
status when attempting mobilization strategies which interfere with SDF-1 signaling (e.g. G-
CSF or AMD3100), but they also open the road for cell conditioning in transplantation
approaches. Indeed, ex vivo treatment of HSC/HPC with SCF, as well as viral-mediated
overexpression of hepatocyte growth factor (HGF) by CAC enhanced their homing and
engraftment capabilities (Hart et al., 2004; Song et al., 2009).

3.2. Proteases
Proteases released by cells of the niche or by activated leukocytes can affect PC functions at
different levels, namely by digesting ECM thereby mediating/assisting PC invasive
properties as well as by cleaving/activating other proteases or messenger proteins (Visse &
Nagase, 2003).

Within the BM, proteases tightly control chemotactic gradients as well as anchoring
mechanisms (Fig. 3): Cleavage of membrane-associated Kit ligand (mKitL) by matrix-
metalloprotease 9 (MMP9) to generate soluble Kit ligand (sKitL/SCF) constitutes a crucial
physiologic mobilization mechanism (Heissig et al., 2002). The SDF-1α/CXCR4 duo is
another target of proteases such as CD26, elastase, MMPs, and cathepsin G (De Meester et
al., 1999; Maria Belen et al., 2001; Valenzuela-Fernández et al., 2002). Moreover, the
gelatinases MMP2 and MMP9 induce the release of proangiogenic factors, such as VEGF
(Du et al., 2008).

Proteases expressed by the PC themselves support their invasive capacity and migration
within the target tissue (Urbich et al., 2008; Wu et al., 2010). Consistently, protease activity
is a target for various modulators of invasiveness, such as cleaved high-molecular-weight
kininogen (HKa), a by-product of bradykinin generation. HKa inhibits the conversion of
pro-MMP-2 to MMP-2, which is necessary for PC organization within extracellular matrix
(Wu et al., 2010). On the other hand, activation of the urokinase-type plasminogen activator
(uPA) leads to plasmin generation that can subsequently activate MMPs and promote cell
migration (Lacroix et al., 2007). Consistently, uPA has been associated with PC invasive
and proangiogenic potential (Basire et al., 2006).

Apart from acting as secreted moieties, MMP-2 and -9 may also exert direct biological
effects as cell membrane-bound or cytoplasmic entities. For instance, MMP-2 has been
shown to be associated to αvβ3 integrin and MMP-9 to CD44 on the cellular membrane
(Brooks et al., 1996; Yu & Stamenkovic, 1999). Moreover, differences may exist among PC
types, with MMP-9 being expressed by CAC and MMP-2 by ECFC (Yoon et al., 2005).

Kränkel et al. Page 12

Pharmacol Ther. Author manuscript; available in PMC 2011 July 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Proteases are not only activators of PC trafficking but can also interfere with mobilization/
homing signaling. For instance, MMP-2 and MMP-9 could cleave SDF-1α between residues
Ser4 and Leu5, thereby diminishing its bioavailability, especially in myocardial infarction,
where MMP-2 and MMP-9 are activated (Segers et al., 2007). However, SDF-1α
degradation by leukocyte-secreted MMPs may play a minor role in injured tissue due to
predominant accumulation of inactive MMP-9 precursor forms and the presence of
endogenous tissue inhibitors of MMPs (TIMPs) (Valenzuela-Fernández et al., 2002).
Distinct actions of MMP9 within the BM and infarcted myocardium were further lined out
by Jujo et al., who report VEGF-mediated regulation of MMP-9 in MNCs in the BM but not
in the ischemic region (Jujo et al., 2010). On the other hand, circulating leukocytes recruited
via SDF-1α, can raise local VEGF levels through their MMP-2 and MMP-9 activity, thereby
promoting angiogenesis within the target tissue (Du et al., 2008). Targetting SDF-1 stability,
either by blockade of CD26 (discussed above), or by delivering SDF-1α in a form that is
resistant to MMP digestion could represent a powerful tool for SC therapy for ischemic
diseases as recently suggested (Segers et al., 2007).

Given the importance of proteolytic remodeling of the niche under stress conditions,
considerable attention is focused on risk factors and disease conditions that could alter the
availability and activity of proteases. Reduced expression and activity of MMP9 and the
cysteine protease cathepsin L contribute to diabetes-associated PC invasive dysfunction. In
this respect, cathepsin L is reportedly involved in PC homing rather than liberation (Urbich
et al., 2005,2008).

The ADAM disintegrin/metalloprotease family is implicated in ectodomain shedding, which
regulates the function of transmembrane proteins and thereby possibly affects PC functions.
Known targets of ectodomain shedding are cytokines (e.g. TNF-α), GF (e.g. SCF), receptors
(e.g. Notch), and adhesion molecules (e.g. L-selectin) (Cruz et al., 2004; Kawaguchi et al.,
2007).

Despite the wealth of data underlining the role of proteases in PC mobilization and
recruitment, no clinical applications have been developed to date, utilizing site-specific
protease function in modulating PC trafficking.

3.3. Interfering with intracellular signaling
Upon detachment from the niche, the emigrating SC need to polarize and migrate through
the surrounding matrix following a gradient of chemokines. Similar concerted activation/
disruption of focal adhesions and cytoskeletal re-arrangement is needed for cell adhesion,
diapedesis and invasion of the target tissue during homing. A multitude of signals, activating
and inhibitory, are integrated during intracellular processing to provide an orchestrated
cellular answer (Dutt et al., 1998; Croker et al., 2004; Weiger et al., 2010).

Engagement of chemokines and GF with cognate G-protein coupled, and tyrosine kinase
receptors leads to the activation of protein kinase C (PKC), the MAP kinases, as well as the
PI3K/Akt axis (Dutt et al., 1998; reviewed in Oh et al., 2002). Both, PKC and PI3K can
initiate focal adhesion assembly and cytoskeletal re-arrangement. Apart from sharing
general mechanisms of cell migration signaling, specific isoforms might provide interesting
therapy targets for the future, such as PKCζ, whose inhibition resulted in mobilization of
murine progenitors (Petit et al., 2005). During their mechanistically elaborate study, the
authors show that engraftment of CD34+ PC within the BM was dependent on PKCζ, but
their homing/adhesion was not, which might provide another option to induce PC liberation,
without affecting recruitment.
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Specific isoforms of another kinase, PI3K, might be relevant for PC trafficking: in line,
inhibition of PI3Kγ negatively interferes with PC mobilization and homing in the ischemic
heart (Siragusa et al., 2010). PI3K inhibitors are presently studied for their potential use in
inflammatory diseases and they could also be of benefit in fighting atherosclerosis (Rommel
et al., 2007; Barberis & Hirsch, 2008); however interference with vasculogenic PC and
angiogenic endothelial cells might raise concerns for undesired side effects.

3.3.1. Ca2+ signaling—The important role of intracellular Ca2+ in cell migration, along
with the beneficial effect of Ca2+ antagonists on endothelial function has prompted studies
to assess the effect of Ca2+ on PC mobilization. SC express the Ca2+ sensing receptor (CaR)
which anchors them to the Ca2+ rich endosteum (Adams et al., 2006). Prenatal mice
deficient in CaR have primitive hematopoietic cells in the circulation and spleen, whereas
few were found in BM. SC from the liver of CaR-deficient mice are able to home to the BM
but unable to localize specifically to the endosteum (Adams et al., 2006). Translation of this
seminal concept to therapeutics inspires reinterpretation of data using drugs interfering with
calcium uptake by cells.

In hypertensive patients, Ca2+ channel blockers nifedipine and nisoldipine induced the
liberation of various populations of CD34+ PC along with improved endothelial function
and a decrease in the oxidative stress marker serum MDA-LDL, but independently from the
level of blood pressure attenuation (Benndorf et al., 2007; Sugiura et al., 2008).
Correspondingly, in healthy blood-derived CAC, nifedipine enhanced NO generation,
motility and adhesion to activated ECs, while superoxide levels were reduced via the
upregulation of manganese superoxide dismutase (MnSOD) (Passacquale et al., 2008). In
contrast, ex vivo Ca2+ channel blockade in HPC prior to i.v. infusion repressed their homing
to the BM and increased levels of cells remaining in the bloodstream or circulating to the
spleen (Henschler et al., 2003), while ex vivo treatment of KDR+, CD34+ and cKit+Sca-1+

BM cells with CaCl2 led to an upregulation of CXCR4, improved migration towards SDF-1
and enhanced homing to ischemic muscle (Wu et al., 2009). Those findings might yield
relevance for autologous stem cell transplantation, where cells are often exposed to
chelators, such as EDTA, during preparation. The clinical potential of ex vivo Ca2+

treatment of the cells prior to injection needs to be further evaluated.

3.3.2. GTPases—BM retention of PC is critically mediated by GTPases, which can be
activated by SDF-1, SCF or β1 integrin signaling (reviewed in Williams et al., 2008).
Employing a 3D in vitro model of HPC engraftment, Bug et al. identified Rho, Rac, and
Cdc42 to mediate cell migration, but not interfering with apoptosis or proliferation (Bug et
al., 2002). Rac- and Cdc42-induced chemokinesis (i.e. unspecific/random cell movement)
and invasion was shown to be mediated by PI3K, while directional cell migration was not
affected by pan-PI3K inhibition (Bug et al., 2002). Rho-mediated induction of Ca2+ influx
furthermore was required for directional migration of PC (Henschler et al., 2003). Two
GTPases expressed in HPC, rac1 and rac2, specifically mediate HSC/PC retention within the
BM and their deletion leads to a massive egress of SC/PC into the blood (Gu et al., 2003). In
regulating homing/engraftment of SC/PC into BM, both racs seem to take differential roles:
Deletion of rac1, but not rac2, ablated engraftment of transplanted HSC/PC into the BM of
irradiated recipient mice, whereas rac2 was implicated in directed migration (Gu et al.,
2003; Jansen et al., 2005). Another hematopoietic-specific Rho GTPase, RhoH, which is
deficient of GTPase activity, has been identified to suppress rac1 signaling (Gu et al., 2005;
Chae et al., 2008). Consistently, silencing of RhoH in HPC increased chemotaxis as well as
chemokinesis via permitting Rac membrane targeting and actin polymerization (Chae et al.,
2008).
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GTPase activity is targeted by a prominent class of therapeutics in cardiovascular disease:
hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors (statins). Studies
in various in vivo and in vitro settings have yielded incongruent results, varying from
inhibition of atrial rac1 (Adam et al., 2010; Yagi et al., 2010) to increasing of endothelial
rac1 activity (Kou et al., 2009). Besides differential cell types/pathological settings studied,
also the different concentrations as well as chemical properties of distinct statins might play
a role, in analogy to statin-mediated PC liberation (to be discussed in the later part) (Rashid
et al., 2009). Further studies need to show whether other means of targeting PC/SC-specific
GTPases in cardiovascular disease could effectively increase their liberation without
jeopardizing homing mechanisms.

3.3.3. Statins—Statins inhibit the rate-limiting enzyme in cholesterol synthesis, HMG-
CoA reductase, thereby exerting their cholesterol-reducing effect. In addition, statins
mediate a plethora of pleiotropic actions, such as the inhibition of prenylation (Park et al.,
2002). By addition of polyisoprenoids (by-products of cholesterol synthesis) to proteins
(prenylation), the later become more lipophilic, which facilitates their attachment to cell
membranes, and thereby modulates their localization within the cell. Furthermore, statins
can act via the PI3K/Akt/eNOS pathway, whose function has been shown to crucially
underlies statin-induced PC mobilization (Table 1) (Kureishi et al., 2000; Dimmeler et al.,
2001), and interferes with chemokine (Romano et al., 2000; Blann et al., 2001; Alber et al.,
2002), and protease signaling (Nickenig et al., 1999; Ikeda et al., 2000) as well as
cytoskeletal organization (Aepfelbacher et al., 1997). Many of those signaling events
interfere with PC liberation, but extend to PC survival and endothelial commitment, as well
as effects on mature endothelial cells (Fig. 3) (Dimmeler et al., 2001; Uruno et al., 2008).

The various levels of statin interference with intracellular signaling have yielded a wealth of
contradictory reports, which only slowly can be resolved to elucidate several modes of statin
action. While a dosage impact is difficult to verify by comparing published studies,
comorbidities determining the integrity of downstream pathways critically seem to modulate
statin effectivity for PC mobilization.

In vitro and in amouse model, statins exhibited pro-angiogenic effects at low to medium
dosage (activation of Akt/eNOS signaling), while at high dosages endothelial cell apoptosis
was induced (enhanced prenylation of GTPases) (Weis et al., 2002). Those findings were
only partially replicated for PC in the clinical setting: Treatment of hypercholesteremic
patients with low-dose (10 mg/d) rosuvastatin for 4 weeks increased peripheral PC counts,
and improved endothelial function (Pirro et al., 2009). No difference in peripheral blood
CD34+KDR+ PC counts were found between intensive (80 mg) and standard (20 mg)
dosage after 5 days of statin treatment in patients receiving PCI after their first STEMI
(within 24 h of pain onset) (Leone et al., 2008). However, after 4 months, peripheral PC
counts were decreased in the standard dosage group, while in the intensive statin treatment
group they persisted on the high level detected immediately after infarction (Leone et al.,
2008). Despite the long-term increase in PC mobilization, 4 months of intensive statin
treatment was not associated with altered parameters of cardiac function as compared to the
standard dosage (Leone et al., 2008). In other studies, different effects of statin
administration on PC mobilization were observed, depending on the dosage and duration of
treatment (Table 1) (Dimmeler et al., 2001; Llevadot et al., 2001; Vasa et al., 2001;
Landmesser et al., 2004,2005; Hristov et al., 2007). Administration of 40 mg/d atorvastatin
increased numbers of circulating CD34+KDR+PC in the blood of CAD patients after 1
month (Hristov et al., 2007; Schmidt-Lucke et al., 2010). In contrast,Hristov et al. noted that
the continuation of 20 mg/d or 40 mg/d for a total of 3 months reduced CD34+KDR+PC
mobilization, whereas Schmidt-Lucke et al. observed an increase even in patients who were
already on statin treatment before and had their dosage increased to 40 mg/d for the study
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duration (Hristov et al., 2007; Schmidt-Lucke et al., 2010). In patients with chronic heart
failure, a 3 months treatment with 40 mg/d rosuvastatin resulted in an increase in circulating
VEGF levels, higher PC counts in peripheral blood, and an enhanced ability of PC to
integrate into endothelial network structures in vitro, associated with a higher
vascularization in skeletal muscle biopsies (Erbs et al., 2010a).

The divergence of findings might be explained by the different pathological settings,where
individual downstream pathways might be inactive or pre-activated. TNF-α or simvastatin
induced in vitro angiogenesis in HUVEC, albeit by differential molecular mechanisms (Zhu
et al., 2008). In contrast, a combination of both abrogated the angiogenic response.
Interestingly, ex vivo treatment of autologous PC with statins reduced the susceptibility of
CAC to TNF-α induced apoptosis or replicative senescence (Assmus et al., 2003; Henrich et
al., 2007).

Another signaling mechanism relevant to the effect of statin treatment is the Akt/eNOS axis.
Landmesser et al. have shown that statins exert their effect via NO generation, and that in
eNOS-deficient mice, statin-mediated PC mobilization and improvement of cardiac function
are abolished (Landmesser et al., 2004). This becomes relevant in cardiovascular disease and
diabetes, where eNOS function is compromised. Consistently, we have recently
demonstrated a higher effect of NO-donating statin on circulating PC numbers and their
chemotactic capacity as compared to the parent compound, pravastatin, in a mouse model of
type 1 diabetes (Emanueli et al., 2007). Albeit systematic clinical evaluation of this
phenomenon is still lacking, a recent report by Jaumdally et al. described that a high-dose
(80 mg/d) treatment with atorvastatin significantly enhanced circulating PC numbers in
diabetic patients with atherosclerosis during an 8–10 week treatment period, while in non-
diabetic atherosclerotic patients, no effect on PC release was seen (Jaumdally et al., 2010).
Treatment was associated with reduced VEGF and increased Ang-2 in the diabetic, but not
in the non-diabetic patients, indicating different underlying molecular mechanisms in the
diabetic patients (Jaumdally et al., 2010). A possible reason might be the chronic activation
of Akt and p38 MAPK in diabetic PC, thus rendering them unable to get activated. This
notion was brought forward in a different context by Tchaikovsky et al., who showed that
basedline phosphorylation of Akt and p38 MAPK was higher in T2D patients' monocytes,
and that additional stimulation with VEGF did not induce further phosphorylation, nor
migration. In contrast, monocytes from healthy donors had a lower baseline phosphorylation
of Akt, which increased upon VEGF stimulation, and was associated to directional
monocyte migration (Tchaikovski et al., 2009). High-dose statin might therefore address
differential downstream pathways in diabetic and non-diabetic patients.

Finally, in a pig model of chronic hibernating myocardium in the absence of endothelial
dysfunction and heart failure, the effect of a 5 week treatment with 160 mg/day pravastatin
elevated blood counts of CD133+ or cKit+ PC more efficiently than a lower dosage of 20
mg/day (Suzuki et al., 2009). High-dose statin treatment preserved cardiac function, but did
not affect myocardial perfusion, suggesting an angiogenesis-independent effect. As PC
homing to the myocardium was massively enhanced by statin treatment, along with co-
expression of GATA-4 (a marker of myocardial lineage) by the homed PC, the authors
conclude that PC, mobilized by statin treatment in this setting (absence of endothelial
damage), home to the dysfunctional myocardium and support/induce myogenesis, rather
than angiogenesis (Suzuki et al., 2009).

Therefore, despite the wealth of data available about the effects of statin treatment, future
studies still need to establish dosage and treatment duration with the focus on the specific
pathologic situation, and readout parameter (i.e. cardiac function, endothelial function).
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3.3.4. Nitric oxide releasing agents—Decreased activity of endothelial NO synthase,
as well as its uncoupling in the atherosclerotic and/or diabetic vessel wall reduces NO
availability, and increases the generation of superoxide. Analogous biochemical alterations
affect PC function in patients with cardiovascular disease and diabetes (Tepper et al., 2002;
Loomans et al., 2004; Sorrentino et al., 2007). Recently, rescue/potentiation of eNOS
activity with tetrahydrobiopterin (BH4) and thiazolidinediones has been claimed to alleviate
endothelial dysfunction, and concomitantly improve the quantitative and qualitative deficit
of diabetic CACs (Sorrentino et al., 2007; Thum et al., 2007).

Another means to restore NO deficiency consists of incorporating NO-donating moieties
into the structure of well-known drugs, yielding new pharmacological agents with enhanced
therapeutic features, first with regard to NO contribution to the overall activity of the
molecule, but also as for a better safety profile.As an example, NO-releasing statins retain
HMG-CoA reductase inhibitory activity and efficiently release bioactive NO, which in turn
leads to a variety of additional effects including anti-inflammatory and anti-thrombotic
properties (Momi et al., 2007). A recent pre-clinical study showed that NO-releasing
pravastatin is superior to the native compound in improving chemotactic capacity of CAC
derived from type 1 diabetic mice (Emanueli et al., 2007).

3.4. Novel mechanisms
3.4.1. The complement system/innate immunity—The complement system is part of
the innate immune system, initiating e.g. the enforced permeabilization of the intruder's cell
membrane as well as recruitment of macrophages and neutrophils.

A novel line of investigations found the complement components C1q, C3a and C5 to be
crucially involved in the liberation of PC from the BM into the PB, as well as their
subsequent recruitment to various target tissues and long-term engraftment (Ratajczak et al.,
2006; Lee et al., 2009; Wysoczynski et al., 2009; Jalili et al., 2010a,b; Lee et al., 2010).
Interestingly, complement cascade components interact with both currently employed
strategies of PC liberation, G-CSF and AMD3100, albeit in distinct steps (Lee et al., 2010).
Complement components C1q and C3a prime CD34+ PC to low SDF-1 levels, thus allowing
their retention within the BM, even when SDF-1 concentrations rise in the PB (Jalili et al.,
2010b). In contrast, C5 cleavage fragments induce a highly proteolytic microenvironment in
human BM, which perturbs retention through the CXCR4/SDF-1 axis, and in addition
activates granulocyte release of further chemoattractants (Lee et al., 2009; Jalili et al.,
2010b). At the moment, there are no clinical relevant treatments available which specifically
target the complement system in order to manipulate PC trafficking.

3.4.2. Kinins and angiotensin—As mentioned previously, recent studies evidence a role
of the BM RAS in governing niche homeostasis, thereby affecting hematopoiesis and (H)PC
numbers (reviewed in Thum et al., 2006; De Resende et al., 2010). While little is known
about RAS effects on PC liberation, the dual role of proteases (e.g. cathepsins or ACE),
within the RAS, as well as in PC mobilization might indeed support that notion. RAS
proteases might either locally affect events within BM compartments (PC anchorage or BM
microvascular cells), or be derived from systemic partners (plasma, platelets, and
inflammatory cells), present within the lumen of BM sinusiods. ACE has been shown to
activate CD26, thus mediating PC release from the BM into the circulation in an SDF-1
dependent fashion (Wang, et al., 2006b). Among its many functions ACE also provides a
link between the RAS (where it generates angiotensin II) and another important endocrine
network, the kallikrein–kinin system (where it degrades kinins). Kinins are short peptide
ligands to GPCRs, generated extracellularly from kininogens by kallikreins. Studies of the
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past have established the potent pro-survival and pro-angiogenic effects of kinins on mature
endothelial cells (reviewed in Savvatis et al., 2010 and others).

In addition, we have recently described the presence of kinin receptors on circulating CD34+

and CD133+ PC and demonstrated the chemotactic effect of bradykinin, which was
implicated in PC recruitment to ischemic tissue (Kränkel et al., 2008, 2010). No studies have
so far investigated the role of kinins in PC mobilization. However, in theory, BM
endothelium, activated by circulating factors (e.g. cytokines), could secrete kinins, acting on
PC within the BM and facilitate their liberation. Protection of this chemotactic effect by the
inhibition of ACE-mediated kinin degradation might contribute to the increased numbers of
circulating PC seen under ACE inhibition, but not under Angiotensin (Ang) II receptor
blockade (Wang, et al., 2006b; Benndorf et al., 2007; You et al., 2008; Müller et al., 2009).

Ang(1–7), another novel effector of the RAS, can be generated from AngI, AngII, and
Ang(1–9) and is mainly degraded to Ang(1–5) by ACE (reviewed in: Ferreira & Santos,
2005). Ang(1–7) exerts effects counteracting those of AngII, including activation of NO
generation (Li et al., 1997). A recent study by Wang et al. demonstrated increased
recruitment of circulating PC to infarcted myocardium after systemic infusion of Ang(1–7)
(Wang et al., 2010).

ACE inhibitor treatment might therefore prevent adverse effects of AngII, by counteracting
its generation, as well as by protecting kinins or Ang(1–7), which then can promote PC
mobilization.

3.4.3. Lipid mediators—Due to their hydrophobic or amphiphilic nature, lipids are able
to pass membranes of cells and organelles more easily than other messenger substances. As
an implication, they cannot be stored and transported in vesicles, but have to be generated in
situ, e.g. at sites of inflammation. Intracellular lipids comprise phosphatidylinositol
phosphates and diacylglycerol (DAG), both implicated in MAPK signaling via the activation
of PKC and Ca2+ mobilization. Systemically, lipids are crucially involved in inflammatory
signaling (prostaglandins, sphingosine-1-phosphate (S1P), platelet activating factor (PAF),
as well as the modulation of endothelial (estrogen) and platelet function (prostaglandins,
PAF).

High levels of cholesterol can disrupt the BM SDF-1/CXCR4 axis, thereby mobilizing B
cells, neutrophils, and HPC (Gomes et al., 2010). However, the specific effects of
cholesterol lowering drugs on PC release are difficult to determine due to their pleiotropic
effects, and indeed PC release is thought to occur independently from cholesterol lowering
(Landmesser et al., 2005; Schmidt-Lucke et al., 2010).

Prostaglandin receptors are present on lin−cKit+flk-1+ murine BM-PC and human ECFCs,
but human CAC also secrete prostaglandins (He et al., 2008; Herrler et al., 2009; Kawabe et
al., 2010). Both mechanisms have been reported to modulate CAC and CD34+ PC
recruitment to endothelial lesions, and their interaction with platelets and EC, furthering
earlier observations that prostaglandins can block platelet aggregation and inhibit smooth
muscle cell contraction and proliferation (Moncada et al., 1977; He et al., 2008; Abou-Saleh
et al., 2009; Kawabe et al., 2010). Synthetic prostaglandin analogues have been shown to
increase the expression of integrins and CXCR4 on EPC, along with increased EPC
recruitment to endothelial lesions, reduced intimal thickening and faster re-
endothelialization in pre-clinical studies (Herrler et al., 2009; Kawabe et al., 2010). Clinical
studies have furthermore attested a beneficial effect of synthetic prostanoids on PC
liberation from the BM (Fig. 3) (Di Stefano et al., 2008; Coppolino et al., 2009; Herrler et
al., 2009).
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Another lipid, S1P, has drawn much attention lately for modulation of HPC/SC egress from
the BM and adhesion to sites of endothelial lesions. Receptors for S1P are present on human
CD34+ PC and mediate HPC chemotactic response towards S1P as well as S1P-induced
upregulation of integrins (Yanai et al., 2000; Kimura et al., 2004; Xue et al., 2007; Ratajczak
et al., 2010). Again, platelets play a crucial role in S1P signaling at sites of endothelial
lesions, being among the first blood constituents recruited to the activated endothelium or
underlying matrix, and being able to synthesize significant amounts of S1P (Yatomi et al.,
1995). Interestingly, megakaryocytes within the BM also generate S1P, implying a role in
BM homeostasis (Bautz et al., 2000). As is postulated for other factors, a shifted balance
between intra- and extra-BM S1P might therefore play a role on PC mobilization into the
circulation. Interestingly, S1P seems to interact with SDF-1 signaling, albeit contradictory
results have been reported, indicating positive cooperation in chemotaxis (Walter et al.,
2007), as well as impairment of CXCR4 expression and signaling (Okamoto et al., 2000;
Ryser et al., 2008). The possible differential roles of multiple S1P receptors, as well as
different actions of phosphorylated and non-phosphorylated S1P-mimics might serve as
explanation, but the underlying mechanisms are still unclear (reviewed in: Seitz et al., 2005).
Furthermore, CAC represent a heterogeneous myeloid population of cells with endothelial-
supportive and pro-angiogenic function. They are therefore distinct from CD34+ HSC/PC,
with altered expression of receptors such as CXCR4 (Shiba et al., 2009). In a similar
fashion, S1P generation (and thereby interaction with endothelial cells) as well as S1P
receptors (and thereby modulation by platelets) might differ between CAC and CD34+ PC.
Finally, the novel finding of S1P plasma-BM gradients being considerably steeper than
those of SDF-1, suggests that S1P gradients supersede those of SDF-1 in PC mobilization
(Ratajczak et al., 2010).

However, PC appear to not only be sensitive to S1P, but also release S1P by themselves,
thereby modifying endothelial functions, such as the expression of adherens junctions and
thereby regulation of endothelial permeability (Zhao et al., 2009). This pathway might
therefore serve differential functions in regulating PC egress from the BM, as compared to
their recruitment to activated endothelium at sites of injury.

3.4.4. Targeted “deposition” of regulatory factors: Platelets & microparticles—
After an acute endothelial injury, platelets are the first component of the blood to adhere to
the lesion. Apart from their “classical” role in coagulation, they provide a “docking station”
for recruited PC via P-selectin, SDF-1 or LFA-1 expressed on their surface (Fig. 3) (de Boer
et al., 2006; Jin et al., 2006; Lev et al., 2006; Stellos et al., 2010). However, results disagree
on the further development of the recruited cells and their contribution to intimal thickening
(de Boer et al., 2006; Jin et al., 2006).

Platelets furthermore modulate the activation of resident EC as well as recruited PC and
provide chemokines attracting PC from perivascular sources (Yatomi et al., 1995; Jin et al.,
2006; Langer et al., 2006; Stellos et al., 2008; Stenzel et al., 2009; Daub et al., 2010).
Notably, this mechanism is believed to further the progression of atherosclerosis by
recruitment of mast cell precursors and might affect plaque stability (Rastogi et al., 2008; for
further review see: Langer & Gawaz, 2008).

Microparticles (MP), small membrane vesicles derived from activated cells (e.g. endothelial
cells or platelets), can transfer soluble as well as membrane proteins between cells thereby
modulating the target cell's antigenic profile and function (Mack et al., 2000; Leroyer et al.,
2009; Prokopi et al., 2009). Of interest, platelet-derived MPs start to cover BM-derived PC
immediately after their entry into the blood. MP coverage enhances CD34+ PC adhesion and
might account for better engraftment of blood-derived as compared to BM-derived PC
(Janowska-Wieczorek et al., 2001).
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3.4.5. Neuronal regulation of SC trafficking—Besides modulating the BM
microenvironment, neuronal-derived factors influence the time course of PC liberation and
the phenotype of liberated cells in physiologic and pathologic contexts.

Expression of adrenergic receptors (ARs) by BM c-kit+ and CD34+ PC suggests that they
may be a target for catecholamines released in response to exercise, pain or exposure to cold
(Maestroni et al., 1998; Tang et al., 1999; Steiner et al., 2005; Muthu et al., 2007).
Consistently, cultured human CD34+ PC acquire a migratory phenotype and express higher
levels of MMPs following norepinephrine (NE) stimulation. Moreover, β2 adrenergic
stimulation promotes SC liberation and enhances mobilization induced by G-CSF
(Katayama et al., 2006; Spiegel et al., 2007). A more intricate relationship is indicated by
the fact that the expression of dopamine and β2-adrenergic receptors on CD34+ PC is
upregulated by G-CSF and GM-CSF. Conversely, defects in nerve conduction, disruption of
catecholaminergic neurons, or NE deficiency dramatically reduced G-CSF-induced
osteoblast suppression and affected SDF-1 levels in the BM and HSC mobilization
(Katayama et al., 2006).

Recent evidence indicates that the cyclic release of hematopoietic cells is regulated by
circadian NE production by sympathetic nerves projecting into the BM. Noradrenaline
stimulates β3-adrenergic receptor to decrease BM SDF-1 levels. This circadian regulation
was altered in mice exposed to changed light cycles and by disruption of catecholaminergic
neurons (Méndez-Ferrer et al., 2008).

BM neuropathy, occurring e.g. in diabetes, may affect the sympathetic regulation of BM
homeostasis and PC release: type 2 diabetes reduces BM sympathetic nerve terminals and
NE levels in rats, which was associated with a de-regulation of the circadian release of
thy-1+CD3−CD4−CD8− EPC (Busik et al., 2009).

Peptidergic nerve terminals are associated with cells of the immune system throughout the
body and have been shown to be important in wound healing, BM homeostasis and PC
mobilization (Fig. 3) (Afan et al., 1997). These specialized sensory neurons, also known as
nociceptors, can sense noxious thermal, mechanical and chemical stimuli and are implicated
in the regulation of physiological and malignant hematopoiesis (reviewed in Nowicki et al.,
2007). Substance P and calcitonin gene-related peptide are among the most frequent
neuropeptides released by a subset of peptidergic nerve terminals innervating the BM
(Ahmed et al., 1993). Intraperitoneal injection of capsaicin, which induces neuropeptide
release from nociceptors, increases marrow and peripheral blood cellularity at 2–4 h post-
injection followed by a decrease during the following 9 days (Broome et al., 2000).
Therefore, neuronal control of PC mobilization might enable a fast initial response to
traumatic injury.

However, the population of cells released into the circulation upon neuronal stimulation
appears to differ from ischemia-induced or GCSF-induced PC mobilization: Intravenous
injection of substance P induced the mobilization of CD29+ stromal-like cells (Hong et al.,
2009). Mobilized CD29+ cells expressed BM stromal cells markers (CD90, CD106, α-
smooth muscle actin), but not macrophage and monocytes markers (CD11b or CD45). They
were multipotent and capable to differentiate into adipocytes, osteoblasts and chondrocytes.
Moreover, substance P increased gelatinolytic activity and transmigration through an
extracellular matrix-gel in BM stromal cells. Substance P levels in blood were remarkably
increased in a mouse eye-injury model, and additional application of substance P into the
eye mobilized α-SMA+ and CD29+ cells, accelerating the rate of wound healing (Hong et
al., 2009).
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Neurotrophins play a role in modulating angiogenesis and cardiac repair, as well as
hematopoiesis (Matsuda et al., 1988; Cantarella et al., 2002; Emanueli et al., 2002; Caporali
et al., 2008; Meloni et al., 2010). NGF treatment was reported to increase CD133+ PC
mobilization into the blood, as well as homing to injured carotides in mice (Zeng et al.,
2010).

Taken together, neuronal mechanisms might play a crucial role in the fast induction of PC
mobilization in pathologic circumstances. However, further studies are needed to evaluate
whether this can be clinically exploited.

3.5. Non-pharmacological mechanisms: exercise training
Intervening with single pathways in cardiovascular disease appears to be less effective for
the restoration of vascular and cardiac function than approaches with pleiotropic effects.
Physical exercise training has been consistently reported to improve clinical outcome and
therefore has become implemented into the care guidelines, e.g. for chronic heart failure
patients (for reviews see: Möbius-Winkler et al., 2010 and Keteyian et al., 2010).

In healthy persons, acute exercise can induce the mobilization of PC from the BM
depending on exercise intensity and duration, with low intensity training having limited
effect (Adams et al., 2004), while moderate to exhaustive training leads to a marked increase
of PC numbers in PB (Table 1) (Rehman et al., 2004; Bonsignore et al., 2010). In contrast,
an exaggerated exercise, such as a marathon run results in attenuation or even decline of
CD34+ PC release post-race and an increased inflammatory state (Table 1) (Adams et al.,
2008; Bonsignore et al., 2010). Mechanistically, the liberation of PC by acute non-excessive
exercise in healthy persons is associated with the release of various humoral factors, as well
as increased generation of NO, and attenuated expression of NADPH oxidase subunits
(Yang et al., 2007; Jenkins et al., 2009; Cubbon et al., 2010). While the involvement of
VEGF in exercise-induced PC release is controverse, most studies have observed increased
plasma IL-6 levels, as well as a dependency on or association with NO generation (Adams et
al., 2004; Rehman et al., 2004; Adams et al., 2008; Schmidt et al., 2009; Bonsignore et al.,
2010). Interestingly, distinct mechanisms seem to mediate the release of PC during ongoing
exhaustive exercise as compared to a second wave of PC release during the subsequent
resting period, with distinguishably different composition of the released cell populations,
and plasma cytokine/GF levels (Möbius-Winkler et al., 2009). Apart from acute
inflammation, as is seen in marathon runners, also neural mechanisms (e.g. nociceptor
activation, adrenaline release) might play a role (Spiegel et al., 2007; Adams et al., 2008;
Van Craenenbroeck et al., 2009).

In the long term, regular exercise training is associated with an increased expression of NO
synthase expression and activity, as well as a lower expression of NADPH oxidase activity
in mature endothelium as well as PC (Rush et al., 2005; Jenkins et al., 2009). Both
components might be important for PC release from the BM, where local NO levels have
been shown to be crucial (Goldstein et al., 2006). In contrast, de-training in regularly
exercising older men decreased PC mobilization, even below levels seen in sedentary men
of comparable age (Witkowski et al., 2010).

Exercise-induced mobilization of PC in healthy persons in part utilizes mechanisms which
are hampered in cardiovascular patients. In particular, NO generation (which is crucial for
PC release in general as well as during exercise (Goldstein et al., 2006; Cubbon et al.,
2010)) is impaired in cardiovascular patients, while higher levels of oxidative stress likely
affect PC survival within the BM, the circulation, as well as peripheral tissues. Regular
exercise training has been shown to improve endothelial function in heart failure patients,
along with a decrease inflammatory cytokine levels (reviewed in Keteyian et al., 2010).
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Consistently, in various cardiovascular pathologies, including advanced chronic heart failure
(NYHA class IIIb) and rehabilitation after acute MI, regular exercise training has been
shown to increase circulating PC numbers, partially along with increased vascularization
(Table 1) (Steiner et al., 2005; Sarto et al., 2007; Brehm et al., 2009; Erbs et al., 2010b).

PC mobilization and recruitment seem to be regulated in distinct manners by exercise in
those patients: while ischemia was necessary for acute exercise-mediated PC liberation
(Adams et al., 2004; Sandri et al., 2005), sub-ischemic exercise induced the upregulation of
CXCR4 and VLA-4 on circulating PC, together with an increase in their capacity to
integrate into endothelial network structures in vitro, indicating better homing capacities
(Sandri et al., 2005).

Of note, the beneficial effects of exercise training act only transiently: 8 weeks after
cessation of exercise, the beneficial effects of an 8 weeks training program on circulating
CD34+ PC numbers and left ventricular ejection fraction (LVEF) were lost in chronic heart
failure patients, resembling findings in healthy, regularly exercising elder men, whose
circulating CD34+ PC levels declined along with endothelial function after only 10 days of
de-training (Sarto et al., 2007; Witkowski et al., 2010).

Taken together, regular exercise training is associated with better cardiac and vascular
function in patients with chronic heart failure as well as acute infarction, which correlates
with enhanced PC mobilization and migratory/adhesion properties of the liberated PC.
Likely mechanisms include the improvement of NO generation and attenuation of
inflammatory mediators.

4. Summary/conclusions
In summary, several clinically implemented treatment strategies for patients with high
cardiovascular risk and with cardiovascular disease, such as statins or ACE inhibitors, also
support PC release or recruitment (Table 1). In addition, lifestyle-based approaches, such as
regular exercise training have the potential of targeting BM homeostasis, and PC supply
(from the BM as well as potentially from adipose tissue), besides exerting PC-independent
effects on the target tissues.

As a specific means for PC mobilization, G-CSF is most widely used, recently also in
combination with CXCR4 antagonist AMD3100 (plerixafor) or GF. Both treatments
synergize and yield a significantly higher number of mobilized CD34+ PC than each
treatment alone. Furthermore, improved PC recruitment was reported in synergistic
treatment strategies, as compared to single G-CSF administration. This might overcome
current difficulties with PC yield per harvest in transfusion-based approaches, but also
improve the cardiovascular effect of moblized PC in pharmacological approaches.

A crucial problem, which still needs to be solved to enhance efficiency of PC
transplantation, as well as for endogenous mobilization strategies, is the preferred homing of
PC to spleen, lung and liver, rather than the infarcted myocardium or endothelial lesions. To
date, underlying mechanisms of this phenomenon are only insufficiently understood, but
local endothelial characteristics (confluency, adhesion molecule expression), as well as
physical parameters (local blood flow velocity, vascular density, and vessel diameters)
might play a role. Moreover, the still only partially understood interplay between cytokines
and individual aspects of PC mobilization and recruitment requires better consideration of
the patient's cytokine status for the choice of therapy, this topic yet requiring more clinical
investigation. On the other hand, promotion or blockade of individual cytokine/GF mediated
pathways in synergistic therapy strategies might provide promising options for enhancing
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mobilization and recruitment of specific PC populations to the target tissue, thus enhancing
therapy success while limiting adverse effects.

Finally, novel lines of investigation, addressing the role of neuronal induction of PC
mobilization from the BM, the local deposition messengers by platelets and circulating
microparticles, as well as novel molecular links, e.g. with components of innate immunity or
angiotensin and kinins, might yield means to enhance specificity and effectivity of treatment
strategies in the long run.

Investing on maintenance of SC fitness and mobility is profitable in principle, but the road
to clinical valuable outcomes is still long and lined with many challenges. A better
understanding of physiologic mechanisms in the context of specific genetic, epigenetic and
disease-related backgrounds might help to design individual therapeutic strategies for SC
rejuvenation.
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Fig. 1.
Evolution of autologous stem cell transplantation approaches for cardiovascular therapy.
Citations refer to double-blind, randomized, placebo-controlled clinical studies.
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Fig. 2.
Maintenance of niche/SC fitness, SC mobilization and recruitment share overlapping
molecular mechanisms. Consequently, effective prevention/therapy strategies need to
address all three processes.
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Fig. 3.
Overview over discussed endogenous mechanisms modulating PC mobilization from the
BM, and recruitment to the target tissue (black boxes). Pharmacological means and
endogenous players interfering with PC mobilization/recruitment are indicated (red boxes).
(For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Table 1

Therapy approaches affecting PC mobilization, results of clinical studies.

Therapy strategy Effect on PC mobilization

GFs, single

 Erythropoietin =CD34+

(George et al., 2005b)

 CD34+CD45−;  CD34+CD45+

(Bahlmann et al., 2004; Lipsic et al., 2006)

 VEGF
 CD34+;  CAC

(Kalka et al., 2000)

 G-CSF/GM-CSF
 CD34+;  CD34+CD133+;  CD133+KDR+;  CD133+CXCR4+

(Möhle et al., 1994; Powell et al., 2005; Valgimigli et al., 2005;
Engelmann et al., 2006; Leone et al., 2006; Suzuki et al., 2006;
Zohlnhofer et al., 2006,2008; Engelmann et al., 2009)

Blockade of GF receptors

 AMD3100
 CD133+;  CD133+CD34+KDR+;  total leukocytes

(Blum et al., 2009)

Combined treatment

 G-CSF+AMD3100
 CD34+as compared to each factor alone(Donahue et al., 2009)

 G-CSF+IL-3
 CD34+as compared to G-CSF alone, but more inflammatory effects

(Rosenfeld et al., 1996; Ballestrero et al., 1999)

 Epo+G-CSF
 CD34+as compared to G-CSF alone (Hart et al., 2009)

 SCF+G-CSF =CD34+after prior insufficient mobilization(da Silva et al., 2004)

 CD34+after prior insufficient mobilization(To et al., 2003; Mijovic et al., 2005)

RAS/KKS interference

 ACE inhibition
 CD34+(Wang et al., 2006b; You et al., 2008; Muller et al., 2009)

 AngII receptor blockade =CD34+(Benndorf et al., 2007)

Lipids

 Synthetic prostanoids
 CD34+, CD34+KDR+(Di Stefano et al., 2008; Coppolino et al., 2009)

Ca2+ signalling

 Ca2+ channel blockers  CD34+ CD133+ (Benndorf et al., 2007; Sugiura et al., 2008)

Statins

 CD34+

(Landmesser et al., 2005; Hristov et al., 2007; Pirro et al., 2009; Erbs et al., 2010a;
Jaumdally et al., 2010; Schmidt-Lucke et al., 2010)

 CD34+ KDR+ (Hristov et al., 2007)
=CD34+ KDR+ (i.e. decline after STEMI prevented) (Leone et al., 2008)

Exercise training
 CD34+

(Rehman et al., 2004; Sandri et al., 2005; Steiner et al., 2005; Sarto et al., 2007; Brehm et al., 2009;
Möbius-Winkler et al., 2009; Bonsignore et al., 2010; Erbs et al., 2010b)
=CD34+ (low intensity/non-ischemic exercise/ marathon)(Adams et al., 2004)

 CD34+ (marathon) (Adams et al., 2008)
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