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Abstract

Despite major advances in pharmacological and reperfusion therapies, regenerating and/or
replacing the infarcted myocardial tissue is an enormous challenge and therefore ischemic heart
disease (IHD) remains a major cause of mortality and morbidity worldwide. Adult bone marrow is
home for a variety of hematopoietic and non-hematopoietic stem cells including a small subset of
primitive cells that carry a promising regenerative potential. It is now well established that
myocardial ischemia (MI) induces mobilization of bone marrow-derived cells including
differentiated lineage as well as undifferentiated stem cells. While the numbers of stem cells
carrying pluripotent features among the mobilized stem cells is small, their regenerative capacity
appears immense. Therapies aimed at selective mobilization of these pluripotent stem cells during
myocardial ischemia have a promising potential to regenerate the injured myocardium. Emerging
evidence suggest that bioactive sphingolipids such as sphingosine-1 phosphate and ceramide-1
phosphate hold a great promise in selective mobilization of pluripotent stem cells to the infarcted
region during MI. This review highlights the recent advances in the mechanisms of stem cell
mobilization and provides newer evidence in support of bioactive lipids as potential therapeutic
agents in the treatment of ischemic heart disease.
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Introduction

Ischemic heart disease (IHD) is a major cause of mortality and morbidity worldwide and
accounts for nearly 20% of all deaths in United States®. The prognosis of acute myocardial
infarction (AMI) and ischemic cardiomyopathy (ICM) remains poor despite significant
advances in medical therapy and revascularization strategies 23. Although heart
transplantation is the best possible solution to replace the injured myocardium, it is not the
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most viable option because of shortage of organ donors and due to its inherent limitations
including graft rejection and continuous use of immunosuppressive drugs. As a result, there
are no available treatment strategies that replace the infracted myocardium and the existing
therapies are largely palliative.

It has long been assumed that when the heart undergoes ischemic damage, the heart muscle
cells do not regenerate and the damage is permanent. This dogma has been challenged in
recent years by evidence that heart muscle cells in fact does regenerate. The first piece of
evidence came from a sex mismatched heart transplant study that demonstrated the presence
of recipient derived cells in the transplanted heart>®. Since this seminal study, there is a
growing line of evidence that cardiomyocytes undergo continuous renewal aided by bone
marrow (BM)-derived stem/progenitor cells (SPCs)°-7. Further it was demonstrated that the
BM-derived cells play a role in the chimerism process of multiple organs including the
heart 8. The mechanisms that promote chimerism appear to be dynamic; responding to
significant injury such as myocardial infarction and peaks in the peri-infarct zone®.
Interestingly, this process is robust enough to achieve the renewal of at least 50% of all
cardiomyocytes in the normal life span 1911, Although extensive evidence points to the
presence of a dynamic and effective process of cardiomyocyte renewal, the underlying
mechanisms are poorly understood.

Acute ischemic myocardial injury initiates multiple repair mechanisms mediated by the
mobilization of BMSPCs1217, However, very little is known about the mechanisms that
regulate this mobilization. Previous studies in animals have demonstrated that mobilized
BMSPCs repopulate the infracted myocardium and can potentially play an important role in
the chimerism of cardiomyocytes during usual wear and tear as well as after ischemic
injury18. On the other hand, the rate of the differentiation of the BMSPCs to cardiomyocytes
is low and the majority of the observed benefits can be attributed to paracrine effects’®. In
this review we will discuss the present evidence for the role of the BMSPCs in myocardial
regeneration and their viable therapeutic potential. Further, we also provide evidence in
support of sphingophospholipids such as sphingosine-1-phosphate (S1P) and ceramide-1-
phosphate (C1P) as potential therapeutic agents in stem cell therapy.

Phenotypic characteristics of bone marrow-derived pluripotent stem cells

The bone marrow harbors a heterogeneous pool of hematopoietic and non-hematopoietic
stem cell populations. These include the more common lineage-committed cells and the rare
pluripotent and embryonic-like stem cells (PSC). The old dogma stating that adults lack
pluripotent stem cells has been continuously challenged. In the last decade, multiple studies
have demonstrated the presence of PSCs in adult human and animal tissues based on
morphology, surface and nuclear marker expression, differentiation capacity and epigenetic
characteristics. Based on the expression of Scal (murine stem cell marker) and lack of
expression of CD45 (pan—leukocytic marker) and differentiated lineage (Lin) markers, Dr.
Ratajczak’s group described these PSCs as very small embryonic like stem cells (VSELS) in
the murine BM20:21, Subsequently, using corresponding human stem cells markers, VSELs
were also isolated from human BM, cord, and peripheral blood?2. VSELs appear to be
morphologically similar to embryonic stem cells with a small diameter compared to more
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committed progenitors and stem cells and a large nucleus containing open-type chromatin
surrounded with thin rim of cytoplasm and multiple mitochondria 23. VSELS also exhibit
multiple embryonic and pluripotent surface and nuclear embryonic markers such as Oct4,
SSEA1/4, Nanog, and Rex1. Further, in vivo and in vitro studies have demonstrated the
capability of VSELS to differentiate into multiple cell lines across germ lines including
cardiomyocytes 20:21.24,

The BM also harbors other less defined populations of PSCs such as the mesenchymal stem
cells (MSC)25-30, multipotent adult progenitor cells (MAPC)3!, and marrow-isolated multi-
lineage inducible cells (MIAMI)32, among others. These populations share the ability to
differentiate in vivo and in vitro into various cell lines and sometimes exhibit pluripotent
features. It is also possible that different investigators, using diverse methods, may have
identified the same or very similar populations and as a result, these populations could have
acquired varying nomenclature. However, these stem cell populations may contain, at least
in part, VSELSs that account for their pluripotent potential.

Mobilization of BM-derived pluripotent stem cells in myocardial ischemia

BMSPCs including the hematopoietic stem/progenitor cells (HSPCs) are continually
released into the peripheral blood (PB) in response to chemotactic gradients and can be
detected in the blood under steady state conditions throughout the adult life33, A number of
factors could contribute to their release into the blood including but not limited to strenuous
exercise34, tissue or organ injury (including ischemic cardiac events)3®36, and
administration of pharmacological agents3”-38, BMSPCs have multi-faceted roles in an adult
organism most important of which is lymph-hematopoiesis33 and immune surveillance3®. A
continuous chemotactic gradient balance between the BM and the PB may be responsible for
their release and homing back to the BM. Among the growing list of chemotactic agents,
stromal derived factor-1 (SDF-1) is considered as the major chemotactic factor that
influence the destination and homing of BMSPCs#041, Both SDF-1 and its receptor-CXCR4
are highly expressed by osteoblasts and fibroblasts in the BM microenvironment and their
interaction results in retention of BMSPCs within the BM niches*L. It was generally
believed that the SDF-1-CXCR4 axis alone was responsible for retention and homing of
BMSPCs*0:41, However, a growing line of evidence describes other major factors that
contribute to the mobilization and homing of BMSPCs.

A number of recent studies suggest that other chemotactic factors could also influence the
homing/retention of BMSPCs. For example, BMSPCs also express very late antigen-4
(VLA-4, also known as a4p1-integrin) while the cells in the BM microenvironment express
its ligand, vascular adhesion molecule-1 (also known as CD106), further contributing to
BMSPCs retention?244. These data suggest that multiple chemotactic mechanisms exist and
either independently or in concert with each other influence the ultimate homing or retention
of BMSPCs. The growing evidence in support of SDF-1-CXCR4-independent mechanism is
also questioning the undisputed exclusive role of SDF-1 as the major mechanism of BMSPC
mobilization and homing. For example, recent evidence suggests that the plasma SDF-1
level does not always correlate with mobilization of BMSPCs*>-48. Similarly, the in vitro
chemotaxis assays that demonstrated chemoattractant properties for SDF-1 have, by and
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large, employed supra-physiological concentrations of SDF-1 (100-300 ng/ml) 4950, which
is about 100 times higher than the SDF-1 concentrations measured in human or murine
biological fluids®1. Another important aspect is that the conditions that induce SDF-1 (e.g.
hypoxia) and promote mobilization of BMSPCs (such as G-CSF or a CXCR4 antagonist
AMD3100)4452-54 can also upregulate several proteolytic enzymes in BM cells. Enzymes
such as metalloproteinase 2 (MMP-2), MMP-9, cathepsin G and neutrophil elastase can
proteolytically cleave and inactivate SDF-1 and CXCR4 resulting in the loss of their
chemotactic activity towards BMSPCs®55652_ |t js important to note that the proteolytic
environment would promote HSPC mobilization by decreasing SDF-1-CXCR4-mediated
retention (as well as reducing VLA-4-CD106 interaction), but also causes enhanced
degradation of SDF-1 thereby impairing its ability to help homing of BMSPCs in target
organs**5257 Taken together, these observations imply the presence of alternative retention
and homing mechanisms possibly involving other protease-resistant chemoattractants to
make up for the deficiency of the SDF-1 gradient between the BM and PB. These
observations led to the exploration of alternative mechanisms including the proteolysis-
resistant sphingolipids, specifically sphingophospholipids (sphingosine 1-phosphate and
ceramide 1-phosphate), which were shown to be potent chemoattractants for BMSPCs.

Sphingophospholipids- Novel lipid mediators as potent stem cell chemo-

attractants?

Sphingolipids are a class of lipids containing a backbone of sphingoid bases, a set of
aliphatic amino alcohols that includes sphingosine. They are important structural
components of cell membranes. They protect the cell surface against harmful factors by
forming a mechanically stable and chemically resistant outer leaflet of the plasma membrane
lipid bilayer. Ceramides are N-acylated sphingoid bases lacking additional head groups.
Ceramide can be deacylated to sphingosine, which is then phosphorylated by sphingosine
kinases (SPHK1 or SPHK?2) to yield sphingosine 1-phosphate (S1P). Ceramide 1-phosphate
(C1P) can be generated by phosphorylation of ceramide (N-acyl sphingosine) by ceramide
kinase 8. Both S1P and C1P have short half-lives and their plasma and tissue levels are
maintained by numerous enzymes. S1P is irreversibly degraded by S1P lyase, and is also
regulated by lipid phosphate phosphatases (LPP1-3) and S1P-specific phosphatases (SPP1
and SPP2)%9-63 C1P is also regulated by LPP1-3%%:63, The major source of plasma S1P are
red blood cells, activated platelets, and extracellular SPHK1 derived from vascular
endothelial cells®4-65 while the major source of plasma C1P comes from intracellular C1P
released or leaked from damaged cells®’.

S1P and C1P interact with a variety of G protein—coupled receptors (GPCR). Five receptor
subtypes for S1P (S1P4.5) have been identified thus far and found widely expressed
throughout mammalian tissues. S1P1_3 are highly expressed throughout the cardiovascular
system and also on BMSPCs. The pharmacological actions of S1P4 are meditated by Ras-
MAP kinase, phosphoinositide (PI) 3-kinase-Akt pathway (PI13K-AKt) and phospholipase C
(PLC) pathways via the inhibitory G;j protein. S1P, and S1P3 receptor actions are mediated
by PLC pathway and Rho pathway via multiple G proteins including Gq, G12/13 and G;j
subunits®8-71, The signaling cascade responsible for HSPC migration is by S1P binding to
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either S1P; or S1P339.72.73 On the contrary S1P, activation by S1P, yields an opposite
effect -negatively regulating HSPC mobilization’4. S1P, and S1P5 receptors play a role in
the immune and nervous system, respectively. While the receptor for C1P is yet to be
identified, it’s signaling is sensitive to pertussis toxin, thereby implicating a G; protein
coupled receptor’>76,

Sphingosine 1-phosphate is a potent BMSPCs chemoattractant?

With the discovery of S1P receptors on BMSPCs and subsequent characterization as GPCR,
it was hypothesized that S1P might possess biological roles similar to other chemokines.
This led to the identification of S1P as a chemotactic agent by Seitz et al*°. Further, it was
demonstrated that the gradient of S1P between BM and PB determines HSPCs egress®’.
While SDF-1 still has a significant role in retention of HSPCs in BM niches, it might not be
as crucial in the mobilization and homing of BMSPCs including HSPCs*. For example,
plasma derived from normal and mobilized peripheral blood strongly attracts murine BM
HSPCs independent of plasma SDF-1 levels. On the contrary when lipids (including S1P)
were removed from the plasma by charcoal stripping, it abolished HSPCs chemotaxis but
did not affect responsiveness towards SDF-147. It was further demonstrated that already
steady state S1P plasma levels create a gradient favoring HSPCs egress from the BM.

As previously described, HSPCs are retained in the BM by SDF-1-CXCR4 and VLA4-
VCAML interactions. Disruption of these interactions either by a CXCR4 antagonist
(AMD3100) or triggering a proteolytic environment in the BM would release HSPCs form
their niches or therefore allow them to follow the bioactive lipids gradient to PB. G-CSF, a
frequently used mobilizing agent also mobilizes BMSPCs by increasing plasma S1P
levels’”. G-CSF triggers complement complex activation resulting in the stimulation of
granulocytes and subsequent release of proteolytic enzymes in the BM microenvironment
thus disrupting the interaction between stem cells and osteoclasts in the BM niches®3.
Interestingly, the lasting effect of G CSF promotes complement cascade (CC) activation and
formation of the membrane attack complex (MAC) that was shown to interact with
erythrocytes and could contribute to the release of bioactive lipids in the plasma’®. While
erythrocytes serve as the major reservoir of S1P in the PB46.79, they are highly protected
from MAC by CD59 and decay-accelerating factor (DAF) receptors80. However, it was
subsequently demonstrated that expression of these receptors on erythrocytes does not give
complete protection from activated MAC since G-CSF-induced MAC exposure resulted in
increase in plasma S1P levels promoting HSPCs egress®’.

While it has been established that S1P plays a significant role in HSPC trafficking, the
mechanisms that mediate this remains unclear. Recent evidence suggests that SDF-1 and
S1P may work synergistically to facilitate egress of HSPCs out of the BM81. It was also
demonstrated that S1P; upregulation decreases their chemotactic activity towards SDF-1
due to reduced cell surface expression of CXCR4 suggesting a potential interaction and
feedback mechanisms between S1P and SDF-182. These observations were recently
confirmed by Golan et al who showed that short-term inhibition of S1P/S1P4 axis during
steady state conditions or during CXCR4 inhibition (via AMD3100 administration) reduces
SDF-1 in the plasma83. Interestingly, generation of reactive oxygen species (ROS) via S1P;
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signaling was also implicated in HSPC mobilization through the release of SDF-184. Since
previous studies showed that ROS inhibition reduces SDF-1 secretion during AMD3100-
induced mobilization8® it was thought that ROS signaling might also contribute to SDF-1
secretion. Indeed it was confirmed that ROS signaling induced SDF-1 secretion thereby
facilitating HSPCs egress®3.

The interaction of S1IP-SDF-1 in prompting HSPC egress was further demonstrated with the
help of FTY720, a potent S1Pq desensitizing agent which causes S1P receptor
internalization8®. Interestingly, administration of FTY720 for 24 hours resulted in increased
plasma SDF-1 levels but had no effect on HSPC egress. FTY720 treatment did reduce BM
ROS signaling, due to S1P1 down regulation, again pointing out the requirement of S1Pq
signaling in HSPC egress. Furthermore, mice that were treated with BM-specific S1P lyase
inhibitor 4-deoxypyrodixne (DOP) that resulted in increase of S1P level in BM
microenvironment and lymphatic organs, were poor mobilizers of HSPCs, and showed
defective egress of lymphocytes from lymphatic organs. This could be explained by increase
in BM ROS levels83. Together these observations suggest that the increased concentrations
of S1P and SDF-1 in the BM negatively affect HSPC egress, further highlighting the fact
that both S1P and SDF-1 levels must be tightly regulated for balanced HSPCs mobilization.

The role of bioactive lipids and the innate immunity in stem cell

mobilization and homing during myocardial ischemia

While bioactive lipids such as S1P and C1P are powerful mobilizers of BMSPCs, their role
in BMSPCs’ mobilization and homing to ischemic myocardium is not well understood. The
role of other chemoattractants in BMSPCs homing to a hostile environment such as the
infarcted myocardium is also unclear. We recently examined the role of bioactive lipids,
elements of complement cascade, and anti-microbial peptides in BMSPC mobilization and
homing during MI87. Our data shows elevated level of S1P and C1P in the plasma of Ml
patients shortly after the onset of injury. Increased S1P and C1P levels were correlated to
elevated numbers of circulating BMSPCs suggesting a role of bioactive lipids in BMSPCs
mobilization post-MI. Our speculations were corroborated by a modified Boyden chamber
assay (chemotaxis assay) where we observed increased BMSPC chemotaxis towards plasma
obtained from patients at peak BMSPCs mobilization. Moreover, this migration was
selectively blocked by W146, a specific S1P4 antagonist, further implicating S1P as a potent
BMSPCs chemoattractant during MI. As previously described, Ml induces a potent
proteolytic environment in which numerous enzymes such as MMPs and proteases
irreversibly degrade potent BMSPCs chemoattractants such as SDF-1.

Recent evidence suggests a pivotal role for antimicrobial protein cathelicidin such as LL-37
in humans in sensitizing BMSPCs towards significantly lower levels of SDF-188. Our data
suggests that cathelicidins are secreted by cardiac fibroblasts in response to hypoxia and can
compensate for the reduced level of SDF-1 in this proteolytic environment and aid in
BMSPC homing to the injured myocardium®”. Similar effect has been observed in presence
of cleavage fragment of third complement protein component — C3a anaphylatoxin89-91,
Both LL-37 and C3a sensitize BMSPCs by incorporating CXCR4 into the lipid rafts thereby
augmenting CXCR4 signaling. We observed similar priming effect with LL37 and C3a in
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enhancing the migration of peripheral blood cells isolated from MI patients towards low, yet
physiological, levels of SDF-1. Taken together our findings highlight the importance of
bioactive lipids (S1P, C1P) and elements of innate immunity (e.g., MAC, C3a, and LL-37)
in the mobilization and homing of BMSPCs to the ischemic myocardium.

Conclusions

Ischemic heart disease is approaching epidemic levels in the United States and the Western
world. Unfortunately, available therapies are largely symptomatic with no strategies to
repair the damaged myocardium, which has initiated increasing interest in regenerative
therapies particularly those utilizing bone marrow derived stem cells. However, studies
examining the therapeutic utility of BMSPC infusion®2 or their mobilization?? after Ml
achieved limited success due to the lack of focused and mechanism-based approaches.
Multiple new therapies that modulate plasma levels of S1P or its receptors’ expression are
approved by the FDA and can be utilized in improving the mobilization of BMSPCs in
myocardial ischemia in future myocardial regenerative studies (Figure 2). Similarly, priming
BM-derived cells with LL-37 can be used to improve their homing to the ischemic
myocardium and thus overcome a major hurdle in stem cell regenerative myocardial
therapies. We are currently examining both strategies in our laboratory to improve the
mobilization and homing of BMSPCs to the ischemic myocardium. Most importantly, the
success of stem cell therapy depends on the timing, dosing and the route of administration.
The temporal window of opportunity for successful mobilization of BMSCs is bound by the
heightened inflammatory response in the first 4 days post MI and the formation of scar as
soon as 10-14 post-MI. Therefore, development of successful therapies aimed at selective
mobilization of BMSCs depends on timing and restricting inflammatory cell egress. One
such strategy could be the suppression of CCR2 in pro-inflammatory monocytes®, a major
monocyte subset that is recruited to injured myocardium? at the same time BMSPCs are
also recruited. Nonetheless, further research is clearly required in the optimization of timing
protocols and the method and route of delivery of BMSCs.
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Figure 1. Sequence of events in BMSPC mobilization from the BM towards ischemic
myocardium during Ml
Acute myocardial infarction initiates an inflammatory response resulting in the activation of

the complement cascade that in turn releases proteases (by granulocytes and osteoclasts) in
the BM, which proteolytically inactivate the SDF-1-CXCR4 interaction between BM
osteoclasts and BMSPCS. The now mobilized BMSPCs follow an increasing SDF-1 and
bioactive lipid (S1P and C1P) gradient to exit the BM niches into the PB. Acute
inflammation also promotes release of cathelicidins (LL-37), which facilitate clustering of
CXCR4 into lipid rafts thereby increasing their sensitivity towards lower levels of local
SDF-1 in the injured myocardium. Together, the increased sensitivity towards SDF-1 and
bioactive lipid gradients facilitate BMSPC homing towards ischemic myocardium.
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Figure 2. Potential strategies to improve homing of HSPCs by targeting the SIP-S1P receptor

axis

S1P-mediated mobilization and homing of BMSPCs is mediated by S1P1 and S1P3 while
S1P, is known to inhibit this mobilization. Mobilization of BMSPCs could be improved by
upregulating S1P levels via inhibition of sphingosine-1 lyase enzyme, using DOP or THI,
thus creating a gradient for stem cell mobilization. Further, specific agonists of S1P4 (such
as S1P and SEW2871) and S1P3 (such as VPC20139); or S1P, antagonists (such as JTE013)

can also enhance the mobilization and homing processes.
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