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Abstract

Hematopoietic stem/progenitor cells (HSPCs) respond robustly to α-chemokine stromal derived 

factor-1 (SDF-1) gradients and blockage of CXCR4, a seven-transmembrane-spanning GαI 

protein-coupled SDF-1 receptor, mobilizes HSPCs into peripheral blood (PB). While the SDF-1–

CXCR4 axis plays an unquestionably important role in the retention of HSPCs in bone marrow 

(BM), new evidence shows that, in addition to SDF-1, the migration of HSPCs is directed by 

gradients of the bioactive lipids sphingosine-1 phosphate (S1P) and ceramide 1-phosphate (C1P). 

Furthermore, the SDF-1 gradient may be positively primed/modulated by cationic peptides (C3a 

anaphylatoxin and cathelicidin) and, as previously demonstrated, HSPCs respond robustly, even to 

very low SDF-1 gradients in the presence of priming factors. In this review, we discuss the role of 

bioactive lipids in stem cell trafficking and the consequences of HSPC priming by cationic 

peptides. Together, these phenomena support a picture in which the SDF-1–CXCR4 axis 

modulates homing, BM-retention, and mobilization of HSPCs in a more complex way than 

previously envisioned.
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Introduction

Hematopoietic stem progenitor cells (HSPCs) are retained in bone marrow (BM) niches due 

to the stromal-derived growth factor-1 (SDF-1)–CXCR4 receptor axis and interactions 

between Very Late Antigen-4 (VLA-4, also known as α4β1 integrin) and its ligand, Vascular 

Adhesion Molecule-1 (VCAM-1, also known as CD106). While HSPCs express CXCR4 

and VLA-4, their corresponding ligands, SDF-1 and VCAM-1, are expressed by cells in the 

BM microenvironment (e.g., osteoblasts and fibroblasts).1,2 In addition, some other adhesion 

molecules, as well as growth-factor–growth-factor receptor axes, e.g., kit ligand (KL)–c-kit 

receptor, play an additional role in retention of HSPCs in BM.3 It is significant that all of 

these ligand-receptor axes are susceptible to degradation by proteolytic enzymes secreted in 

BM during both myeloablative conditioning for transplantation, as well as during stem cell 

mobilization.4–6

While a role for the SDF-1–CXCR4 axis in retention of HSPCs in BM under steady state 

conditions is undisputed, its role in stem cell trafficking (homing and mobilization) needs 

further clarification. For many years a “tug of war” hypothesis has been proposed to explain 

how a chemotactic SDF-1 gradient across the BM–peripheral blood (PB) barrier determines 

whether cells will be released and mobilized from BM into PB or home back from PB into 

the BM microenvironment.7–9

However, this simple explanation has been challenged by several observations10–13 

supporting SDF-1–CXCR4-independent homing and mobilization. In particular, i) 

CXCR4−/− fetal liver HSPCs may home to BM in an SDF-1-independent manner,10 ii) 

homing of murine HSPCs made refractory to SDF-1 by incubation and co-injection with a 

CXCR4 receptor antagonist (AMD3100) is normal or only mildly reduced,11 iii) HSPCs in 

which CXCR4 has been knocked down by means of an SDF-1 intrakine strategy are able to 

engraft, even in lethally irradiated recipients,12 and iv) myeloablative conditioning for 

transplantation induces a highly proteolytic microenvironment in BM that leads to 

proteolytic degradation of SDF-1.13 Furthermore, as reported recently in HSPC mobilization 

studies,9,14,15 SDF-1 does not increase significantly during mobilization into PB and 

changes in plasma SDF-1 level correlate poorly with egress of HSPCs from BM.

All this evidence strongly suggests the involvement of other factors and/or the existence of 

mechanisms besides changes in the SDF-1 gradient between BM and PB in the mobilization 

and homing of HSPCs. In this review, we will present the cumulative evidence that gradients 

of the bioactive sphingophospholipids, such as sphingosine-1-phosphate (S1P)7–9,16 and 

ceramide-1-phosphate (C1P),13,17,18 which are products of membrane lipid metabolism, are 

involved in stem cell trafficking. In addition, we discuss the “priming effect” which is 

another important mechanism that enhances stem cell response to an SDF-1 gradient. This 

mechanism results from a phenomenon in which some molecules significantly increase the 

chemotactic responsiveness of HSPCs to very low SDF-1 gradients.19 At the molecular 

level, this sensitization of the responsiveness to SDF-1 depends on incorporation of the 

CXCR4 receptor into membrane lipid rafts, which is promoted, for example, by cationic 

peptides, such as C3a anaphylatoxin and cathelicidin (LL-37).19–22
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All these changes in SDF-1, S1P, and C1P chemotactic gradients and the appearance of 

priming factors in the BM microenvironment and PB plasma are triggered by the induction 

of a proteolytic microenvironment in BM and activation of the complement cascade (CC), 

which occurs during conditioning for transplantation by radio-chemotherapy13 or after 

administration of drugs that mobilize HSPCs (e.g., by granulocyte-colony stimulating factor 

[G-CSF]).4

Novel Chemoattractants for HSPCs beyond SDF-1

HSPCs respond to chemotactic gradients, migrating during ontogenesis to populate different 

anatomical sites of active lympho-hematopoiesis (e.g., fetal liver, spleen, thymus, and BM), 

as well as in adult life, and can be detected in PB even under steady-state conditions.23 It is 

accepted that HSPCs circulating in PB are involved in immune surveillance, acting as 

“paramedics” that can, for example, proliferate locally in infected tissues to supply 

granulocytes, monocytes and dendritic cells.14,15 In adult organisms, circulating stem cells i) 

show a circadian rhythm in the circulation, with the peak occurring early in the morning and 

the nadir at night,24 ii) are mobilized in response to strenuous exercise,25 inflammation,14,26 

and tissue/organ injury (for example, heart infarct or stroke),27–30 and iii) may increase in 

number up to 100-fold after the administration of certain cytokines and pharmacological 

drugs.30,31

It is well known that migration of stem cells is directed by the family of cytokines with 

chemotactic properties, which are called chemokines. While more than 50 different 

chemokines and more than 20 G protein-coupled seven-transmembrane-spanning chemokine 

receptors have been cloned, of all the known chemokine–chemokine receptor axes, only the 

SDF-1–CXCR4 axis has been shown to direct migration of HSPCs.32,33 For many years in 

the chemokine field, this axis was believed to be a unique exception to the rule that different 

chemokine receptors are engaged by more than one chemokine and, vice versa, that 

chemokines bind to more than one receptor.32 It was therefore believed that SDF-1 is the 

only ligand for CXCR4 and that CXCR4 binds exclusively to SDF-1.33,34 This concept has 

been recently challenged35 by the demonstration that SDF-1 binds to CXCR735 and CXCR4 

may also bind to another chemokine, macrophage migration inhibitory factor (MIF).36 

However, since the SDF-1–CXCR7 and MIF–CXCR4 axes are not involved in chemotaxis 

of HSPCs,35,36 the SDF-1–CXCR4 axis remains, so far, as the only one directly involved in 

stem cell trafficking.

While this axis can drive stem cell chemotaxis, most of the studies on the chemotactic 

responsiveness of HSPCs to SDF-1 employed SDF-1 at supra-physiological concentrations 

(100–300 ng/ml).11,37 However, direct measurement of the SDF-1 level in PB plasma 

revealed that, in both humans and mice, its concentration in biological fluids is ~100 times 

lower (~1–3 ng/ml).38 It is also known that the promoter of the SDF-1 gene contains 

hypoxia inducible factor-1α (HIF-1α) binding sites, and that SDF-1 is upregulated in 

situations of tissue injury as a result of local hypoxia.39 To some degree, this occurs in the 

BM microenvironment during, for example, conditioning for transplantation by radio-

chemotherapy or after administration of pharmacological agents that promote mobilization 

of HSPCs (e.g., G-CSF).5,13,40 However, since the same conditions induce a proteolytic 
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microenvironment in BM due to the release of several proteolytic enzymes from myeloid 

cells and stromal fibroblasts. Both SDF-1 and CXCR4 contain peptide bonds and are 

susceptible to proteolytic degradation.5,6,13 On the one hand, induction of a proteolytic 

environment in BM facilitates the mobilization process (decreases SDF-1–CXCR4-mediated 

retention of HSPCs in BM)5,6 and, on the other hand, it impairs the SDF-1 homing gradient 

in BM after conditioning for transplantation.13 These observations imply that other factors 

somehow compensate for a decrease in the SDF-1 gradient between BM and plasma.

In support of this notion, new potent chemoattractants for HSPCs, such as proteolytic 

enzyme-resistant sphingophospholipids, have been identified.8,9 Sphingophospholipids are 

important components of cell membranes; they are derived from the aliphatic amino alcohol 

sphingosine and its acylated derivative ceramide which are precursors for the bioactive 

derivatives sphingosine-1-phosphate (S1P) and ceramide-1-phosphate (C1P)13 that strongly 

chemoattract HSPCs. S1P is a product of two sphingosine phosphatases (SK1 and SK2), is 

released from cells by a transporter-facilitated process, and interacts with at least five Gαi 

protein-coupled seven-transmembrane-spanning receptors, S1P1–5, on the surface of target 

cells.41–43 While S1P1 and S1P3 receptors are most important in promoting the migration of 

HSPCs,14,44,45 S1P2 may have opposing function.46 Of note, S1P1–5 receptors are rapidly 

internalized from the cell surface after binding S1P, which is similar to the internalization of 

CXCR4 after binding SDF-1 (Figure 1).47 Structurally related to S1P, C1P is another 

bioactive lipid that can be generated by phosphorylation of ceramide (N-acyl sphingosine) 

by ceramide kinase (CERK).48 Unlike ceramide (which is often pro-apoptotic),49,50 C1P has 

been reported to promote cell growth, survival, and migration through an unknown receptor-

initiated signaling pathway that is pertussis toxin-sensitive and therefore likely to involve a 

Gαi protein-coupled seven-transmembrane-spanning receptor.18,51 The receptor/s for C1P, 

however have not yet been identified although these are clearly distinct from the known S1P 

receptors.

Since the plasma S1P level is relatively high (~1 μM) in mobilized PB (mPB) and umbilical 

cord blood (UCB), causing the S1P1–5 receptors to become internalized, mPB- and UCB-

derived HSPCs, in contrast to BM-derived HSPCs, respond weakly to bioactive lipid 

gradients (Figure 2). However, the expression of these receptors on HSPCs and their 

responsiveness to S1P and C1P gradients is reestablished in culture medium free of both 

bioactive lipids.

Sphingolipids have well-characterized roles in intracellular membrane function, but it is now 

widely appreciated that extracellularly secreted S1P, and possibly C1P, are specific cell-

surface receptor-directed bioactive lipids involved in apoptosis and survival, proliferation, 

stress responses, and cell trafficking.18 Accordingly, S1P, has been identified as a 

chemottractant for hematopoietic progenitor cells,8,9,15 a regulator of trafficking of T 

lymphocytes between lymphoid organs and PB,52–54 a factor involved in egress of early B-

lymphoid cell progenitors from BM,54,55 and a regulator in trafficking of myeloid 

progenitors between BM and peripheral organs.56 While S1P is released from cells as an 

important signaling molecule and in PB is transported by erythrocytes, platelets, albumin 

and high density lipoproteins (HDL), C1P is an intracellular second messenger released 

from “damaged leaky cells”, for example, by cells in the BM microenvironment, after 

Ratajczak et al. Page 4

Leukemia. Author manuscript; available in PMC 2017 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



myeloablative conditioning of BM for transplantation.13 It is also abundant in plasma in 

fraction of HDLs. C1P was initially identified as a chemottractant for monocytes17 and, as 

recently demonstrated, is also an important and underappreciated chemotactic factor 

involved in the homing of HSPCs to BM.13 While considering chemotactic gradients of S1P 

and C1P one has to remember that both bioactive lipids in order to reveal chemotactic 

potential have to be present in biological fluids as free “unbound” molecules.

Accordingly, our recent mass spectrometry (MS) analysis revealed that the major isoforms 

of C1P and S1P were detected at higher concentrations in supernatants harvested from 

irradiated BM than supernatants from non-irradiated BM and that free S1P concentration 

increases in PB plasma isolated from mice mobilized by G-CSF.13 Taken together with their 

potent chemotactic effects, these changes in concentration of bioactive lipids between BM 

and PB during homing and mobilization suggest that these factors play an important role in 

trafficking of HSPCs.13 However, both bioactive lipids have a limited half-life, and, while 

S1P is degraded by several enzymes, such as S1P lyase (SPL), lipid phosphate phosphatases 

(LPP1–3), and S1P-specific phosphatases (SPP1 and SPP2),57–65 C1P is degraded by LPP1–

3.57,58 These pathways may terminate the effects of S1P and C1P on HSPC migration. 

Furthermore, as we mentioned above, HSPCs harvested from mPB or UCB that were 

previously exposed to high S1P concentrations in plasma internalize S1P receptors and need 

some time to re-express them on the cell surface to recover responsiveness to an S1P 

gradient. Of note, we observed that, in contrast to S1P and C1P, other members of the 

bioactive lipid family, such as lysophosphatidic acid (LPA) and lysophosphatidylcholine 

(LPC), do not show chemotactic activity against HSPCs.

More importantly, since several agonists and inhibitors of S1P receptors and enzymes 

involved in synthesis or degradation of S1P and C1P are available, this opens up new 

possibilities for positively modulating the responsiveness of HSPCs to S1P and C1P 

gradients. These tools may lead to more efficient strategies to improve both homing and 

mobilization of HSPCs, and these approaches are currently being tested in several murine 

models. Other convenient research tools are mice with various gene knockouts of S1P 

receptors and S1P- and C1P-processing enzymes.66–70

Activation of the complement cascade during conditioning for 

transplantation and stem cell mobilization leads to induction of a 

proteolytic microenvironment in BM

The complement cascade (CC) is an arm of innate immunity that senses tissue/organ injury 

and becomes activated, both in the BM microenvironment and in BM sinusoid plasma, in 

response to factors that perturb BM homeostasis, such as irradiation, cytostatics, and 

mobilizing drugs. The activated CC releases several bioactive cleavage fragments (e.g., 

anaphylatoxins C3a and C5a and soluble membrane attack complex C5b-C9). Next, in 

response to C5a and desArgC5a, BM fibroblasts and cells from granulo-monocytic lineages 

release several proteolytic enzymes into the BM microenvironment that attenuate SDF-1–

CXCR4, VLA-4–VCAM1, and KL–c-kit interactions.3,71 As observed during G-CSF- or 

cyclophosphamide-induced mobilization, this promotes detachment of HSPCs from their 
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osteoblastic and endothelial stem cell niches.40,71 The same mechanism, however, negatively 

affects the SDF-1 homing gradient, as observed following conditioning for transplantation 

by radio-chemotherapy.4,5,13

Besides promoting a proteolytic microenvironment in BM, activation of the CC also has 

other important implications for homing and mobilization. These effects are summarized in 

Table I. First, activation of the CC in the BM microenvironment and release of soluble 

fragments of C3 cleavage, C3a and its derivative desArgC3a, sensitizes the responsiveness of 

HSPCs to an SDF-1 gradient.73,74 Thus, during mobilization when SDF-1 becomes 

degraded by proteolytic enzymes, both soluble cleavage fragments of C3 (C3a 

and desArgC3a) can be considered as a last check-point to prevent uncontrolled release of 

HSPCs into PB. Second, a solid-phase cleavage fragment of C3, iC3b, which is released 

during CC activation in the BM microenvironment, becomes deposited on BM endothelium 

and stromal cells, tethers CR3 receptor (CD11b/CD18)-positive HSPCs, and facilitates their 

retention in the BM microenvironment. A distal product of CC activation, C5b-C9 (also 

known as the membrane attack complex [MAC]), also plays an important role in homing. In 

its non-lytic soluble form, MAC promotes engraftment of HSPCs by preventing a decrease 

in SDF-1 expression by BM fibroblasts and facilitates retention interactions between iC3b 

deposits and CR3 receptors on HSPCs.22

At the same time, activation of CC in BM sinusoid plasma leads to other phenomena. While 

C3 cleavage fragments (C3a and desArgC3a) sensitize the responsiveness of HSPCs to SDF-1 

present in PB, C5 cleavage fragments, anaphylatoxins C5a and desArgC5a, are potent 

chemoattractants for BM granulocytes and monocytes,19 which are enriched for proteolytic 

enzymes and play an important role in proteolytic disintegration of the BM–PB sinusoid 

barrier. The granulocytes and monocytes that egress from BM into PB in response to a 

C5a/desArgC5a gradient “pave the way” across the endothelial barrier for HSPCs.19 Finally, 

soluble C5b-C9 (sMAC), as the final product of CC activation in sinusoid plasma, stimulates 

release of S1P from its principal reservoir in PB, which is erythrocytes.9 As reported 

previously, this free plasma S1P is a major chemottractant that directs egress of HSPCs from 

BM into PB.8,9

These important interactions between two ancient, evolutionarily conserved systems, 

activation of the CC and release of bioactive lipids in the context of HSPC trafficking, are 

discussed in more detail below.

Bioactive lipids, the complement cascade, and stem cell homing

Homing is the process in which HSPCs circulating in PB lodge in their niches including the 

BM microenvironment. Lodging of HSPCs after transplantation is followed by their 

engraftment in the BM microenvironment, which leads to reestablishment of new 

hematopoiesis.10,23,75 If HSPCs are to be infused intravenously in large numbers, as seen, 

for example, during allogeneic transplantation, an important preceding step is myeloblative 

conditioning of the recipient by radio-chemotherapy i) to destroy old pathological 

hematopoiesis and ii) to empty stem cell niches to accommodate newly transplanted HSPCs. 

As mentioned above, this step activates the CC, which induces a proteolytic 
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microenvironment in BM.13 The importance of the CC in homing of HSPCs has been 

demonstrated in complement component-deficient mice. In particular, while mice that are 

deficient in C3 and C5 engraft less successfully with HSPCs from wild type (wt) 

animals,19,22,76 HSPCs from C3a receptor (C3aR)-deficient mice show defective 

engraftment in wt littermates.76

As mentioned above, activation of the CC in BM induces a highly proteolytic 

microenvironment that degrades SDF-1, which has been accepted for many years as the only 

major homing factor for HSPCs.13 However, in the introductory section we mentioned that 

doubts have accumulated about whether SDF-1 is the only homing factor responsible for 

HSPC lodgment into BM.5,13

In further support of these doubts, we found that media conditioned by cells recovered from 

murine long bones 24 hours after lethal irradiation strongly chemoattract HSPCs in an 

SDF-1-independent manner.13 In particular, we observed that i) chemotaxis occurred in the 

presence of the CXCR4 antagonist AMD3100 and ii) it was resistant to heat inactivation.9,13 

Based on these findings and data from the literature,8,9,13,17 we became interested in 

bioactive lipids. Subsequently, we found that S1P and C1P are upregulated in BM 

conditioned for transplantation and are present at biologically relevant concentrations in 

conditioned media harvested from irradiated BM that chemoattracts HSPCs.13 Based on 

these findings, we proposed that S1P and C1P are able to support the SDF-1 homing 

gradient, which decreases after induction of a proteolytic microenvironment by conditioning 

for transplantation (Figure 3).13 We also postulated that S1P and C1P explain SDF-1-

independent homing of transplanted HSPCs.9,13

Based on these findings, a new paradigm is emerging in which bioactive lipids play a crucial 

role in homing of transplanted HSPCs.9,13 Further studies are needed to confirm this 

phenomenon in (i) S1P- and C1P-deficient mice, (ii) transplants where S1P1 or S1P3 

receptors are blocked on wt HSPCs by small molecule inhibitors, or (iii) HSPCs from 

S1P1−/− and S1P2−/− animals employed in grafting. It would also be interesting to evaluate 

homing of HSPCs in mice that have SPK1 or SPK2 deficiency (double SPK1 and SPK2 

deficiency are embryonic lethal).66,67,69,70 On the other hand, it might also be possible to 

increase the intra-BM level of S1P by blocking S1P lyase with 4-deoxypyridoxine (DOP) or 

with the small molecule tetrahydroxybutylimidazole (THI),9,59,77 and this could be another 

strategy for increasing the S1P homing gradient in BM (Figure 4).

Bioactive lipids in stem cell mobilization

Enhanced egress of HSPCs from the BM into PB is a part of the stress response observed in 

infections, strenuous exercise, and tissue and organ damage (e.g., in heart infarct or 

stroke).27–30,78 It can also be achieved after administration of certain drugs. Pharmacological 

mobilization has been exploited in hematological transplantation field as a means to obtain 

HSPCs for hematopoietic reconstitution.40,79,80 HSPCs circulating in PB are currently a 

preferred source of stem cells for transplantation, because they are easily accessible and—

what is important from a clinical point of view—they also engraft faster after transplantation 

than HSPCs harvested from the BM under steady-state conditions.23 The most important 
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mobilizing drugs currently employed in the clinic and in experimental animals models are 

(a) cytokines (e.g., G-CSF), (b) cytostatics (e.g., cyclophosphamide), (c) CXCR4- or 

VLA-4-blocking molecules (AMD3100 or BIO4860, respectively), and (d) certain 

chemokines (e.g., the growth-related oncogene protein-beta [Gro-β]).6,16,40,81

It is accepted that the mobilization process is related to i) a decrease in the SDF-1–CXCR4 

axis and VLA-4 integrin–VCAM-1 interactions in BM (e.g., due to release of proteolytic 

enzymes or after molecular blockage after administration of small molecule antagonists 

against CXCR4 or VLA-4), ii) release of neurotransmitters that stimulate dopamine and β2-

adrenergic receptors at the synapses of the nerves that innervate BM, iii) activation of the 

coagulation cascade (e.g., by release of uPAR), and finally, iv) activation of the 

CC.15,31,82–85 Two questions remain: which of the mechanisms is most important, and are 

they specific to the mobilizing agent employed? Regardless of the specific, the finding that 

activation of the CC occurs in all mobilization protocols investigated so far15 supports the 

concept that mobilization of HSPCs is a part of the innate immune response to different 

stress situations.15

As mentioned above, for many years a tug of war has been postulated, in which changes in 

SDF-1 level between BM and PB compartments orchestrate HSPC mobilization (Figure 3). 

However, ELISA measurements of the SDF-1 level in PB have revealed that it does not 

change significantly during mobilization, and there are no significant differences in plasma 

SDF-1 concentrations between good and poor mobilizers.13

In light of recent evidence, this process seems to be more complex and involves activation of 

distal parts of the CC and generation of soluble C5b-C9 (MAC), which releases free S1P, a 

major chemottractant for BM-residing HSPCs,9,13 from erythrocytes into plasma. As shown 

in Table I, activation of the CC has pleiotropic effects on retention and egress of HSPCs. 

Cleavage fragments from the proximal part of the CC, such as the cationic peptides C3a 

and desArgC3a, increase the responsiveness of HSPCs to an SDF-1 gradient73,74 and 

positively modulate the chemotactic effects of SDF-1 on both sides of the BM–blood barrier. 

In addition, a similar effect is observed in the presence of other cationic peptides, such as 

cathelicidin (LL-37) or β2-defensin, which are activated by CC and released from BM 

stroma and granulocytes.19

Our data in C5-deficient mice indicate the crucial involvement of a distal part of the CC 

cascade in egress of HSPCs from BM. In support of this finding, C5-deficient mice, which 

do not generate C5a and desArgC5a anaphylatoxins, do not activate the distal part of the CC, 

and lack C5b-C9 (soluble MAC), display a profound defect in HSPC mobilization.19 This 

effect of the distal part of CC activation can be explained (Table I) by the fact that C5a 

and desArgC5a released in the BM microenvironment (upstream from the BM–PB barrier) 

induce release of proteolytic enzymes from BM stroma and myeloid cells that are involved 

in detachment of HSPCs from their niches.19 In addition, activation of the CC in BM 

sinusoids (downstream from the BM–PB barrier) generates C5a and desArgC5a, which direct 

egress of granulocytes and monocytes. These latter cells are highly enriched in proteolytic 

enzymes (up to 100 times more than in HSPCs) and thus pave the way across the endothelial 

barrier to facilitate the egress of HSPCs from BM into PB.19 However, in addition to C5 
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cleavage fragments, some chemokines that modulate migration of granulocytes and 

monocytes are also involved in this process.40

Nevertheless, C5a and desArgC5a anaphylatoxins are well known and the most potent 

chemoattractants and activators of granulocytes and monocytes.19 The involvement of the 

C5a–C5a receptor (C5aR) axis in mobilization is further supported by the fact that C5aR−/− 

mice exhibit significant defects in mobilization of HSPCs.19 This could be explained by less 

effective activation and egress of granulocytes and monocytes from BM in C5aR−/− animals, 

which supports an important involvement of C5aR+ granulocytes and monocytes in 

mobilization.19 However, a direct role of the C5a–C5aR axis in egress of HSPCs must be 

confirmed in wild type (wt) mice reconstituted with C5aR−/− HSPCs. Poor mobilization in 

these animals would support a crucial role of C5 cleavage fragments in egress of 

granulocytes and monocytes.

On other hand, the fact that C5−/− mice display a more profound defect in mobilization than 

C5aR−/− animals86 points to an important involvement of the distal part of CC activation and 

generation of soluble C5b-C9 (MAC) in this process. It has been demonstrated that this 

distal product of CC activation in BM sinusoids is responsible for release of S1P from 

erythrocytes (the main reservoir for this bioactive lipid), and is a major chemoattractant of 

HSPCs in mobilized PB.7,9

The release of S1P occurs during activation of CC in BM sinusoids, despite the fact that 

erythrocytes are protected from MAC influence by CD55 (also known as decay accelerating 

factor [DAF]) and CD59 (also known as membrane inhibitor of reactive lysis [MIRL]) 

proteins, which are both expressed on the surface of erythrocytes and involved in the 

regulation of complement activation.87–89 A major role played here is by CD59 (DAF), 

which inhibits formation of MAC by preventing C9 binding to C5b, C6, C7, and C8.87 On 

the other hand, CD55 increases the removal of the complement protein C3 convertase, 

thereby reducing the amount of C3 that is cleaved for subsequent activation of the distal part 

of the CC and generation of MAC.88 This S1P-mediated mechanism regulating egress of 

HSPCs from BM may also play a leading role in chronic mobilization of HSPCs in patients 

suffering from sickle cell anemia or paroxysmal nocturnal hemoglobinuria (PNH). We 

envision that S1P released from erythrocytes during hemolytic crises is a major factor that 

mobilizes HSPCs in these patients.7,9

Based on these findings, it is attractive to propose that S1P is a major chemottractant for 

HSPCs in BM sinusoids and its release from erythrocytes is regulated by CC activation in a 

soluble MAC-dependent manner.9 S1P could also be released from activated platelets and 

endothelial cells. In support of this possibility, it is well known that the mobilization process 

also activates, in parallel to CC, the coagulation cascade.85 On the other hand, C5a 

anaphylatoxin released during CC activation stimulates and increases the permeability of 

BM endothelium.19,71,86,90 Thus, both thrombin-activated platelets and endothelial cells in 

response to CC activation may, in addition to erythrocytes, release S1P into BM sinusoids.91 

However, the contribution of these other sources of S1P to mobilization require further 

study. Finally, we observed that S1P receptors are internalized after exposure to S1P (Figure 

1), which may explain why, in contrast to “virgin” HSPCs isolated from BM, HSPCs 
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isolated from mPB or from UCB display very poor chemotactic responsiveness to S1P and 

C1P (Figure 2). This, however can be reversed if the cells are washed of their surrounding 

plasma, which is enriched in bioactive lipids.

The priming effect may turn low SDF-1 levels into potent chemotactic 

gradients

Chemotaxis of cells can be easily evaluated in the trans-well migration assay where two 

chambers (an upper chamber containing tested cells and a lower chamber containing 

chemoattractant) are separated by a porous membrane that allows transmigration of cells in 

response to the chemotactic gradient. Cells that respond to this gradient migrate and 

accumulate in the lower chamber (Figure 5). Interestingly, as mentioned above, most of the 

studies on chemotactic responsiveness of HSPCs to SDF-1 were performed when SDF-1 

was employed at supra-physiological (~100-fold higher than physiological) 

concentrations.13

As discussed above, our recent findings indicate that the SDF-1 level does not significantly 

change in PB during HSPC mobilization13 and decreases due to the proteolytic 

microenvironment in BM after conditioning for transplantation by lethal irradiation.13 

Moreover, since a few amino acids located at the N-terminus of this peptide are crucial for 

the biological activity of SDF-1,11,92 we observed that removal of this peptide fragment, for 

example, by metalloproteinase-2 (MMP-2) or MMP-9, does not affect detection of the 

SDF-1 protein in tissues by antibodies (e.g., in an ELISA assay or histochemistry) targeted 

to other fragments of the SDF-1 peptide. Thus, antibody-based SDF-1 detection does not 

correlate with the chemotactic activity of SDF-1,13 unless antibodies are specifically 

directed to its N-terminus and do not interact with inactive forms of SDF-1.13

On the other hand, as mentioned above, the responsiveness of HSPCs to SDF-1 could be 

enhanced (Figure 5) by some cationic peptides,19 such as C3 cleavage fragments (C3a and 

desArgC3a), as well as by cathelicidin and β2-defensin released by C5a and sMAC- 

activated stroma and granulocytes.19,22,73 This priming phenomenon depends on promoting 

the incorporation of CXCR4 into membrane lipid rafts.19 Since, membrane lipid rafts are 

enriched for several signaling molecules, incorporation of CXCR4 into lipid raft facilitates 

signaling,22 and thus CXCR4 is activated more efficiently in the presence of low doses of 

SDF-1.

Further studies are needed to see whether, in addition to CXCR4, S1P receptors are also 

lipid raft-regulated. It has been reported that stimulation of the S1P1 receptor by its agonist, 

FY720, may also increase the responsiveness of HSPCs to an SDF-1 gradient.93 However, 

this probably occurs due to intercellular crosstalk between CXCR4 and S1P receptors. Since 

a receptor for another bioactive lipid, C1P, has not yet been identified, it is not clear whether 

C1P signaling is also lipid raft-regulated. Our data indicate that this receptor is expressed on 

HSPCs and is sensitive to pertussis toxin, which suggests that, like S1P, it is a Gαiprotein-

coupled receptor.13
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In addition to cationic peptides, some other small molecules (e.g., prostaglandin E2 [PGE2] 

or hylauronic acid) have also been purported to increase responsiveness of HSPCs to an 

SDF-1 gradient.94,95 Of note, PGE2 is also a bioactive lipid derivative and, as previously 

reported, plays an important role in homing of HSPCs by upregulating expression of 

CXCR4 on HSPCs.93 This mechanism responsible for increasing chemotaxis in response to 

an SDF-1 gradient after pretreatment of HSPCs by PGE2.94 Interestingly, it has been 

reported that C5a and S1P modulate the activity of coxygenase-2 (COX2) and thus affect 

synthesis of PGE2 in BM,96 which explains why both S1P and C1P increase PGE2 activity 

in BM stromal cells9 and why an elevated PGE2 level is detectable in conditioned media 

harvested from irradiated BM cells.19 Thus, some of the effects of PGE2 in homing94 may 

be due to activation of CC and release of S1P and C1P. This, however, requires further study.

Translational aspects

All of this new knowledge about regulation of HSPC trafficking has important clinical 

implications for, on the one hand, how to modulate homing and engraftment of HSPCs and, 

on the other hand, how to promote more efficient mobilization of HSPCs to harvest enough 

cells for successful transplantation.

Firstly, the priming strategy of short ex vivo exposure of HSPCs to C3a or cathelicidin 

(LL-37) before transplantation may accelerate homing and engraftment of HSPCs.19 This 

strategy is currently under clinical evaluation by hematopoietic transplantation centers in 

Charlottesville, Virginia, USA and Minneapolis, Minnesota, USA. Accordingly, umbilical 

cord blood (UCB)-derived cells are primed for 30 minutes with recombinant C3a before 

infusion of the patients.

In optimizing mobilization protocols, it has been demonstrated that blockage of C3aR by a 

small molecular antagonist (SB 290157) could enhance mobilization in mice.76 This is 

explained by the fact that C3aR expressed on HSPCs increases adhesion and thus retention 

of HSPCs in BM.76 Based on this finding, further studies are needed to see whether poor 

mobilizers have defective or delayed activation of the CC that may affect egress of HSPCs 

from BM into PB.

Other potential translational strategies are related to modifying bioactive lipid gradients in 

BM and/or responsiveness of HSPCs to S1P (Figure 4). As mentioned above, the S1P 

homing level in BM of the transplant recipient might be increased by inhibiting S1P lyase 

using DOP or THI. This strategy, however, awaits experimental confirmation. Furthermore, 

since S1P2, in contrast to S1P1 and S1P3 receptors, has an inhibitory effect on the migration 

of stem cells,46 blockage of this receptor on HSPCs by the small molecular inhibitor 

JTE-013 could improve their engraftment after transplantation. There are also several 

inhibitors of S1P-degrading lipid phosphate phosphatases and S1P-specific phosphatases 

(SPP) under development.63,97 Since these enzymes are also expressed on the surface of 

HSPCs, their inhibitors, such as XY-14/propranolol analogues, could improve 

responsiveness of HSPCs to an S1P gradient. Finally, high concentrations of bioactive lipids 

in leucopheresis products or UCB plasma may desensitize the responsiveness of HSPCs to 

BM S1P and C1P homing gradients. Therefore, removal of these bioactive lipids from mPB 
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and UCB-based grafts would increase the homing responsiveness of transplanted HSPCs to 

bioactive lipids.

We also propose that the in vitro chemotactic test based on responsiveness of HSPCs to S1P 

and C1P gradients could be introduced as a novel parameter to predict engraftment. A 

similar assay has been proposed in the past for SDF-1.13

Conclusions

Identification of new mechanisms that govern stem cell trafficking may have important 

implications, not only for hematopoietic transplants but also for cellular therapies in 

regenerative medicine (e.g., heart after infarct, spinal cord injuries, and stroke).

Overall, recent data provide more evidence that innate immunity and the CC regulate 

trafficking of HSPCs. In particular, C3a and sMAC i) enhance S1P and C1P levels in BM, ii) 

increase responsiveness of HSPCs to an SDF-1 gradient, and iii) promote S1P- and C1P-

mediated adhesion of HSPCs in the BM microenvironment. Based on these findings, we 

propose modulation of CC and innate immunity components as a novel strategy for 

controlling both mobilization and homing of HSPCs. This could be achieved, for example, 

by (i) exposure of HSPCs before transplantation to some cationic peptides (e.g., C3a or 

cathelicidin) that enhance responsiveness of these cells to homing factors, (ii) modulating 

bioactive lipid levels in BM, or (iii) modulating the responsiveness of HSPCs to S1P and 

C1P gradients.

A new paradigm is emerging in which CC priming molecules and bioactive lipids play an 

important role in homing and mobilization of HSPCs. We also propose that, in addition to 

SDF-1, S1P and C1P play a widespread role in regulating migration of other types of stem 

cells, such as circulating mesenchymal stem cells, epithelial progenitor cells, and very small 

embryonic like stem cells (VSELs).13,98,99 Similar mechanisms of homing as those 

proposed for BM probably direct recruitment of non-hematopoietic stem cells in other types 

of organ injury, for example, in heart infarct or stroke.
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Figure 1. S1P receptors on BM HSPCs are downregulated by S1P exposure
BM-derived stem/progenitor cells were identified by their expression of the CD34 marker 

and the lack of expression of the committed lineage (Lin) markers. At baseline, Lin−CD34+ 

cells isolated from the BM express S1P receptors, with the highest percentage of cells 

expressing S1P receptor-1. After incubation with S1P at 0.25 μM for 2 hours, the expression 

of S1P receptors is reduced dramatically due to the internalization of the occupied receptors 

(*P < 0.05).
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Figure 2. Differences in responsiveness of BM-, mPB-, and UCB-derived HSPCs to SDF-1, S1P, 
and C1P gradients
Mononuclear cells isolated from UCB (Panel A), murine mPB (Panel B), and murine BM 

(Panel C) were evaluated for the chemotactic activity of CFU-GM to SDF-1, S1P, and C1P 

gradients. The physiological concentration of SDF-1, as measured in plasma by ELISA, is 

indicated by red arrows. In contrast to their BM-derived counterparts, CFU-GM from UCB 

and mPB respond poorly to bioactive lipids. This is explained by downregulation of S1P 

receptors in the presence of elevated levels of S1P in mPB and UCB plasma. The data shown 

represent the combined results from three independent experiments carried out in triplicate 

per group (n=9).
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Figure 3. The concept of a chemotactic tug-of-war gradient between BM and PB explains 
mobilization and homing of HSPCs
It has been postulated that an SDF-1 gradient between BM and PB regulates trafficking of 

HSPCs (homing vs. mobilization). Under steady-state conditions, this gradient should be in 

balance. New evidence indicates that, rather than changes in the SDF-1 gradient across the 

BM–PB barrier, upregulation of the S1P and C1P concentrations on either side of the barrier 

play an important role in homing or mobilization of HSPCs. While considering chemotactic 

gradients of S1P and C1P one has to remember that both bioactive lipids in order to reveal 

chemotactic potential i) have to be present in biological fluids as free “unbound” molecules 

and ii) and their gradient is also influenced by degrading enzymes. Not shown in this figure 
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is that, in addition to upregulation of bioactive lipids during mobilization or homing, some 

priming molecules related to CC activation (e.g., C3a), as well as granulocyte-derived 

cationic peptides (e.g., cathelicidin/LL-37 and β2-defensin) may also sensitize the 

responsiveness of HSPCs to low SDF-1 levels and thus powerfully modulate trafficking of 

HSPCs.
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Figure 4. Potential strategies to improve homing of HSPCs by targeting the S1P–S1P receptors 
axes
S1P-mediated homing of HSPCs could be improved by upregulating the S1P level in BM of 

the transplant recipients with DOP or THI, by blockade of S1P2 on transplanted donor cells 

(with JTE-013), or by inhibiting S1P-degrading enzymes (i.e., LPP and SPP receptors with, 

e.g., XY-14 analogues) on donor HSPCs. All these strategies await experimental 

confirmation.
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Figure 5. A priming effect increases the responsiveness of HSPCs to low SDF-1 gradients
Left panel: The overall scheme of chemotactic assays performed in the Transwell system to 

evaluate the HSPC priming phenomenon. Right panel: In the presence of a priming agent 

(e.g., C3a or cathelicidin), HSPCs respond more robustly to low doses of SDF-1. This 

phenomenon is currently being tested in the clinic, where UCB are exposed ex vivo to a 

priming agent (C3a cationic peptide) before transplantation.
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Table I

The effects of CC cleavage fragments on stem cell trafficking

Cleavage fragments Released in BM microenvironment Released in BM sinusoid plasma

C3a, desArgC3a Increase responsiveness to BM SDF-1 gradients Increase chemotactic responsiveness to BM sinusoid 
plasma SDF-1 gradients

C5a, desArgC5a Stimulate release of proteolytic enzymes by BM 
fibroblasts and cells from the granulo-monocytic 
lineage

Induce egress of granulocytes and monocytes from BM 
to pave the way for subsequent egress of HSPCs

iC3b Tethers CR3+ HSPCs in the BM microenvironment Tethers CR3+ HSPCs in the BM microenvironment

Soluble C5b-C9 (MAC) Increases secretion of SDF-1 by BM stromal cells and 
increases iC3b–CR3 tethering

Induces release of S1P from erythrocytes and platelets
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