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Abstract
The α-chemokine stromal derived factor-1 (SDF-1) – seven transmembrane span receptor CXCR4 axis plays 

a crucial role in retention of hematopoietic stem progenitor cells (HSPCs) in BM. However, the mechanisms that 
govern mobilization/release of HSPCs from bone marrow (BM) into peripheral blood (PB) and direct a reverse 
process of their homing back into BM microenvironment after transplantation are still poorly understood. Augmenting 
evidence demonstrates that during both mobilization and myeloablative conditioning for transplantation a proteolytic 
microenvironment is induced in BM and complement cascade (CC) becomes activated. In this review we will present 
augmenting evidence that as result of induction of proteolytis microenvironment as well as CC activation bioactive 
sphingolipids - sphingosine – 1 phosphate (S1P) and ceramide-1-phosphate (C1P) together with CC cleavage 
fragments (C3a, C5a and C5b-C9) orchestrate both homing and mobilization of HSCPs. 

Introduction
It is well known that the α-chemokine stromal derived factor-1 

(SDF-1) – CXCR4 receptor axis plays crucial role in retention of 
hematopoietic stem and progenitor cells (HSPCs) in bone marrow 
[1]. However, chemotactic factors that direct release/mobilization of 
HSPCs from bone marrow (BM) into peripheral blood (PB) and their 
homing back after transplantation to the BM are not characterized very 
well. It is well known that HSPCs even under steady state conditions 
are continuously released from hematopoietic niches and circulate at 
detectable levels in PB. On other hand the phenomenon of enforced 
release of HSPCs from BM into PB is called mobilization and may 
be envisioned as a danger-sensing response mechanism triggered by 
hypoxia or mechanical- or infection-induced tissue damage and is a 
part of stress response [2-6]. Mobilization could be also induced by 
some pharmacological agents such as granulocyte colony stimulating-
factor (G-CSF) or small molecular antagonists of CXCR4 receptor (e.g., 
AMD3100). Augmenting evidence demonstrates that in BM during 
both mobilization and myeloablative conditioning for transplantation 
is induced proteolytic microenvironment and complement cascade 
(CC) becomes activated [7,8]. As we will discuss in this chapter both
of these processes have important regulatory functions in trafficking
of HSPCs.

To explain mobilization and homing a concept of “tug of 
war” has been proposed for chemotactic stromal derived factor-1 
(SDF-1) gradient between BM and PB that decides if cells will be 
released/mobilized from BM into PB or home back from PB to BM 
microenvironment (Figure 1 panel A). However, in light of new 
observations changes in the SDF-1 gradient between BM and PB do 
not always support SDF-1 having a crucial role as chemoattractant 
present in PB that directs egress/mobilization of HSPCs. For example 
as recently reported by others and us the plasma SDF-1 level does not 
always correlate with mobilization of HSPCs [12-15]. On other hand 
some doubts also accumulated about an exclusive role for SDF-1 
in homing of HSPCs into BM. This is based on observations that i) 
CXCR4-/- fetal liver HSPCs may home to BM in an SDF-1–independent 
manner [16], ii) homing of murine HSPCs made refractory to SDF-
1 by incubation and co-injection with a CXCR4 receptor antagonist 
(e.g., AMD3100) is normal or only mildly reduced [17], and finally iii) 
HSPCs in which CXCR4 has been knocked down by means of an SDF-
1 intrakine strategy may also engraft in lethally irradiated recipients 

[18]. All this strongly suggests the existence of other factors beside 
SDF-1 that are involved in the mobilization and homing of HSPCs. 

To support this further, SDF-1 that is a well known potent 
chemoattractant for HSPCs as a peptide is highly susceptible to 
degradation by proteases that are elevated both in PB during stem cell 
mobilization and in the BM microenvironment after myeloablative 
conditioning for transplantation. To support this we did not observe 
by employing sensitive ELISA measurement i) significant increases in 
SDF-1 plasma level during mobilization [19], ii) differences in plasma 
level between poor and good moilizers and iii) and unexpectedly 
noticed a significant decrease of SDF-1 level in murine BM after 
myeloablative conditioning for transplantation [9,10]. 

In this review we will present mounting evidence that elements 
of innate immunity such as complement cascade (CC) cleavage 
fragments (e.g., C3a and C5a), generation of C5b-C9 - membrane 
attack complex (MAC) together with release of some bioactive lipids 
such as sphingosine – 1 phosphate (S1P) and ceramide-1-phosphate 
(C1P) from the damaged/leaky cells all together regulate trafficking of 
HSPCs (Figure 1 panel B).

Induction of proteolytic microenrironment in BM affects 
SDF-1-CXCR4 and VLA4-VCAM-1 interactions

HSPCs are retained in the BM niches due to SDF-1-CXCR4 
receptor and Very Late Antigen-4 (VLA-4; α4β1 integrin) and its ligand 
Vascular Adhesion Molecule-1 (VCAM-1; CD106) interactions. While 
HSPCs express CXCR4 and VLA-4, their corresponding ligands 
SDF-1 and VCAM-1 are expressed by cells in BM microenvironment 
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(e.g., osteoblasts and fibroblasts) [20,21]. On other hand augmenting 
evidence indicates that both mobilization after administration of 
G-CSF as well as conditioning for hematopoietic transplantation by 
radio-chemotherapy induces highly proteolytic microenvironment in 
BM microenvironment. Several proteolytic enzymes are released in BM 
such as metalloproteinases (MMPs), cathepsin G (CG) and neutrophil 
elastaze (NE). All these enzymes affect integrity of SDF-1 and CXCR4 
as well as VCAM-1 and VLA-4 proteins. During mobilization of HSPCs 
proteolytic enzymes attenuate retention signals of SDF-1-CXCR4 and 
VCAM-1-VLA-4 axes and facilitate release of HSPCs into PB. On the 
other hand after conditioning for hematopoietic transplantation by 
radio-chemotherapy proteolytic enzymes decrease SDF-1 level in BM 
what impairs homing of HSPCs. 

Based on this we become interested in other potential factors that 
in addition to SDF-1 could chemoattract HSPCs and thus play a role 
in their mobilization and homing. Interestingly we noticed that both 
PB plasma as well as media conditioned by BM cells isolated from 
lethally irradiated mice show chemotactic activity against HSPCs 
and this activity is susceptible to charcoal extraction what suggested 
involvement of bioactive sphingolipids. To support this notion, it is 
known that sphingolipids, which are important components of cell 
membranes, give rise to two bioactive derivatives, sphingosine-1 
phosphate (S1P) and ceramide-1 phosphate (C1P), with S1P already 
identified as a chemoattractant for HSPCs [13] and C1P for monocytes 
[22]. Our data indicate that both these bioactive lipids play an important 
and underappreciated role in trafficking of HSPCs, and orchestrate 
both egress as well as homing of HSPCs and this will discussed below 
in this review [9,10].

Cleavage fragments of complement cascade (CC) as important 
modulators of stem cell trafficking

We noticed that both mobilization of HSPCs as well as 
myeloablative conditioning for transplantation activate complement 
cascade (CC) in murine BM and lead to the release of C3 and C5 
cleavage fragments (liquid phase soluble - C3a, desArgC3a, C5a, desArgC5a 
and solid phase iC3b) as well as deposition of soluble and solid phase 
C5b-C9 (membrane attack complex – MAC) in BM microenvironment. 
The activation of CC during HSPC mobilization and conditioning for 
hematopoietic transplantation was confirmed by i) ELISA to detect 
C3a and C5a clevage fragments in plasma [23], ii) immunofluorescence 
showing deposition of iC3b on BM stroma and endothelial cells [24-26] 
and iii) histochemical detection of deposition of solid phase membrane 
attack complex (MAC) fragments in BM tissue [14]. 

Activation of CC is an important and evolutionarily conserved 
regulatory mechanism for sensing and responding to inflammation and 
organ injury and thus it should not be surprising that mobilization and 
homing of stem cells is directed by this evolutionary old mechanism. 
Since the CC is activated as a result of i) inflammation, ii) release of 
CC activating factors from damaged tissues, or iii) strenuous exercise 
as a result of hypoxia, the release of stem cells into circulation could be 
envisioned as part of CC-mediated immune surveillance and response 
to inflammation and organ/tissue damage. Work from our laboratory 
demonstrates that CC activation in BM is triggered by several 
mobilizing agents, including granulocyte colony stimulating factor 
(G-CSF), mobilizing polysaccharides like zymosan, as well as CXCR4 
receptor antagonist - AMD3100 [8,23,26]. On other hand it is also 
triggered by conditioning to transplantation by radio-chemotherapy. 

Data from our laboratory indicate that CC cleavage fragments 
affect the retention/mobilization process of HSPCs differently [8, 
23, 24, 26, 27]. That is, while C3 cleavage fragments (C3a or desArgC3a 

and iC3b) increase retention of HSPCs in BM, C5 (C5a or desArgC5a) 
cleavage fragments direct egress of granulocytes and monocytes into 
PB (Figure 2). The role of C3a and desrArgC3a in retention of HSPCs in 
BM has been explained by ability of these cleavage fragments to increase 
responsiveness of HSPCs to SDF-1 retention signals in BM, and iC3b 
has been shown to play an important role in tethering HSPCs in BM in 
complement receptor-3 (CR3) dependent manner [24]. In contrast C5a 
and desArgC5A play crucial role in executing mobilization by activating/
degranulating granulocytes and chemoattracting granulocytes and 
monocytes into PB. To support this granulocytes and monocytes 
play a crucial role in mobilization process and are a first wave of cells 
that leave BM during mobilization [8]. These cells are enriched for 
proteolytic enzymes necessary to permeabilize BM-blood barrier and 
thus pave a way for egress of HSPCs which follow in their footsteps [8]. 

The crucial role of CC in stem cell mobilization process was 
evidenced in mobilization studies performed in C3- and C5-deficient 
animals, which revealed that C3-deficient mice are easy mobilizers 
[24, 26, 27] and C5-deficient mice mobilize poorly [23]. This also 
demonstrates that retention/mobilization of HSPCs is tightly regulated 
at different levels of CC activation. However, the major role of CC, is 
to execute process of mobilization. This as demonstrated involves final 
product of CC activation - soluble MAC that releases in BM sinusoids 
S1P from erythrocytes. As we already reported plasma level of S1P and 
not SDF-1 creates than a major chemotactic gradient for HSPCs to 
egress into PB [14]. 

On the other hand, as we have recently demonstrated C5 deficient 
mice that have defect in activation of distal steps of CC activation and 
do not generate C5b-C9 (MAC) are not only poor mobilizers but also 
show defect in hematopoietic reconstitution after transplantation. This 
indicates that CC activation with release of C3a, desArgC3a and iC3b and 
generation of soluble MAC play an important role not only in executing 
optimal mobilization but also in lodging/homing of HSPCs into BM 
microenvironment. Our experiments in C3-/- and C5-/- and normal wt 
mice revealed for a first time an important and underappreciated role 
of CC activation in this process. As mentioned above while C3a and 
desArgC3a enhance/prime responsiveness of HSPCs to homing gradient 
of SDF-1, iC3b plays an important role in tethering of HSPCs in BM 
microenvironment [26]. On other hand soluble MAC that has been 
reported to affect biology of several cell types [28, 29] directly affects 
HSPCs homing. 

This novel role of soluble MAC is supported by defect in homing/
engraftment of HSPCs in BM of C5 deficient mice and demonstrates 
unrecognized until now role of soluble MAC in supporting several 
steps that facilitate lodging of HSPCs into BM microenvironment. 
First, soluble MAC enhances secretion of SDF-1 by BM stroma 
cells, what probably contributes in ameliorating drop in BM SDF-1 
level in proteolytic microenvironment induced by conditioning for 
transplantation. Second, soluble MAC increases adhesiveness of HSPCs 
to BM-derived fibroblasts. These effects are supported as demonstrated 
by ability of soluble MAC to induce signaling (phosphorylation of 
MAPKp42/44 and AKT) in normal HSPCs. 

Soluble MAC however, if employed alone does not chemottract 
HSPC and as does not affect either expression of CXCR4 and VLA-4 on 
HSPCs or proliferation of clonogeneic progenitors. Of note receptor/s 
for soluble MAC are not identified yet.
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Figure 1: Concept of chemotactic “tug of war” gradient between BM and PB to explain mobilization and homing of HSPCs. Panel A – It has been postulated 
that SDF-1 gradient between BM and PB regulates trafficking of HSPCs (homing vs. mobilization). In steady state conditions this gradient should be in balance. As 
proposed during mobilization increase in plasma SDF-1 level directs egress of HSPCs and vice versa increase in BM SDF-1 level after conditioning for transplantation 
was supposed to direct engraftment of HSPCs. Panel B – Novel model in which bioactive lipids S1P and C1P modulate function of SDF-1 in mobilization and homing.

Interplay between bioactive lipids and CC in trafficking of 
HSPCs

Interestingly, as reported activation of CC correlates with increase 
of BM-level of S1P and C1P [11]. We found that while the S1P level 
increases in PB mainly during mobilization, the C1P concentration in 
BM microenvironment increases after myeloablative conditioning for 
transplantation. As mentioned both these sphongolipids are potent 
chemoattractants for HSPCs. 

Based on these findings, we proposed a new paradigm in which 
the S1P:C1P ratio plays an important role in trafficking of HSPCs. 
Accordingly, while S1P is a major chemoattractant that directs egress 
of HSPCs from BM into PB, C1P is released from damaged cells in BM 
microenvironment after myeloablative conditioning and together with 
SDF-1 creates a homing gradient for circulating HSPCs. 

We also postulate that the S1P:C1P ratio may also play a more 
universal role in trafficking of stem cells and is involved in regulating 
migration of circulating mesenchymal stem cells (MSCs), endothelial 
progenitor cells (EPCs), and very small embryonic-like (VSEL) stem 
cells [30-33]. Accordingly, while S1P plays a role in egress of these 
cells into PB, C1P released from damaged cells (e.g., in infarcted 
myocardium or brain tissue after stroke) may chemoattract circulating 
stem cells for potential organ repair. 

“Priming phenomenon” enhances responsiveness of CXCR4 
receptor to SDF-1 gradient

As discussed above our recent data indicate that SDF-1 level does 
not significantly change in PB during mobilization and even decreases 
due to proteolytic microenvironment in BM after conditioning for 

Figure 2: Complement cascade activation products differentially modulate stem cell trafficking. Upon activation of the CC system C3 and C5 cleavage products 
play opposite roles in the retention or mobilization of cells, respectively. While liquid phase C3 cleavage fragments (C3a and C3adesArg) enhance responsiveness of 
HSPC to an SDF-1 gradient, solid phase cleavage fragment iC3b deposited onto surrounding surfaces helps to retain HSPC in their niche, C5 cleavage fragments (C5a 
and desArgC5a) promote mobilization of HSPC by degranulation of granulocytes (release of proteolytic enzymes) and chemoattracting them into PB. Granulocytes are 
first cells that egress from BM and thus pave a way for HSPCs that follow their footsteps. Thus we propose that an activated CC can affect stem cell mobilization in a 
negative (C3) or a positive (C5) way.
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transplantation by lethal irradiation [7,19,34]. Thus, as demonstrated 
at Figure 1 the concept of “tug of war” SDF-1 gradient between BM 
and PB does not explain very well homing and mobilization of 
HSPCs. Moreover, since for biological activity of SDF-1 are crucial 
few aminoacids located at N-terminus of this peptide, we noticed 
that detection of SDF-1 protein in tissues not always correlate with 
its chemotactic activity and usually is even much lower than expected 
based on ELISA or histochemical data.

On other hand as we reported responsiveness of HSPCs to SDF-1 
could be enhanced by several molecules [8]. In addition to C3 cleavage 
fragments (C3a and desArgC3a) also i) cathelicidin and β2-defensin - 
cationic peptides released from activated by C5a granulocytes [8], 
ii) thrombin [35, 36], iii) hyaluronic acid [36, 37], iv) membrane 
derived-microvesicles [38], and v) as we recently found MAC increase 
responsiveness of HSPCs to SDF-1 gradient [11]. The basis for this 
phenomenon is incorporation of CXCR4 into membrane lipid rafts 
that makes CXCR4 receptor more responsive to SDF-1 gradient. As 
result of this priming effect the lower doses of SDF-1 become “more 
biologically significant” for stem cell trafficking.

Further studies are needed to see if in addition to CXCR4 also S1P 
receptors are lipid raft regulated. More work is also required to identify 
receptor for C1P. However this receptor/s has been not indentified yet, 
our signal transduction data indicate that this receptor is expressed on 
HSPCs and is sensitive to pertussis toxin, what supports that it could 
probably be Gαi-protein coupled type receptor. 

Conclusions
Our recent data provide more evidence that innate immunity and 

the CC regulate trafficking of HSPCs by modulating the migratory 

properties of HSPCs by C3a and sMAC that i) enhance S1P and C1P 
level in BM, ii) increase responsiveness of HSPCs to SDF-1, S1P and 
C1P and iii) stimulate adhesion of HSPCs to BM stroma. Based on 
this we propose modulation of CC as a novel strategy for controlling 
both mobilization and homing of HSPCs. This could be achieved for 
example by exposure of HSPCs before transplantation to some cationic 
peptides (e.g., C3a or cathelicidin) that enhance responsiveness of these 
cells to homing factors.

We also propose a new paradigm in which the ratio between 
bioactive lipids (S1P : C1P) plays an important role in mobilization 
and homing of HSPCs. Accordingly, S1P and C1P that do not contain 
peptide bonds are in contrast to SDF-1 are resistant to proteolytic 
enzymes, and while S1P is a major chemoattractant that directs egress 
of HSPCs from BM into PB, C1P is released from damaged cells in BM 
after myeloablative conditioning and promotes with SDF-1 homing of 
circulating HSPCs. We also postulate that the S1P:C1P ratio plays a 
more universal role and is involved in regulating migration of other 
types of stem cells, such as circulating mesenchymal stem cells (MSCs), 
endothelial progenitor cells (EPCs), and very small embryonic-like 
(VSEL) stem cells. Similar mechanisms of homing play probably role 
in recruitment of stem cells in other types of organ injury e.g., heart 
infarct or stroke.
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