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Abstract

Under steady-state conditions, hematopoietic stem/progenitor cells (HSPCs) egress from bone 

marrow (BM) and enter peripheral blood (PB) where they circulate at low levels. Their number in 

PB, however, increases significantly in several stress situations related to infection, organ/tissue 

damage, or strenuous exercise. Pharmacologically mediated enforced egress of HSPCs from the 

BM microenvironment into PB is called “mobilization”, and this phenomenon has been exploited 

in hematological transplantology as a means to obtain HSPCs for hematopoietic reconstitution. In 

this review we will present the accumulated evidence that innate immunity, including the 

complement cascade and the granulocyte/monocyte lineage, and the PB plasma level of the 

bioactive lipid sphingosine-1-phosphate (S1P) together orchestrate this evolutionarily conserved 

mechanism that directs trafficking of HSPCs.
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Introduction

Hematopoietic stem/progenitor cells (HSPCs) are endowed with enhanced migratory 

properties. They migrate during organogenesis in the developing mammalian embryo, 

moving between major anatomical sites where hematopoiesis is initiated and/or is 

temporarily active (i.e., blood islands in the yolk sac, aortic endothelium, and fetal liver) 

before they reach their final destination in the developing hematopoietic microenvironment 

of bone marrow (BM) in the third trimester of gestation [1]. Later in adult life, a small 

percentage of HSPCs is continuously released from BM niches into the PB, which may be 

envisioned as a highway by which HSPCs relocate between distant areas of BM in order to 

keep the total pool of stem cells in remote bone areas in balance [2, 3].

Correspondence: Prof. Mariusz Z. Ratajczak, MD, PhD, Hoenig Endowed Chair, Professor and Director Stem Cell Institute at James 
Graham Brown Cancer Center, University of Louisville, 500 S. Floyd Street, Rm. 107, Louisville, KY 40202, USA, Tel: (502) 
852-1788, Fax: (502) 852-3032, mzrata01@louisville.edu. 

HHS Public Access
Author manuscript
Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2017 August 02.

Published in final edited form as:
Prostaglandins Other Lipid Mediat. 2013 ; 104-105: 122–129. doi:10.1016/j.prostaglandins.2012.07.003.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HSPCs reside in BM in hematopoietic stem cell niches, of which the two most important 

types have been identified [4, 5]. The first type, lining the surface of the bone trabecula, is 

known as the osteoblastic niche and the second type, located close to endothelial cells in the 

BM sinusoids, is the so-called endothelial niche. It is postulated that most primitive 

quiescent stem cells are located in osteoblastic niches and more differentiated cells in 

endothelial niches. HSPCs residing in BM are retained in these niches by active interaction 

between ligands expressed in the BM microenvironment and receptors present on the surface 

of the HSPCs [4, 5]. The most important ligands involved in this process are α-chemokine 

stromal derived factor-1 (SDF-1) and Vascular Adhesion Molecule-1 (VCAM-1/CD106), 

which are expressed in hematopoietic niches and interact with their corresponding receptors 

expressed on HSPCs: the G-protein coupled seven-transmembrane-spanning receptor 

CXCR4 and the integrin receptor Very Late Antigen-4 (VLA-4/α1β4 integrin), respectively 

(Figure 1 panel A).

As a migratory population of stem cells, HSPCs can easily leave their BM niches and egress 

into PB where they circulate at low levels, even under steady-state conditions. The number 

of HSPCs circulating in PB also follows the physiological circadian rhythm of circulation, 

with a peak in the morning hours and a nadir at night [6–8]. Their number significantly 

increases in several stress situations as part of danger-sensing mechanisms. Therefore, an 

increase in HSPCs circulating in PB is observed during inflammation, tissue organ injury 

(e.g., heart infarct or stroke), hemolytic syndromes (e.g,, hemolytic crisis in sickle cell 

anemia [SSA] or paroxysmal nocturnal hemoglobinuria [PNH]), and even as a response to 

strenuous exercise [2, 3, 9–11]. Pharmacologicaly enforced egress of HSPCs from BM into 

PB is called “mobilization”, where the number of HSPCs circulating in PB increases up to 

100 fold. Mobilized HSPCs isolated from PB are currently a preferred source of stem cells 

for transplantation, because they can be easily harvested from PB by leucopheresis 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 [12–14].

Many pharmacological agents that effectively induce mobilization of HSPCs are known. The 

cytokine granulocyte colony-stimulating factor (G-CSF) is currently the most frequently 

employed clinical drug, which after a few consecutive daily injections, efficiently mobilizes 

HSPCs [12]. Mobilization can also be induced in experimental animals within hours after 

administration of certain chemokines (e.g., interleukin-8 [IL-8], growth-related oncogene 

protein-beta [Gro-β], or macrophage inhibitory protein-1alpha [MIP-1α]) [2, 15, 16]. 

Several mobilizing drugs have also been developed to interfere with mechanisms that 

promote retention of HSPCs in BM niches, including small-molecule antagonists of the 

chemokine CXCR4 receptor (e.g., AMD3100 or T139) or a small-molecule antagonist of 

integrin receptor VLA-4 (BIO4860). These small-molecule inhibitors specifically target the 

SDF-1–CXCR4 and VCAM-1–VLA-4 retention axes, respectively (Figure 1 panel B), and 

are already successfully employed as mobilizing drugs in the clinic [13, 17, 18].

To obtain more efficient and faster mobilization, some of these compounds can be 

administered together (e.g., G-CSF with AMD3100 or Gro-β with AMD3100) [19]. 

Mobilization can also be achieved by administration of some types of polysaccharides (e.g., 
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zymosan or fucoidans), which in animal models have been demonstrated to efficiently 

mobilize HSPCs within one hour after a single injection [2].

HSPCs are actively retained in BM niches

In addition to the α-chemokine SDF-1–CXCR4 and VCAM-1–VLA-4 (α4β1) axes for 

retention of HSPCs in BM, mentioned above, there are several other elements that regulate 

their egress into PB. The most important regulators of HSPC trafficking are proteolytic 

enzymes, such as matrix metalloproteinases [MMPs], elastase, catepsin-G [12, 20, 21], 

inhibitors of proteolytic enzymes, tissue inhibitors of metalloproteinases [TIMPs], serpins 

[3, 22], neural mediators (dopamine and β2-adrenergic receptor agonists) [6–8, 17], 

elements of the coagulation cascade (e.g., uPAR, thrombin) [17], and, what has been 

intensively investigated by our team, several cleavage products of the complement cascade 

(CC) [3, 23, 24].

From an historical point of view, SDF-1 was the first potent chemoattractant identified for 

HSPCs [25, 26], and for many years there was a prevailing concept of a “tug of war” by the 

SDF-1 gradient between BM and PB that determines whether cells will be released/

mobilized from BM into PB or home back from PB to the BM microenvironment (Figure 2). 

However, changes in the SDF-1 gradient between BM and PB do not always support its 

having a crucial role in directing egress/mobilization of HSPCs. Specifically, the plasma 

SDF-1 level does not always correlate with mobilization of HSPCs [27–29]. For example, 

when employing sensitive ELISA measurement we observed neither significant increases in 

SDF-1 plasma level during mobilization nor a correlation of its plasma level with the 

mobilization status of the patients (poor versus good mobilizers) [30]. We are aware, 

however, that it is impossible at this point to directly measure the SDF-1 level in BM 

sinusoids, but only indirectly in PB aspirated from major veins.

Based on these observations, we became interested in other potential factors that, in addition 

to SDF-1, could chemoattract HSPCs and thus play a role in their egress from BM. 

Interestingly while we observed that HSPCs respond robustly by chemotaxis in Transwell 

chambers to PB plasma, the PB chemotactic activity against HSPCs turned out to be i) 

insensitive to CXCR4 blockage by AMD3100, ii) unaffected by heat inactivation of plasma 

that destroys peptides (e.g., SDF-1), but in contrast, iii) highly susceptible to charcoal 

extraction [30]. This suggested the involvement of lipid components of plasma, and we 

became interested in the possible involvement of sphingosine-1-phosphate (S1P).

S1P is a bioactive sphingolipid and has been described as a strong chemoattractant for 

HSPCs [30–36]. It is widely accepted that S1P concentration in PB is much higher than in 

the BM microenvironment, thus creating a steep chemotactic gradient across the BM–blood 

barrier (Figure 2) [32, 35]. In addition to free, unbound S1P in plasma, S1P is highly 

concentrated in red blood cells, which are important transporters for this bioactive lipid, and 

is associated with PB albumins and high-density lipoproteins (HDL) as well as platelets 

stored in blood [32, 34, 35].
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As we have shown, the high concentration of S1P in PB plasma creates a strong chemotactic 

gradient for BM-residing HSPCs, even under steady-state conditions [30]. This explains 

why, in response to small-molecule inhibitors of CXCR4 and VLA-4 (AMD3100 and 

BIO4860, respectively), HSPCs are relatively easily mobilized into PB (Figure 1B). In 

further support of this notion, we have shown that AMD3100 mobilization of mouse HSPCs 

into PB is significantly impaired after the S1P level in the BM microenvironment is 

upregulated by exposing mice to deoxypriridine (DOP), an antagonist of vitamin B6 that 

inhibits the S1P-degrading enzyme S1P lyase in tissues [30]. Finally, a role for S1P in 

mobilization was confirmed in animals that lack one of the key enzymes involved in S1P 

synthesis. These mice, with low circulating plasma levels of S1P, turned out to be poor 

mobilizers [36].

Therefore, as shown in Figure 2, S1P creates an active chemotactic gradient between PB 

plasma and the BM niches in which HSPCs are retained by the active interaction that 

involves the SDF–CXCR4 and VCAM-1–VLA-4 retention axes. If these retention signals 

are blocked by, for example, small-molecule inhibitors of CXCR4 or VLA-4, HSPCs egress 

from BM by following a steep S1P gradient that is continuously present between BM and 

PB (Figure 1B). As discussed in a later part of this review, this chemotactic S1P gradient 

may further increase after S1P is released from erythrocytes due to activation of the 

complement cascade (CC), as observed in G-CSF-induced mobilization or in patients 

suffering from hemolytic syndromes (e.g., hemolytic crisis in SSA or in PNH patients) [37, 

38].

Innate immunity and mobilization of HSPCs

Since mobilization of HSPCs from BM into PB is part of a systemic response to stress (e.g., 

infections or organ tissue injury) it is not surprising that several elements of innate immunity 

play an important role in self-defense mechanisms that trigger this phenomenon [3]. For 

example, we have demonstrated that mobilization of HSPCs is triggered by activation of the 

CC, which leads to a sequence of events that releases cells from the BM that involves i) 

generation of CC cleavage fragments (e.g., potent anaphylatoxins, such as C3a, C5a, and 

C5b-C9, the terminal product of CC activation known as membrane attack complex [MAC]) 

and ii) activation of granulocytes and monocytes (Figure 3). The roles of these elements of 

innate immunity and their link to upregulation of the plasma S1P level in the mobilization 

process will be discussed in more detail below.

Activation of complement cascade (CC)

As mentioned above, it should not be surprising that mobilization of stem cells is directed by 

the CC as it is an important and evolutionarily conserved regulatory mechanism for sensing 

and responding to inflammation and organ injury. Thus, the release of stem cells into the 

circulation can be envisioned as part of the CC-mediated immune surveillance and response 

to inflammation and organ/tissue damage. Circulating HSPCs provide cells involved in 

clearance of pathogens (e.g., granulocytes or macrophages) and cells that regulate the 

immune response (e.g., dendritic cells) to infected tissues [3, 33]. In addition to HSPCs, 

other types of BM-residing stem cells can also be mobilized that may play a role in tissue/

Ratajczak et al. Page 4

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2017 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



organ regeneration (e.g., multipotent stromal cells, endothelial progenitors, or very small 

embryonic-like stem cells) [10, 11, 39].

Work in our laboratory demonstrated that CC activation in BM is triggered by several 

mobilizing agents, including granulocyte colony stimulating factor (G-CSF), 

polysaccharides like zymosan, as well as the CXCR4 receptor antagonist AMD3100. As 

mentioned above, during CC activation, several bioactive cleavage fragments are released 

(e.g., C3a, desArgC3a, C5a, and desArgC5a anaphylatoxins) and sublytic and lytic C5b-C9 

membrane attack complex (MAC) is generated. Activation of the CC during HSPC 

mobilization was confirmed by i) ELISA detecting C3a and C5a cleavage fragments in 

plasma, ii) immunofluorescence showing deposition of iC3b on BM stroma and endothelial 

cells, and iii) histochemical detection of membrane attack complex (MAC) in BM tissue [23, 

24, 30].

Interestingly, we observed that CC cleavage fragments affect the retention/mobilization 

process differently [3]. While C3 cleavage fragments (C3a or desArgC3a) increase retention 

of HSPCs in BM, C5 fragments (C5a or desArgC5a) enhance their egress into PB. This was 

evidenced in mobilization studies performed in C3- and C5-deficient animals, which 

revealed that C3-deficient mice are easy mobilizers [40] and C5-deficient mice are poor 

mobilizers [41]. These contrasting effects support that retention/mobilization of HSPCs is 

regulated differently at upstream and downstream levels of CC activation.

The explanation for these opposing effects of C3 and C5 cleavage fragments is that the C3 

fragments (C3a and desArgC3a), as we reported, increase/sensitize the responsiveness of 

HSPCs to SDF-1 homing signals [42], while the C5 fragments (C5a and desArgC5a) play an 

important role in activation of granulocytes and monocytes in BM to release proteolytic 

enzymes that attenuate the activity of the SDF-1–CXCR4 and VCAM-1–VLA4 retention 

axes in BM, while also directly chemoattracting granulocytes and monocytes and thus 

promoting their egress of from BM into PB (Figure 3) [41]. As will be discussed below in 

more detail, granulocytes and monocytes play an important role in disintegrating the BM–

blood barrier and thus “pave the way” for egress of HSPCs [41].

Finally, activation of the distal part of the CC also leads to generation of lytic or sub-lytic 

C5b-C9 (MAC), which releases S1P from erythrocytes [34]. Thus, since activation of the CC 

results in upregulation of red blood cell-derived S1P in plasma, in all these situations in 

which the CC is activated, the chemotactic attraction of PB plasma for HSPCs increases in 

parallel.

Involvement of granulocytes/monocytes in mobilization

It is well known that granulocytes and monocytes, which are also important elements of the 

innate immune system, are required for HSPC mobilization, and the mobilization process is 

severely impaired in animals that lack these cells [22, 43]. This can be explained by a 

mechanism in which C5a and desArgC5a released during CC activation stimulate 

granulocytes to release several proteolytic enzymes into the BM microenvironment that 

perturb the SDF-1–CXCR4 and VLA-4–VCAM-1 receptor retention signals between 

HSPCs and their niches (Figure 3). In fact, in a recent interesting report, it has been shown 
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that proteolytic enzymes released from granulocytes directly deplete osteoblasts from 

osteoblastic niches and thus impair retention of HSPCs [44].

On the other hand, it has been reported that C5a is a strong chemoattractant for granulocytes 

and monocytes, and these cells are the first to egress from the BM after administration of a 

mobilizing agent (e.g., G-CSF or AMD3100) [41]. We hypothesize that in doing so 

granulocytes and monocytes facilitate egress of HSPCs, which follow “in their footsteps” 

(Figure 3). This proposed mechanism, in which granulocytes permeabilize the sinusoid 

endothelial barrier, is supported by our recent transmission electron microscopy (TEM) 

studies [41]. This step is directly regulated by C5a anaphylatoxin, which binds to the G 

protein-coupled, seven-transmembrane-spanning C5aR present on granulocytes and 

monocytes. This important role of C5 cleavage fragments in HSPC mobilization explains 

why C5-deficient mice are poor mobilizers [3, 41].

Activation of the complement cascade and S1P gradient in PB

As mentioned above, we have shown that PB plasma, due to a high level of S1P, exerts a 

strong chemotactic gradient against BM-residing HSPCs that are actively retained in their 

niches [4, 5, 45]. In further support of this observation, PB plasma S1P has also been 

demonstrated to play a pivotal role in egress of lymphoid cells from BM into PB [46–53] 

and in trafficking of granulocyte-myeloid progenitor cells (CFU-GM) between BM and 

peripheral tissues [33]. The S1P level, which is already high in PB, may further increase, 

and there are several potential cellular sources of S1P that may enhance S1P concentration 

in PB, including, besides erythrocytes, blood platelets and endothelial cells. However, red 

blood cells seem to be the most abundant source of S1P circulating in plasma [34, 35]. 

Nevertheless, the S1P plasma level can also be upregulated by release from activated 

platelets [35]. This explains why the S1P level in PB may increase not only during lysis of 

erythrocytes but also during activation of platelets as a result of activation of the coagulation 

cascade.

It is known that both the CC and the coagulation cascade are activated in parallel during 

infections, tissue injuries, as well as after administration of a mobilizing agent, such as G-

CSF [54, 55]. Furthermore, it has been reported that the coagulation cascade may trigger 

activation of the CC and, vice versa, the CC may activate platelets and coagulation [54]. 

Thus, both erythrocyte- and platelet-derived S1P may contribute cooperatively to its overall 

plasma concentration. On the other hand PB plasma level of S1P is also low in mice that 

have defect in S1P releasing transporter protein in endothelial cells [56] what indicates 

endothelium as another significant source of S1P circulating in PB..

The release of S1P from erythrocytes exposed to sublytic/lytic MAC and activated platelets 

contributes to increase of a steep S1P gradient between PB and the BM sinusoids [30]. 

Therefore, even without changes in the plasma SDF-1 level (the “tug-of-war” mechanism), 

the S1P gradient is already a crucial executor of HSPC egress from BM into PB (Figure 2). 

However, it is clear that the S1P gradient alone is not sufficient to allow HSPCs to egress 

and, in parallel, other granulocyte/monocyte-dependent mechanisms have to be activated 
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that i) release HSPCs from their niches and ii) permeabilize the blood–BM endothelial 

barrier [9].

The effects of S1P are mediated by five G protein-coupled, seven-transmembrane span 

receptors (S1P1–S1P5) expressed on HSPCs. While binding of S1P to S1P1 or S1P3 

receptors promotes the chemotaxis of HSPCs, activation of the S1P2 receptor has the 

opposite effect [57]. We observed that S1P strongly chemoattracts HSPCs that reside in BM 

and lose this activity against HSPCs already mobilized into PB. This could be explained by 

desensitization of S1P-binding receptors by the high levels of S1P circulating in plasma. A 

similar S1P receptor downregulation related mechanism has been demonstrated in the case 

of lymphocytic progenitors released from lymphatic organs and circulating in PB [35, 58–

60].

Complement activation, plasma S1P level, and stem cell mobilization in 

hemolytic syndromes

The mechanisms described above are also highly relevant to mobilization of HSPCs 

observed in patients suffering from hemolytic syndromes [37, 38]. Based on our data 

showing a pivotal role of CC activation and S1P plasma level in mobilization of HSPCs, we 

hypothesized that since erythrocytes release S1P into PB plasma during hemolytic 

syndromes (acute hemolytic crisis of PNH and SSA), the plasma S1P gradient together with 

cleavage fragments of the activated CC should promote egress of HSPCs into circulation. In 

the case of PNH, S1P is released from erythrocytes in a C5b-C9 (MAC)-dependent manner, 

and, in the case of SSA, from deformed sickle-cell red blood cells. However, since in 

hemolytic anemias in parallel both complement and coagulation cascades are activated, 

platelet-derived S1P also contributes to the overall plasma S1P concentration.

The role of S1P-directed hypermobility of HSPCs in Paroxysmal Nocturnal Hemoglobinuria 
patients

PNH is an uncommon, acquired hemolytic anemia that is often manifested together with 

hemoglobinuria, abdominal pain, smooth muscle dystonias, fatigue, and thrombosis [61]. 

PNH results from the expansion of hematopoietic stem cells harboring a mutation in the 

PIG-A gene, which is required for the biosynthesis of glycosylphosphatidylinositol (GPI-A). 

This lipid moiety anchors dozens of different proteins to the cell surface, including some 

involved in resistance to lysis by C5b-C9 (MAC), such as CD55 (Daf1−/−) and CD59. Due 

to a lack of GPI-A protein, PNH mutation-affected HSPCs also show a defect in cell 

membrane lipid raft formation and, as a result, show defective adhesion and interaction with 

BM niches [61–64].

There has been no adequate explanation for why a mutated PNH clone of HSPCs that is 

highly sensitive to C5b-C9 hemolysis expands over time and outcompetes normal non-

mutated HSPCs in BM. However, based on our data connecting activation of the CC, 

erythrocyte lysis, and release of S1P from red blood cells into PB plasma, we proposed a 

sequence of events that over time provides an advantage to PNH HSPCs, enabling them to 

increase at the expense of normal HSPCs [38]. Specifically, based on i) the pivotal role of 
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the complement cascade (CC) in mobilization of HSPCs, ii) the involvement of erythrocyte-

derived S1P, which is released from erythrocytes into blood plasma during CC activation, iii) 

and defective adhesion of PNH affected HSPCs in the BM microenvironment, we 

hypothesized that PNH is primarily a disorder of defective BM retention and enhanced 

mobilization of HSPCs into PB. As a result, mutated PNH cells are more motile, accumulate 

over time in BM, and outcompete and outgrow normal healthy HSPCs, which gradually 

become displaced by the mutated PNH clone from the BM niches.

Moreover, since the CC is activated during nighttime due to the drop in blood pH [65] as 

well as during infections, this further explains the exacerbation of PNH symptoms at night 

(nocturnal hemoglobinuria) [61] in particular in patients that suffer from infection [61]. We 

therefore propose that PNH in the initial phase of the disorder, is a disease of S1P-mediated 

increased motility of PNH HSPCs, which gives them a growth advantage over normal 

HSPCs. With time, this defect in adhesion of PNH HSPCs in the BM microenvironment and 

their defective interaction with cellular and extracellular elements in the hematopoietic niche 

may trigger malignant transformation of HSPCs that leads to development of leukemia. 

Based on the foregoing, Figure 4 illustrates our hypothesis about the involvement of 

activation of the CC and release of S1P from hemolyzed in C5b-C9-dependent erythrocytes 

in the pathogenesis of this disorder.

The role of S1P-directed hypermobility of HSPCs in a hemolytic crisis in sickle cell anemia 
(SSA) patients

It has already been reported that HSPCs are also readily mobilized into PB during hemolytic 

syndromes in SSA patients [37]. Based on ELISA measurements on PB, it has been 

proposed that this mobilization is induced by elevated serum levels of stem cell factor 

(SCF), interleukin-8 (IL-8), granulocyte-colony stimulating factor (G-CSF), and 

granulocyte-monocyte colony stimulating factor (GM-CSF) [37]. However, none of these 

factors as it is well known is a chemoattractant for HSPCs.

Therefore, we propose that S1P released from damaged erythrocytes and activated platelets, 

as in PNH patients, is a major factor involved in egress of HSPCs from BM into PB during 

hemolytic crisis in SSA patients. Furthermore, since during intravascular hemolysis both the 

CC and coagulation cascade become activated, this leads to release of S1P from platelets 

activated by thrombin which contribute to an overall increase of S1P level in PB.

Conclusions

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

mobilization of HSPCs by modulating the migratory properties of HSPCs, and we propose 

modulation of the CC as a novel strategy for controlling mobilization of HSPCs. Future 

studies will address whether the efficiency of CC activation differs between good and poor 

mobilizers and determine the effect of the CC on cells that are present in the BM 

microenvironment.

We are aware that in addition to mechanisms described in this review there are other pro-

mobilization effects of CC activation involved in egress of HSPCs from BM into PB. Since, 
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functional C3a and C5a receptors have been described on cells lining BM niches, stromal 

fibroblasts, and endothelial cells in BM sinusoids [66], we envision that CC cleavage 

fragments (e.g., C3a and C5a) may directly affect permeability of endothelial cells at the 

BM–blood barrier, modulate the function of BM stromal cells, and directly regulate the 

function of osteomacs in osteoblastic niches as well as the activity of enzymes involved in 

synthesis of other bioactive lipids e.g., in eicosanoid metabolism. To support this S1P 

positively regulates activity of cyclooxygenase-2 that is responsible for synthesis of 

prostaglandin E2 (PGE2) [30, 67]. PGE2 that is also a bioactive lipid has been demonstrated 

as potent modulator of HSPC trafficking [68–71]. Thus, we have begun to unravel an 

important regulatory network involving activation of the CC and bioactive lipids that tightly 

regulate stem cell trafficking, under both steady-state conditions and stress situations.
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Figure 1. HSPCs are actively retained in BM niches against the S1P chemotactic gradient 
between PB and BM
Panel A - HSPCs residing in BM are retained in niches due to active interaction between 

ligands expressed in the BM microenvironment (SDF-1 and VCMA-1) and their 

corresponding receptors (CXCR4 and VLA-4) present on the surface of HSPCs. Panel B – 

Blockage of these retention axes by small-molecule inhibitors (AMD3100 and BIO4860, 

respectively) exposes HSPCs to the S1P chemotactic gradient between PB and BM and leads 

to their egress from BM.
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Figure 2. 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 across 

endothelial barrier in BM sinusoids should be in balance. New evidence indicates that, rather 

than propsoed in conventional model changes in the SDF-1 gradient across the BM–PB 

barrier (e.g., by an increase of the SDF-1 level in PB), high S1P concentrations in PB plasma 

provide an opposing chemotactic gradient for HSPCs. However, since HSPCs are retained in 

BM in hematopoietic niches, the first step in mobilization is their release from these niches 

and permeabilization of endothelial barrier.
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Figure 3. Activation of the CC directs mobilization of HSPCs
HSPCs are actively retained in BM and retention signals in the BM niches counteract an 

S1P-mediated chemotactic plasma gradient. Activation of the CC in the BM 

microenvironment (1) leads to generation of C5a, which strongly activates granulocytes and 

monocytes to release proteolytic enzymes that perturb retention signals for HSPCs in their 

niches (2). Activation of the CC in BM sinusoids also leads to release of C5a, which 

chemoattracts granulocytes and monocytes into PB (3). These cells are highly enriched in 

proteolytic enzymes and are the first to leave the BM and thus “pave the way” for HSPCs 

that follow in their “footsteps”. At the same time, activation of the CC in the BM sinusoids 

leads to generation of sublytic and lytic C5b-C9 (MAC), which promotes additional release 

of S1P from erythrocytes (4). In the final step, HSPCs egress from BM following the higher 

plasma S1P level in the BM sinusoids (5).
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Figure 4. The role of CC activation and S1P-induced hypermobility of PNH-affected HSPCs
Due to a GPI-A-mediated defect in lipid raft formation, PNH HSPCs have impaired 

adhesion in BM niches (1), resulting in their enhanced egress (mobilization) from the BM 

into PB in response to an S1P gradient (2) and enhanced mobility in the BM 

microenvironment (3). Based on this finding, PNH HSPCs, which show higher motility than 

their normal healthy counterparts, outcompete and outgrow normal HSPCs in the BM 

microenvironment over time (4). These cells when complement cascade becomes activated 

and C5a - that permeabilizes blood-BM barrier is released, are preferentially as we 

demonstrated mobilized into PB [38]. Eventually, this defect in adhesion of PNH HSPCs in 

the BM microenvironment and their defective interaction with cellular and extracellular 

elements in the hematopoietic niche may trigger malignant transformation of HSPCs.
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