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Abstract Hematopoietic stem and progenitor cells (HSPCs) are a rare population of

precursor cells that possess the capacity for self-renewal and multilineage differentiation.

In the bone marrow (BM), HSPCs warrant blood cell homeostasis. In addition, they may

also replenish tissue-resident myeloid cells and directly participate in innate immune

responses once they home to peripheral tissues. In this review, we summarize recent data

on the signaling molecules that modulate the mobilization of HSPCs from BM and their

migration to peripheral tissues.
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Introduction

Hematopoietic stem cells (HSCs) are a subset of bone marrow (BM) cells with self-

renewing capacity that form all types of blood cells [1]. The precise mechanisms that

control hematopoietic stem and progenitor cell (HSPC) function still remain largely

unknown. In this review, we will give an overview on more recent data that provide further

insight into the processes that regulate HSPC differentiation, mobilization from BM and

migration to secondary organ sites and back to the BM compartment.
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HSPC maintenance

Hematopoietic stem and progenitor cells require distinct local microenvironments, so-

called ‘niches’, for their maintenance. In adult BM, these niches are thought to be located

in sinusoidal perivascular areas (vascular niche) or in the trabecular endosteum (osteo-

blastic niche) [2]. Interestingly, formation of osteoblastic niches requires local

endochondral ossification as well as the presence of osteoblastic cells, a process closely

related to bone formation [3, 4]. Notably, niches not only exist in the BM, but have also

been identified in extramedullary tissues [5]. Rather than comprising a static compartment,

niches act as a dynamic environment and, thus, may support rapid increases in hemato-

poietic cell production depending on the physiological requirements [6]. Distinct cells,

such as osteoblastic cells, regulate the HSC niche and HSPC proliferation and survival

[4, 7]. In addition, growth factors and cytokines, including stromal cell-derived factor

(SDF)-1a and transforming growth factor (TGF)-b, modulate HSPC proliferation within

BM niches [8, 9]. For example, TGF-b, which is known to exert various effects on cells

including proliferation, differentiation, and also apoptosis [10], regulates the cell cycle

entry of HSPCs and by this means modulates their quiescence [8, 11]. TGF-b may act

directly on HSPCs or indirectly through modification of the niche [10]. Of note, TGF-b
receptors stimulate the phosphorylation of receptor-regulated Smad proteins which control

gene transcription and, thus, have evolved as important effectors following TGF-b stim-

ulation [12, 13].

In addition to TGF-b, particularly SDF-1a (CXCL-12) regulates HSPC function and

maintains HSPCs in a quiescent (or dormant) state, which is pivotal to sustain a pool of

highly regenerative stem cells [8, 9, 14]. Interestingly, the majority of long-term HSPC

activity is retained in a low number (\1,000) of dormant stem cells [15]. Recent evi-

dence suggests that activated HSPCs return to their quiescent state within niches once

they have re-established homeostasis (e.g., following regeneration of the blood system)

[15]. A detailed overview on the regulation of HSPC function in niches is given by Kiel

et al. [16].

Mobilization from bone marrow

Hematopoietic stem and progenitor cell mobilization from BM enables migration to

peripheral blood and homing to peripheral tissues. This process is tightly controlled by

specialized signals [17, 18]. Chemo-attractant cytokines, growth factors, and hormones are

modulators that control the egress of HSPCs from BM. Particularly, the SDF-1a(CXCL-

12)/CXCR4 axis plays a pivotal role for HSPC positioning in the BM compartment.

Abrogation of SDF-1a/CXCR4-mediated cell signaling results in rapid mobilization of

HSPCs from BM niches [19, 20]. SDF-1a also mediates a variety of other cellular func-

tions such as engraftment in peripheral tissues. Binding of GROb to its receptor CXCR2

also induces mobilization of HSPCs [21]. In contrast, other chemokines such as monocyte

chemoattractant protein (MCP)-1 and its receptor CCR2, may exert myelosuppressant

effects and, thus, limit HSPC proliferation within BM [22].

Activation of the parathyroid hormone (PTH) receptor also increases the number of

HSPCs mobilized into the bloodstream [23, 24]. The PTH receptor (PTHR) has recently

been identified on osteoblasts, which represent an important cellular component of the

adult HSPC niche. Thus, activation of PTHR may be of therapeutic use to mobilize HSPCs

into peripheral blood [23, 24].
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The role of proteolytic enzymes for HSPC mobilization from BM is largely unknown.

However, the serine proteases neutrophil elastase and cathepsin G have been identified in

BM niches following G-CSF stimulation [25], and it was therefore hypothesized that these

enzymes might modulate HSPC mobilization. Indeed, both proteases are capable of dis-

rupting interaction of SDF-1a with its cognate receptor CXCR4 through proteolytic

cleavage [26]. Further, proteolytic enzymes may reduce surface-expression of cellular

adhesion molecules (i.e., VCAM-1) on BM cells [25]; an effect was also seen following

G-CSF stimulation of the HSC niche. However, HSPC mobilization by G-CSF was found

to be normal in mice lacking functional neutrophil serine proteases [27]. This indicates that

both protease-dependent and protease-independent pathways contribute to HSPC mobili-

zation [27].

Although there are a number of factors that, in either way, influence HSPC mobilization

from BM, specific ‘flavors’ of growth factors and chemokines seem to mobilize distinct

subsets of stem and progenitor cells in a highly selective manner in mice [18].

Other signaling molecules involved in HSPC migration

Nitric oxide (NO), a well-known signaling molecule that controls the vascular tone and

inhibits platelet function, has recently been implicated in the mobilization of hematopoietic

progenitor cells from BM. Correspondingly, mice deficient in endothelial NO synthase

(eNOS) showed reduced mobilization of CD34?/Flk-1? progenitor cells from BM when

compared with wildtype mice [28]. However, NO did not alter mobilization of less-

differentiated HSPCs [29, 30].

Bone marrow cell homeostasis is also closely controlled by changes of local oxygen

tensions. For example, low oxygen levels modulate SDF-1a expression in hypoxic BM

compartments via the transcription factor hypoxia-inducible factor (HIF)-1a [31]. Similar

mechanisms seem to occur in ischemic peripheral tissue. Here, local hypoxia leads to

upregulation of SDF-1a expression on endothelial cells, which mediates recruitment of

HSPCs to sites of vascular injury [31, 32]. Hence, the local microenvironment found not

only in niches in the BM but also in peripheral tissues plays a critical role for recruitment

and function of HSPCs.

Homing to bone marrow and peripheral tissues

Hematopoietic stem and progenitor cells exit the BM by migration through the BM–blood

barrier, and then become disseminated in the circulation. Once blood-borne, HSPCs may

home back to the BM compartment with high efficiency [33]. Within the BM vascular bed,

HSPCs become firmly adherent to microvascular endothelial cells. This process involves a

multistep adhesion cascade that closely resembles homing of mature blood leukocytes in

peripheral tissues [34–38]. BM homing is the prerequisite for consecutive HSPC prolif-

eration and it is of pivotal importance during fetal development and for HSC homeostasis

in adulthood.

Murine progenitors transplanted intravenously are rapidly cleared from circulation in

the recipient mice [39]. Hence, HSPC homing is an efficient and prompt process that

occurs within minutes or few hours rather than days [39]. The molecular mechanisms that

control HSPC trafficking to the BM are not entirely clear. However, several candidate

adhesion molecules expressed on the surface of HSPCs have been indentified in recent
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years. For example, the a4b1 integrin (VLA-4) is expressed on most HSPC [40]. While

VLA-4 binds to several ligands in the BM microenvironment, the vascular cell adhesion

molecule 1 (VCAM-1), expressed on stromal cells and endothelium, probably is the most

prominent ligand [41, 42]. Importantly, interference with VCAM-1/VLA-4 by antibody

treatment resulted in reduced homing and increased HSPC mobilization [41, 43]. The role

of VCAM-1/VLA-4 for HSPC migration seems well-conserved across different species

including humans [44]. Interestingly, the VCAM-1/VLA-4 pathway alone is capable of

providing effective capture of cells within the BM, but other adhesive pathways, partic-

ularly selectins and potentially also b2-integrins seem to synergistically contribute to BM

homing of HSPCs [45–47].

It is commonly assumed that the BM is the exclusive physiological source and desti-

nation of blood-borne HSPCs. However, our sparse knowledge of HSPC trafficking does

not rule out that circulating HSPCs migrate also to extramedullary sites. In fact, we have

recently shown that the BM is not the only compartment that HSPCs home to. We

established that BM-derived HSPCs traffic constitutively to multiple extramedullary tis-

sues where they reside for several days until entering draining lymphatics to return to the

blood [48]. Correspondingly, clonogenic HSPCs are detectable in many murine tissues,

including the lung, liver, and kidneys. Virtually all tissue HSPCs are BM-derived, since

they uniformly expressed GFP in chimeric wildtype recipients of GFP? BM. Tissue

HSPCs are constitutively replenished by the pool of HSPCs that circulates in the blood, as

predicted from our parabiosis experiments. Most of these blood-derived tissue HSPCs are

not permanently retained in extramedullary organs, but recirculate freely via lymph and

blood compartments, because we also detected partner-derived HSPC chimerism in the

lymph (and blood) of parabiotic mice. While we are beginning to understand the mech-

anisms underlying HSPCs homing to the BM compartment, the adhesive cascades involved

in HSPC homing to peripheral tissues are as yet unclear.

Sphingosine-1-phosphate regulates recirculation of tissue-resident HSPCs

Whereas future studies will have to address the mechanisms that regulate the homing

of HSPCs into peripheral tissues, our previous own work has identified sphingosine-

1-phosphate (S1P) as a critical signal that controls the egress of tissue HSPCs into the

draining lymphatics.

S1P is a bioactive phospholipid that has recently been identified as a key regulator of

cell trafficking. Steep gradients of S1P, maintained by the enzyme S1P lyase, exist in

various tissues between interstitium and the blood and lymph fluids. Among others, S1P

lyase maintains low tissue levels of S1P [49], while high S1P levels are found in blood and

lymph [50, 51]. It is widely accepted that such S1P gradients regulate the egress of mature

lymphocytes from the thymus, spleen, and lymph nodes [49, 52, 53] (for review see [54]).

Correspondingly, modulation of S1P receptors by the immunosuppressant FTY720 induces

lymphocyte sequestration in secondary lymphoid organs, causing profound lymphopenia in

blood and lymph [55].

We have shown that a comparable mechanism also controls the exit of HSPCs from

peripheral tissues into the draining lymph [48]. We observed that murine HSPCs, like

resting lymphocytes and human HSPCs [56], express S1P receptors, particularly S1P1.

Interestingly, murine HSPCs were found to migrate towards steep gradients of S1P in a

predominantly S1P1 receptor-dependent manner [48]. Modulation of S1P receptors with

FTY720 or the S1P1 binding agent SEW2871 blunts the egress of tissue-resident HSPCs

Immunol Res (2009) 44:160–168 163



into lymphatics and, thus, inhibits their recirculation from extramedullary tissues [48]. It is

important to note that mature lymphocytes get access to the lymphatic vasculature by

homing to lymphoid organs. In contrast, HSPCs enter the lymphatic system mostly in non-

lymphoid tissues via lymphatic vasculature [48]. This indicates that S1P acts as a regulator

of leukocytes migration in both lymphoid and non-lymphoid tissues. Notably, G-CSF-

induced mobilization of HSPCs from BM was not influenced by S1P receptor modulation.

As outlined earlier, S1P lyase is essential to maintain physiological S1P gradients

between tissues, blood, and lymph and hence regulates immune cell migration. Corre-

spondingly, pharmacological blockade of S1P lyase abrogates lymphocyte egress from

lymphoid tissues and results in significant lymphopenia. In parallel, the number of lymph-

borne HSPCs is markedly reduced, indicating that S1P lyase is also required for HSPC

passage through tissues [48]. Therefore, S1P gradients established by S1P lyase are

essential for HSPC trafficking by regulating their egress from peripheral tissues.

Biological significance of HSPC recirculation between BM and peripheral tissues

Together, work from our lab suggests that there is a constitutive recirculation of HSPCs

between BM, blood, extramedullary tissues, and lymph compartment [48]. But, what is the

purpose of constitutive HSPC recirculation across peripheral tissues?

In humans, an abrupt change in HSC proliferative activity occurs between 2 and 4 years

after birth [57]. In mice, all HSPCs are cycling until 3 and 4 weeks after birth. Then, within

1 week, most HSPCs become quiescent and are maintained in hematopoietic niches such

as the BM cavity [58]. Within the BM, HSPC clones produce mature blood cells to

replenish the pool of circulating cells [59]. As delineated earlier, HSPCs may reversibly

switch between dormancy and self-renewal as needed to preserve homeostasis. Since we

and others have previously shown that some HSPCs recirculate constantly between BM

and peripheral blood [33] and lymph [48], it was tempting to speculate, that a pool of

circulating HSPCs might help to locally replenish tissue-resident subsets of specialized

myeloid cells, including several subsets of monocytes, macrophages, and dendritic cells

(DCs) (reviewed in [60]). Indeed, our previous work indicates that circulating HSPCs

divide locally and give rise to mature myeloid cells once they have entered extramedullary

tissues [48]. Migratory HSPCs, in addition to more committed myeloid precursors, the

MDPs [60], might therefore help to constitutively replenish specialized tissue-resident

myeloid cells under steady-state conditions.

In addition to the constitutive replenishment of tissue-resident myeloid cells under

steady-state conditions, circulating HSPCs might also directly participate in innate immune

responses during tissue injury and/or infection. Recently, HSCs and lineage-specified

progenitors have been shown to express functional Toll-like receptors (TLRs) [17, 61],

which recognize foreign molecules such as the bacterial outer membrane component LPS

[62]. Binding of LPS to TLRs promotes entry of quiescent HSPCs into the cell cycle and

triggers myeloid differentiation [17, 61]. Initially, it was proposed that HSPCs that reside

in BM could be stimulated by circulating pathogen products. However, our own work

indicates that HSPCs can also address the threat of infection at the point of entry within

peripheral tissues. We reported that once HSPCs enter peripheral tissues and sense

microbial danger signals through TLRs, they start to proliferate vigorously and boost the

local supply of innate effector cells. Hence, migratory HSPCs possess the ability to survey

peripheral tissues and respond rapidly to situations, such as tissue damage and infections

that require the prompt influx of large numbers of innate immune cells. However, we found
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that even in the absence of inflammation recirculating HSPCs divide locally in peripheral

tissues and differentiate into mature myeloid cells. Under steady-state conditions, homed

HSPCs may therefore help to constitutively replenish the diverse population of tissue-

resident leukocytes that perform multiple essential functions in peripheral organs,

including removal of dead cells and debris. Notably, TLR ligands not only amplified local

proliferation of HSPCs in extramedullary tissues, but also prevented the exit of HSPCs out

of peripheral tissues. This was, at least in part, due to interference with S1P-S1P1 receptor

signaling in recirculating HSPCs. Hence, recognition of TLR ligands not only triggers

local proliferation and differentiation, but also disrupts the normal S1P-dependent sig-

naling cascade and leads to retention of HSPCs within extramedullary tissues.

Together, these results indicate that extramedullary tissues are continuously surveyed by

circulating hematopoietic progenitors, which may respond rapidly to invading pathogens

before this information reaches the BM. Although the exact in vivo significance of HSPC

migration across tissues to date is largely unknown, it is tempting to speculate that con-

stitutively recirculating HSPCs replenish tissue-resident myeloid cells under steady-state

conditions and provide a rapidly recruitable source for the local production of inflamma-

tory effector cells (for review see [63]).

Conclusions

Hematopoietic stem cells possess the unique capacity for self-renewal and differentiation.

Besides their role in the production of mature blood cells necessary to replenish the pool of

circulating cells, recent publications have indicated immunological functions of HSPCs.

Various signaling molecules and guidance factors control mobilization and targeted

migration of HSPCs from BM to peripheral tissues, as well as their recirculation to BM.

Understanding of these mechanisms will be critical to target HSPC trafficking for future

therapies.
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