
The Normal Bone Marrow Microenvironment | Encyclopedia.pub

https://encyclopedia.pub/entry/40387 1/9

The Normal Bone Marrow Microenvironment
Subjects: Hematology

Contributor: Kathryn A. Skelding , Daniel L. Barry , Danielle Z. Theron , Lisa F. Lincz

The bone marrow is responsible for providing the body with a constant supply of millions of circulating blood cells

and platelets. Haematopoietic stem/progenitor cells (HSPCs) are rare, self-renewing, multipotent progenitors that

produce all types of these blood cells via haematopoiesis. Maintaining these HSPCs requires key signals and

interactions with both haematopoietic and non-haematopoietic cells within the bone marrow microenvironment.

Understanding these cellular communications may provide insight into haematological diseases and uncover better

strategies for treatment. 
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1. Introduction

The bone marrow is a heterogeneous environment comprised of various haematopoietic and non-haematopoietic

cells, including osteoblasts and osteoclasts, mesenchymal stromal cells (MSCs), neurons, immune cells,

adipocytes, sinusoidal endothelium and perivascular stromal cells (Figure 1). Haematopoietic stem/progenitor cells

(HSPCs) reside in haematopoietic niches of the bone marrow, and this supportive microenvironment is essential for

the long-term maintenance of a stable pool of HSPCs. HSPC functions, including proliferation, quiescence,

adhesion and differentiation, are regulated by these non-haematopoietic cells through the release of variety of

factors .

The haematopoietic niche is anatomically divided into two compartments: the internal endosteal bone surface and

the associated perivascular network of blood vessels (Figure 1). These niches are closely related to the vascular

structures, arterioles and sinusoids, respectively, and influence HSPC function in a variety of different ways .
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Figure 1. The endosteal and perivascular bone marrow niche. These niches are comprised of distinct cell types,

are influence haematopoietic stem/progenitor cell (HSPC) function in a variety of ways. CAR: CXCL12 abundant

reticular cells; MSC: mesenchymal stem cell. Created with BioRender.com.

2. The Endosteal Niche

The endosteal niche is defined anatomically by close proximity to cortical or trabecular bone and has a high

content of osteoblasts and osteoclasts (Figure 1). In addition to their primary functions of bone remodelling,

osteoblasts and osteoclasts have been implicated in regulating HSPC function, lodgement, and egress from the

bone marrow. For example, osteoblastic lineage cells have been shown to control HSPC regulation in vivo via

parathyroid hormone (PTH) receptor dependent signalling , and osteoclasts have been implicated in stem cell

mobilisation in an osteopontin (OPN), stem cell factor (SCF, also known as KITL) and C-X-C motif chemokine 12

(CXCL12)/stromal cell derived factor 1 (SDF-1) mediated manner . Additionally, components of the extracellular

matrix, including OPN, the seven-transmembrane-spanning calcium sensing receptor (CaSR) or the sympathetic

nervous system can impact HSPC function . OPN negatively regulates HSPC numbers, and OPN  mice

exhibited increased numbers of stem cells, reduced primitive haematopoietic cell apoptosis and enhanced HSPC

cycling . Additionally, maintenance of HSPCs in a quiescent state is promoted by the interaction between

angiopoietin-1 on osteoblasts and the receptor tyrosine kinase Tie2 on HSPC . UDGP-galactose ceramide

galactosyltransferase-deficient (Cgt ) mice exhibited aberrant nerve conduction and displayed no HSPC egress

from the bone marrow following granulocyte colony-stimulating factor (G-CSF) or fucoidan administration, due to

downregulated CXCL12 expression . The Ca  content of the niche, mediated via CaSR, dictated the localisation

of HSPCs, and CaSR deficient HSPCs were normal in number, proliferative and differentiation function migration

and homing, however, they exhibited defective localisation, due to defective adhesion to collagen .
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Adhesion molecules are involved in HSPC retention within the bone marrow, and as observed with CaSR deficient

HSPCs, are important for directing the correct localisation of HSPCs within the bone marrow niche. While several

adhesion factors have been well characterised in this function, the role of the cell adhesion molecule, N-cadherin,

in HSPC lodgement into endosteal niches remains controversial. Whilst initial work demonstrated that HSPC

expressed N-cadherin , subsequent studies have brought this into question . Conditional deletion of the N-

cadherin gene from osteoblasts and haematopoietic cells does not alter the frequency or the number of HSPC in

the bone marrow, or their long-term or serial reconstitution potential . By contrast, expression of a dominant-

negative mutant of N-cadherin that inhibits both homotypic and heterotypic interactions of N-cadherin in donor

HSPC reduced endosteal lodgement and compromised long-term engraftment, whereas overexpression of a wild-

type N-cadherin increased endosteal lodgement and self-renewal ability . Overexpression of short hairpin RNA

(shRNA) specific for silencing N-cadherin gene expression in HSPC, increased HSPC proliferation, and reduced

long-term engraftment and HSPC lodgement to endosteal surfaces . Taken together, these studies demonstrate

that the expression of N-cadherin on HSPC and its role in HSPC lodgement and function requires further

clarification.

The bone marrow niche itself provides a privileged environment that supports HSPC self-renewal . When

bone marrow cells are injected into tissue engineered ectopic ossicles or in the circulation following lethal

irradiation of mice to eliminate host HSPC, donor HSPCs colonised and self-renewed within the ossicles, and

reconstituted haematopoiesis. This process was mediated by the proto-oncogene c-myc . C-myc has been

shown to control the balance between HSPC self-renewal and differentiation . Conditional deletion of c-myc in

haematopoietic cells enhanced HSPC self-renewal but inhibited differentiation and exhibited increased expression

of adhesion molecules. Further, these c-myc deficient HSPC can home to and lodge into endosteal niches but

failed to differentiate into mature leukocytes. Conversely, overexpression of c-myc compromised HSPC

reconstitution potential following lethal BM irradiation in mouse model recipients . Taken together, these studies

demonstrate the importance of c-myc in normal HSPC differentiation and function and suggest that c-myc can

mediate the interaction between HSPCs and the bone marrow niche. Perhaps not surprisingly, c-myc, located at

8q24, is one of the most frequently activated genes in acute myeloid leukaemia (AML) and overexpression plays

an important role in leukaemogenesis.

In addition to supporting HSPC self-renewal, the bone marrow microenvironment supports differentiation of

haematopoietic progenitor cells into various lineages through the regulation of various signalling pathways,

particularly the canonical Wnt signalling pathway. β-catenin-deficient bone marrow microenvironment maintained

HSPCs but exhibited a decreased capacity to support primitive haematopoietic cells, correlated with decreased

osteoblasts and production of FGF, SCF, and VCAM-1 . These findings highlight the importance of the canonical

Wnt signalling pathway in the bone marrow microenvironment for the maintenance of haematopoiesis.

Osteoblasts and osteoclasts have also been shown to be required for B cell development. Osteoblast ablation

results in a rapid decrease in the numbers of pre-pro-B and pro-B cells . In contrast, inhibition of osteoclast

function results in relocalisation of B cell progenitors to the spleen . Taken together, these studies suggest that

the endosteal surface is required for B lymphopoiesis.
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3. The Perivascular Niche

The perivascular niche is defined anatomically by close proximity to sinusoidal vascular endothelium, including

surrounding supportive elements such as extracellular matrix and stromal cells (Figure 1). The blood vessels of the

bone marrow are separate from the peripheral circulation . It is well established that homing to the bone marrow

involves an initial ‘capture’ step whereby circulating HSPC directly interact with the bone marrow endothelium. The

sinusoidal endothelial cells of the bone marrow constitutively express adhesion molecules, including P-selectin, E-

selectin, and vascular cell adhesion molecule-1 (VCAM-1) , which are believed to facilitate this ‘capture’ step.

It is therefore unsurprising that HSPCs primarily reside in the perivascular niche in the bone marrow and spleen,

however, some HSPCs are associated with endosteum . As such, the perivascular niche is currently believed

to help maintain primitive HSPCs in an undifferentiated state, and several studies have shown that the perivascular

niche provides biomolecular signals that can influence HSPC function, implicating the perivascular secretome in

influencing the fate of HSPCs .

Adventitial reticular cells, which express high levels of CXCL12/SDF-1 (CAR: CXCL12 adventitial reticular cells),

and are of presumed mesenchymal origin, can alter stem cell function. Targeted deletion of CXCR4, the ligand for

CXCL12/SDF-1, decreased HSPC numbers and increased sensitivity to myelotoxic injury, without impairing

expansion of the more mature progenitor cells , highlighting that the interaction between CXCR4 and

CXCL12/SDF-1 is important for the maintenance of the HSPC quiescent pool. CXCL12/SDF-1  embryos have

reduced HSPC number and function, which can be overcome by enforced CXCL12/SDF-1 expression in vascular

endothelial cells , highlighting the importance of this chemokine in this process. Other growth factors have also

been implicated in HSPC function in the bone marrow. Deletion of vascular endothelial growth factor receptor 2

(VEGFR2) in adult mice blocked regeneration of bone marrow sinusoidal endothelial cells and prevented

haematopoietic reconstitution . Additionally, VCAM-1 and very late antigen 4 (VLA-4) adhesion molecules are

implicated in the localisation and adhesion of HSPCs within the bone marrow niche . Interestingly, CXCL12

expression and HSPC retention in the bone marrow is regulated by the sympathetic nervous system, most likely by

sympathetic nerve fibres that synapse on perivascular cells around a subset of blood vessels, which thereby

regulate CXCL12 expression and HSPC mobilisation via circadian oscillations . Several other signalling

pathways have been implicated in the proliferation and self-renewal in vivo. For example, wingless (Wnt) signalling

is activated and necessary in the bone marrow niche to limit HSPC proliferation and preserve reconstituting

capacity, and Dickkopf-1 expression in osteoblast cells reduces in vivo repopulating ability and quiescence .

Several subsets of bone marrow cells have been implicated in supporting immune cell function (reviewed in ).

CAR cells have been shown to create a niche for HSPCs and immune cells produced in the bone marrow.

Structurally, CAR cells possess long processes, and HSPCs, plasma cells, natural killer cells, plasmacytoid

dendritic cells, and B cell precursors have been identified to be in contact with these processes .

Another key niche component that maintains HSPCs and is primarily expressed by perivascular cells throughout

the bone marrow is SCF. Whilst HSPC frequency and function were not affected by conditional deletion of Scf from

haematopoietic cells or osteoblasts, deletion from endothelial or leptin receptor-expressing (LepR) perivascular
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stromal cells led to HSPC depletion , highlighting the importance of SCF in promoting HSPC maintenance in the

perivascular niche. By contrast, conditional deletion of SCF from LepR  endothelial cells led to depleted common

myeloid progenitors (CMPs), common lymphoid progenitors (CLPs), granulocyte-macrophage progenitors (GMPs),

megakaryocyte-erythrocyte progenitors (MEPs), pre-MEPs, and colony-forming units-erythroid (CFU-E), as well as

erythroid and myeloid blood cells. Importantly, this was not a result of HSPC depletion . Taken together, this

reveals cellular specialisation within the perivascular niche that is perhaps mediated in a LepR-dependent manner.

An additional key physiological regulator of HSPC function within the perivascular niche are oxygen tensions.

Compared to the atmospheric oxygen tension of 21%, the HSPC niche exhibits low oxygen tensions in the range of

1–6% oxygen , well below the 2–9% considered by some scientists to be cellular normoxia . Hypoxia

activates a range of molecular responses that maintain HSPCs in a quiescent and pluripotent state, while HSPCs

residing in close proximity to the vascular niche actively cycle and replenish circulating cells .
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