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Abstract Two cellular systems of paramount importance

for mammalian physiology, the myeloid and the hemato-

poietic, have received a great deal of attention in the past

decade. Myeloid leukocytes, classically involved in medi-

ating innate immune responses, are now known to regulate

other important aspects of the organism’s physiology, from

development to regulation of metabolic functions. In par-

allel, many diverse cellular and molecular components

have been identified in the bone marrow (BM) that are

required for the regulation and lifelong preservation of

hematopoietic stem and progenitor cells (HSPC). Since the

production of blood and immune elements by these mul-

tipotent cells responds to environmental signals, it is not

entirely surprising that the hematopoietic niches in which

HSPC are located can in turn be regulated by the immune

system. We review here recent evidence demonstrating that

two components of the innate immune system, macro-

phages and neutrophils, regulate the function of the

hematopoietic niche in ways that may favor both the

retention and the release of HSPC from the BM. We pro-

pose that the highly migratory nature of neutrophils, the

presence of a network of tissue-resident macrophages in

the BM and possibly in other tissues, and the superb

capacity of these innate immune cells to respond to stress

endow them with regulatory functions that are ultimately

relayed to the hematopoietic niche.
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Introduction

The majority of hematopoietic stem and progenitor cells

(HSPC) in adult mammals reside within the bone marrow

(BM). This localization within ossified structures provides

a secure location for this population of cells, which are the

source of all blood cellular components during the entire

lifespan of the organism. Although the hematopoietic

compartment is highly regulated during steady-state con-

ditions to ensure an equilibrated production of the elements

required for normal blood functions (oxygenation, hemos-

tasis and immunity), it is during conditions of stress that

the regulatory functions of the hematopoietic environment

become most prominent. How HSPC are regulated to carry

out these functions under steady-state and stress conditions

has become the subject of intense research efforts. These

efforts continue to uncover new insights into how these and

other stem cell populations are regulated throughout life.

The definition by Schofield in 1978 of a niche ‘‘in which

the stem cell is seen in association with other cells which

determine its behavior’’ has provided a useful framework

to search not only for cell intrinsic but also environmental

factors and cells that regulate the biology of blood stem

cells [1].

Many different cell types within the BM are now known

to form part of the niche that regulates HSPC, including

‘‘stromal’’ and endothelial cells that are in close proximity

and produce factors such as CXCL12 or KitL that act

directly on HSPC [2, 3]. Other cell types may act indirectly

through actions on this proximal stroma; these include cells

of the neural system, including sympathetic nerves and
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Schwann cells, and osteocytes residing within the bone [4–

6]. However, the potential regulatory function that cells of

the hematopoietic lineage exert on these BM niches has

remained largely unexplored. This is particularly para-

doxical in the case of immune cells, which are well-known

regulators of homeostasis in response to injury or infection.

Specifically, cells of the innate immune system respond

rapidly to external insults through the production of

inflammatory mediators. Even more relevant for this

review is the growing appreciation that innate immune

cells are not only effectors of inflammation but also part of

a ‘‘housekeeping’’ system that preserves the homeostatic

functions of many tissues [7, 8]. Whether part of these

homeostatic tasks includes regulation of stem cell niches

has only recently begun to be explored.

The innate immune system comprises several cell lin-

eages distributed in every organ in the body, including the

BM. Among these, macrophages constitutively reside in

tissues and are characterized by a phenotypic and a func-

tional specialization in each organ, where they are

responsible for the removal of dying cells and cellular by-

products [9]. In contrast, neutrophils are present in the

circulation and rapidly extravasate to areas of infection or

injury, but are also present in the BM and other tissues in

the steady state [10]. In this review we will focus on the

recent evidences that have begun to uncover important

regulatory functions of macrophages and neutrophils on the

hematopoietic niche. We will discuss how some funda-

mental properties of these cells, namely their widespread

distribution among tissues and dynamic phenotypic chan-

ges in the case of macrophages, as well as a short life and

clearance in the case of neutrophils, are essential to provide

additional regulatory mechanisms to the hematopoietic

niche. Since there is currently little or no evidence for other

innate immune lineages, including dendritic cells and

specialized innate lymphoid populations, in the regulation

of the hematopoietic niche, they will not be discussed here.

Resident macrophages as regulators

of the hematopoietic niche

Tissue-resident macrophages

Tissue-resident macrophages are present in the majority of

tissues in the body and are extremely heterogeneous [11].

The different tissue-resident macrophages exhibit tissue-

specific and even micro anatomical niche-specific functions

that only in recent years have come to light [9]. Besides their

well-characterized immune functions (e.g., initiation of

inflammatory responses or clearance of debris after infec-

tion), resident macrophages also exhibit relevant metabolic

functions in the organism, such as regulation of insulin

sensitivity or lipid content in adipose tissue [12]. However, it

is their broad capacity to phagocytose that essentially defines

the diverse populations of macrophages including, but not

limited to, clearance of apoptotic cells during tissue repair

and homeostasis [13], clearance of erythroid nuclei in BM

and fetal liver [14], removal of pulmonary surfactant by

alveolar macrophages [15], engulfment of senescent eryth-

rocytes by red pulp macrophages [16] and kupffer cells [17],

and bone degradation by osteoclasts [18].

The heterogeneity of tissue-resident macrophages is a

functional feature that in most cases arises from their

developmental origin. Recent elegant studies have uncov-

ered this developmental diversity using fate mapping and

genome-wide transcriptome analyses [19–21]. In the adult

mouse, tissue-resident macrophages are now classified into

two groups on the basis of their origin: one that originates

in the yolk sac, before the definitive appearance of hema-

topoietic stem cells at day 10.5 of embryogenesis, and that

is maintained by local proliferation and self-renewal in

several tissues in adults; and a second population derived

from adult hematopoietic progenitors and circulating

monocytes [21–23].

A technical issue when studying tissue macrophages has

been the lack of universal markers that allow their identi-

fication. Murine tissue macrophages can be identified by

the expression of the F4/80 antigen [24]. However, F4/80

expression is not restricted to macrophages and not all

tissue macrophages, such as those of the marginal zone of

the spleen, alveolar macrophages or osteoclasts, express

this marker [25, 26]. Therefore, other markers and genetic

signatures have been used to define the different subsets of

tissue macrophages [19].

Bone marrow macrophages

Early ultrastructural analyses of the BM by electron

microscopy revealed populations of macrophage-like cells

that were abundant and distributed throughout the marrow

space [27]. These cells were later confirmed to be macro-

phages by immunoreactivity with the F4/80 antibody [28].

Although these initial studies already noted intimate con-

tacts between macrophages and various components of the

BM, they failed to provide insights into their functions in

this organ.

Location in specific areas and physiologic functions

define macrophage heterogeneity in the BM, where at least

two types of macrophages co-exist. Osteoclasts are multi-

nucleated F4/80LO/NEG macrophages located in contact with

the bone surface, where they are in charge of bone resorption

[18]. Their location in close proximity with the so-called

endosteal niches, which are formed by osteoblasts and are

associated with HSPC maintenance [29], together with the

finding that they can promote degradation of niche
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components (CXCL12, stem cell factor and osteopontin) to

allow mobilization of HSPC during stress or in response to

cytokines [30], provided the first hint that BM macrophages

might regulate the activity of the hematopoietic niche.

A second population of BM macrophages does express

the F4/80 antigen and is maintained by self-renewal inde-

pendently of adult hematopoiesis [31]. By analyzing the

distribution of macrophages in the BM, Chang and col-

laborators [32] initially described a population of F4/80?

macrophages, which they named ‘‘osteomacs’’, that formed

a cellular canopy within the endosteal microenvironment

and participated in bone remodeling. More recent studies

have characterized these macrophages and showed that

they express common myeloid markers including CD11b,

CD68 and CD115 (the receptor for M-CSF/Csf1) [33–35].

Niche-trophic functions of BM macrophages

F4/80? macrophages in the BM act as a support for the

hematopoietic niche, since their depletion with clodronate-

loaded liposomes or by inducing macrophage-specific

death in a Csf1r-suicide gene mouse model results in a

marked and rapid mobilization of HSPC into the circula-

tion [33, 34]. F4/80? macrophages in the BM also express

the sialoadhesin CD169. Depletion of CD169-expressing

cells in mice resulted in a similar increase in HSPC in

blood [33]. Because the increase of HSPC in blood is

generally accepted to occur by reductions in the activity of

the hematopoietic niche in the BM, thereby leading to

progenitor release into the circulation [36, 37], these

studies suggested that specific niche components in the

marrow are functionally sustained by macrophages.

Studies over the past decade have contributed to better

define the cellular constituents of the hematopoietic niche.

Different ‘‘stromal’’ cell types within the BM provide an

optimal microenvironment that supports the maintenance

of HSC in areas near the endosteum (endosteal niche) and

around the vasculature (perivascular niche) (see Fig. 1).

These stromal cells include endothelial cells, osteoblasts,

reticular cells expressing high levels of CXCL12 (Cxcl12-

abundant reticular cells, or CAR cells; [38]), and perivas-

cular cells expressing high levels of hematopoietic cyto-

kines (including cells expressing the intermediate filament

Nestin or the Leptin receptor; [3, 39]). Histological studies

have shown that F4/80? CD169? macrophages are found

in close proximity to several types of niche cells, including

Nestin? cells [33], CAR cells [40] and osteoblasts [32, 34].

Functional studies have shown that depletion of these

macrophages causes rapid reductions in the number and/or

activity of niche cells; for example, upon macrophage

depletion, Nestin? cells rapidly and dramatically down-

regulate the expression of genes related to HSPC mainte-

nance, including Cxcl12, Kitl, Angpt1 and Vcam1 [33].

Although such transcriptional reductions were not found

for osteoblasts, in vitro studies showed that macrophages

are instead important for osteoblast development and

mineralization, and enhance their secretion of CXCL12

[32, 35], a chemokine that is critical for HSPC maintenance

[3]. A complementary confirmation of the importance of

macrophages in niche integrity was obtained in experi-

ments in which mice were treated with the granulocytic

cytokine G-CSF. This treatment, which cause dramatic

reductions in the number and activity of niche cells [35, 37,

41], also promoted exhaustion of the monocytic/macro-

phage lineage in the BM [42].

While these studies identified a role for macrophages in

maintaining the functional integrity of the hematopoietic

niche under steady-state or stress conditions, they have

provided little information about how macrophages carry

out their niche-trophic functions. Because BM macro-

phages are localized in the vicinity of niche cells [33, 34,

40], it is conceivable that they establish direct communi-

cation by cell–cell contacts, as recently proposed for other

niche cells in the BM [4, 43]. However, this possibility

requires further exploration. A compatible and more

plausible scenario is that factors secreted by macrophages

directly regulate the activity of niche cells. This idea is

supported by in vitro studies showing that protease-sensi-

tive factors secreted by macrophages enhance the produc-

tion of CXCL12 by BM stromal cells [33]. The identity of

this factor(s) remains unknown but analyses using macro-

phages deficient in IL-1, IL-10, IGF-1 or TNFa have ruled

out a single contribution by any one of these cytokines

[33]. Recently, a subset of monocytic/macrophage cells

expressing the a-smooth muscle actin has been shown to

promote the expression of Cxcl12 in perivascular Nestin?

cells through the production of prostaglandin E2 [44]. In

addition, activated macrophages can produce catechola-

mines [45], which have been shown to exert potent mod-

ulatory functions on Nestin? niche cells [39]. Thus,

multiple factors produced by macrophages may account for

their trophic effects on the hematopoietic niche and this

should become an important area of investigation.

The hierarchy of hematopoietic precursors ranges from

primitive, self-maintaining stem cells to more committed

progenitors, and recent studies have defined distinct niche

elements supporting each of these precursors [3]. Although

it is unknown whether macrophages may preferentially

support niches for different types of progenitors, there is

evidence that they are important in the development of

erythroid precursors. Red blood cells in the adult are

enucleated and are generated in specific niches in fetal

liver, red pulp of the spleen and adult bone marrow [46].

These niches are known as ‘‘erythroblastic islands’’, and

consist of a macrophage in the center surrounded by ery-

throid precursors at different stages of development [14]
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(Fig. 1). The macrophages in these erythroblastic islands

are in charge of engulfing the nuclei expelled by erythro-

blast precursors in the last stages of erythroid maturation.

Consistent with their central role in erythropoiesis, deple-

tion of CD169? VCAM-1? macrophages strongly reduces

the numbers of erythroblasts in the BM in the steady state,

and significantly delays erythropoietic recovery after

hemolytic or myeloablative stress. In this case, the trophic

effect of macrophages could be explained at least in part by

the production of BMP4 [47]. It remains to be defined

whether macrophages exert these effects exclusively

through direct effects on the precursors or by actions on a

putative ‘‘erythroid niche’’. Importantly, macrophages also

support erythropoiesis in a genetic model of polycythemia

vera [47], which suggests that macrophages participate in

malignant hematopoiesis.

Regulation of the hematopoietic niche by neutrophils

Neutrophils are innate immune cells committed to pro-

tection against bacterial and fungal pathogens [10].

Besides their known participation in the early phases of

inflammation, these granulocytes have been recently

involved in the homeostasis and function of other immune

cells, including the generation of marginal zone B cells in

the spleen, NK cells and the proliferation of T cells

[48–50]. In addition, the early immune functions of neu-

trophils have been recently reported to extend to chronic

inflammatory processes including those present in systemic

lupus and atherosclerosis, in which they have been shown

to sustain the long-term activation of plasmacytoid den-

dritic cells or the recruitment of activated platelets,

respectively [51, 52]. Thus, neutrophils are starting to be

viewed with a broader perspective beyond their role in

acute inflammation [10].

Neutrophil life and death

Neutrophils are the most abundant myeloid leukocytes

and are continuously produced in the BM in large

numbers. Approximately 107 neutrophils are produced

daily in mice [53] by differentiation from common

myeloid precursors [54], myeloblasts, promyelocytes and

Fig. 1 Local and remote regulation of hematopoietic niches by

neutrophils and macrophages. Schematic representation of niche-

modulating pathways involving macrophages and neutrophils in BM

and peripheral tissues. Niche-trophic and -reducing functions of

macrophages can be modulated by phagocytosis of cleared neutro-

phils both locally (BM) or remotely (in tissues), and involve

activation of cholesterol-sensing nuclear receptors (LXR). In the

BM, macrophages are also required for erythropoiesis. Question

marks (?) indicate pathways, target cells or signals that remain to be

identified. OB osteoblasts, EC endothelial cells, CAR CXCL12-

abundant reticular cells
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myelocytes (for further details refer to [55]). These

myeloid progenitors originate non-dividing metamyelo-

cytes, which can further differentiate into banded and,

finally, segmented-mature neutrophils [54]. This process

takes around 2.3 days in mice [56], and is finely tuned to

comply with the organism’s demands and storage avail-

ability. After maturing, neutrophils remain in the BM for

4–6 more days from where they can be rapidly mobi-

lized into the bloodstream. It is estimated that 90 % of

neutrophils reside in the BM while only 1–2 % are found

in blood in the steady state [57, 58], and various

mechanisms ensure that appropriate numbers of these

leukocytes are present in the circulation. The cytokine

G-CSF is responsible for promoting not only the differ-

entiation of myeloid precursors into neutrophils but also

their release into the bloodstream [35, 58]. Consequently,

mice and humans deficient in either G-CSF or its

receptor display profound neutropenia [59, 60]. Despite

extensive work over the last decade, the mechanisms by

which G-CSF induces the release of neutrophils from the

BM have not been fully elucidated. Recent advances,

however, have revealed that the balance between two

chemokines and their cognate receptors are crucial for

neutrophil release: the CXCR4–CXCL12 tandem medi-

ates the retention of neutrophils within the BM, whereas

CXCL1/CXCL2 signaling through their receptor CXCR2

promotes their release [61, 62].

A key feature when studying neutrophil biology is their

short lifespan. In the absence of inflammatory signals they

circulate for only a few hours [63], and their half-life in

blood has been estimated to be 12.5 h in mice and up to

5.4 days in humans [56]. Although some of these num-

bers are still under debate, there is consensus that this

short lifespan not only demands their continued produc-

tion and release from the BM but also generates the need

to dispose of very large numbers of neutrophils every day.

How neutrophils are cleared from the circulation is still

poorly understood, but this process is thought to be

important to protect the cardiovascular system from

potentially toxic cells. Recent work by us and others

revealed that, while in the circulation, neutrophils undergo

an ‘‘aging’’ process characterized by elevations in CXCR4

and CD11b and loss of CD62L/L-selectin from their

surface, reductions in size, and hypersegmentation of the

nucleus [40, 61]. Changes in these receptors likely

account for the increased tropism of aged neutrophils

towards the BM, although they also accumulate in the

liver and the spleen [40, 64, 65]. Interestingly, detailed

analysis of this phenomenon has revealed that the number

of total and CD62LLO CXCR4HI aged neutrophils in

blood, as well as their migration to the BM, varies during

the course of the day and follow tight circadian patterns

[40, 66].

Niche regulation by neutrophils

The possibility that neutrophils could influence the activity

of the hematopoietic niche was first proposed by Levesque

and colleagues a decade ago, while studying the mecha-

nisms of G-CSF- and chemotherapy-induced mobilization

of HSPC [67]. Two neutrophil-derived proteases, cathepsin

G and elastase, were found to accumulate in the BM of

cytokine-treated mice and to be able to cleave in vitro

several receptors and cytokines essential for HSPC reten-

tion, including VCAM-1, CXCR4 and CXCL12 [67–69].

Although these observations suggested that neutrophils

activated by G-CSF provided a proteolytic environment

that altered the HSPC-supportive properties of the BM,

further studies using protease-deficient mice discredited the

need for neutrophil-derived proteases during HSPC mobi-

lization, as these cells mobilized normally in response to

G-CSF in these mice [70]. More recent studies later

established that sympathetic neural signaling acting on

various cellular components of the niche (e.g., Nestin?

cells, osteoblasts and osteocytes) is critical for this process

[4, 39, 71, 72].

Besides mobilizing in response to cytokines or chemo-

therapeutic agents, HSPC have been known for many years

to be present in the circulation under steady-state condi-

tions [73–75]. It is remarkable that the levels of HSPC in

the circulation fluctuate during the course of a day and this

is caused by parallel circadian changes in the hematopoi-

etic niche elicited by adrenergic signals [37, 40]. Because

the clearance of neutrophils from blood and entry into the

BM follow circadian patterns similar to those reported for

HSPC [76], we speculated that both phenomena might be

causally linked. Indeed, we demonstrated that transfer of

purified neutrophils into mice causes a mild but rapid

increase in the number of HSPC in blood which correlates

with reductions in the number of CXCL12-producing niche

cells and total CXCL12 protein levels in the BM. Depletion

of circulating neutrophils, in contrast, promotes elevations

in the number of niche cells and CXCL12 protein levels,

resulting in enhanced retention of HSPC in the BM [40].

These modulating effects on the BM niche occur locally,

because the effects are lost in mice in which neutrophils

lack tropism to the BM by specific deletion of CXCR4 [61,

62]. As predicted by these findings, depletion of endoge-

nous neutrophils results in a complete loss in the circadian

fluctuation of HSPC in blood [40]. Because the sympa-

thetic nervous system influences the steady-state trafficking

of leukocytes into the BM [76], it is likely that the two

pathways (neutrophil clearance and adrenergic signaling)

act in coordination to regulate these time-dependent

changes in the hematopoietic niche. These recent findings

revealed that the clearance of aged neutrophils inside the

BM causes circadian reductions in niche activity and
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explain why the levels of HSPC in blood, like those of

neutrophils, undergo circadian variations.

Coordination of neutrophils and macrophages

for niche regulation

How neutrophils modulate the hematopoietic niche? Do

they act directly on niche cells or through intermediaries?

In vivo imaging of the calvarial BM showed that infiltrat-

ing neutrophils do not migrate towards CXCL12-producing

niche cells, but instead localize close to resident BM

CD169? macrophages [40]. Although not formally dem-

onstrated at the time, Rankin and colleagues proposed that

aged neutrophils are ultimately eliminated by phagocytosis

by BM-resident macrophages [64]. Subsequent experi-

ments in mice whose circulatory systems were conjoined

by parabiosis demonstrated that neutrophils from one

partner end up engulfed by BM macrophages from the

other partner [40]. In addition, depletion of BM macro-

phages completely abolishes the capacity of neutrophils to

reduce CXCL12 levels in BM and, remarkably, prevents

the circadian fluctuations of HSPC numbers in blood.

These findings established a unique coordination between

neutrophils and macrophages in the homeostatic control of

the hematopoietic niche, and showed that macrophages are

necessary intermediaries for the effects of neutrophils on

the hematopoietic niche.

Engulfment of apoptotic or senescent cells by macro-

phages triggers a series of intracellular events that are

important to dampen unwanted inflammatory responses

[77]. Among these events, activation of LXR receptors

(LXRa and b) –most likely by cholesterol derivatives

present in the engulfed cells- is involved in switching from

a pro- to an anti-inflammatory phenotype in macrophages

[78–80], a phenomenon with profound physiological

implications as illustrated by the development of chronic

inflammation and autoimmunity in mice lacking both LXR

receptors [81]. Interestingly, LXRa, but not LXRb, is

highly expressed in BM macrophages and CXCL12-pro-

ducing niche cells. Expression of the LXR-target genes

Abca1 and Mertk in BM macrophages fluctuates following

a temporal pattern that parallels neutrophil disappearance

from blood and that is sensitive to neutrophil depletion

[40], suggesting that phagocytosis of infiltrating neutrophil

causes LXR activation in BM macrophages. Notably,

treatment with the LXR agonist GW3965 can induce

mobilization of HSPC while transfer of neutrophils into

LXR-deficient mice fails to reduce CXCL12 levels in BM

or to mobilize HSPC [40]. These data demonstrated that

cholesterol sensors activated by phagocytosis of neutro-

phils initiate a program in resident macrophages that

prompts reductions in the activity and number of niche

cells in the BM, and promote the release of HSPC (Fig. 1).

While putative factor(s) produced by these BM macro-

phages that are responsible for niche regulation remains

unidentified, previous in vitro studies found that engulf-

ment of senescent neutrophils by BM-derived macrophages

can stimulate the secretion of G-CSF [64], a potent HSPC

mobilizing cytokine [36]. We have observed, however, that

in vivo blocking of this cytokine fails to disrupt the

homeostatic mobilization of HSPC (M.C. and A.H.,

unpublished data), suggesting that other mechanisms yet to

be identified mediate the niche-modulating activity of

macrophages.

The requirement of cholesterol-sensing receptors in

macrophages in these studies unveiled an intimate con-

nection between niche control and lipid metabolism. An

independent study found that hypercholesterolemia dis-

rupts CXCL12 gradients in vivo and triggers mobilization

of mature leukocytes and HSPC into blood [82]. In an

elegant series of studies, Yvan-Charvet et al. [42, 83] fur-

ther showed that cholesterol-efflux pathways mediated by

the ATP-binding cassette transporters Abca1 and Abcg1 in

LysM? or CD11c? myeloid cells were required to main-

tain balanced levels of G-CSF in plasma, homeostatic

numbers of HSPC, and niche functions of osteoblasts and

Nestin? niche cells. That mechanisms regulating intra-

cellular lipid levels are functionally connected with the

hematopoietic niche is puzzling and raises the possibility

that cholesterol-sensing mechanisms have evolved as an

alarm mechanism that triggers leukocyte and HSPC release

into tissues.

Remote regulation and peripheral niches

Although not fully addressed, there is evidence that elimina-

tion of neutrophils in tissues outside the BM may also be

important for niche regulation. Studies by Klaus Ley and

colleagues showed that impaired clearance of neutrophils in

adhesion-deficient mice causes neutrophilia [84]. These

studies found that senescent neutrophils are phagocytized by

macrophages and dendritic cells present in peripheral tissues,

including lung, spleen and mesenteric lymph nodes. In vitro,

phagocytosis of senescent neutrophils inhibits the production

of IL-23, a cytokine that promotes IL-17 production by subsets

of T cells, which in turn regulates G-CSF production [84].

Interestingly, recent data have shown that this feedback loop is

also controlled by LXRs. LXR-deficient mice present

impaired elimination of neutrophils, resulting in their accu-

mulation in blood, spleen and liver [85]. Using an in vitro

approach, the authors showed that in the absence of LXR

signaling the production of IL-23 is elevated in DCs and

results in an increase in IL-17 production by T cells. This

dysfunctional IL-23/IL-17/G-CSF axis might contribute to the
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neutrophilic phenotype found in these mice (Fig. 1). In

addition, the LXR-target gene Mertk appears to be important

in this process since mice deficient in this receptor or its ligand

Gas6 also display impaired neutrophil clearance [85]. Thus,

processes that resemble those characterized in the BM may

control hematopoietic niches remotely from peripheral tis-

sues, by the production of soluble factors such as G-CSF [42].

As indicated earlier, HSPC are also present outside the

marrow under steady-state conditions [37, 74, 75]. In

addition to blood, extramedullary HSPC can be found in

the steady state in liver [86], spleen [87, 88], adipose tissue

[89], muscle [90], thoracic duct lymph, lung and kidney

[91]. In at least some of these tissues HSPC are associated

with vascular structures that resemble to some extent the

niches reported in the BM [88]. These progenitors are not

static: extramedullary HSPC traffic through peripheral

organs over a period of about 36 h, after which they enter

draining lymphatics and return to blood and the BM [91].

Thus, there is a continuous trafficking of HSPC among the

BM, the circulation and peripheral organs.

Although the physiological function of peripheral HSPC

is still uncertain, there is growing evidence that they may

participate locally in immune responses. HSPC express

TLR2 and TLR4, which sense pathogens and can induce

differentiation into myeloid effector cells when activated

by agonists [92]. HSPC can also be recruited to inflamed

tissues as undifferentiated precursors and expand locally in

models of peritonitis, liver or skin injury [93–95]. In at

least some cases, HSPC are thought to transit through the

spleen for functional specification and differentiation to

contribute to atherogenesis and even tumor growth [96–

98]. Thus, the presence of HSPC in peripheral tissues is

functionally important and regulation of their levels may be

relevant in a number of immune and inflammatory pro-

cesses (reviewed in [99, 100]). Whether the persistence of

HSPC in extramedullary tissues reflects permanent resi-

dence within niche-like structures in these tissues, or

reflects continuous transit, it will be important to define the

contribution of macrophages (and possibly other innate

immune cells that are ubiquitously present in tissues) as

regulators of these ‘‘peripheral’’ niches.

Concluding remarks: dynamic regulators

of a dynamic niche

We have summarized here recent findings in a developing

field, and as such there are many initial observations that

need to be worked out in greater detail. Nonetheless, a key

conclusion from these early studies is that hematopoietic

niches are regulated by a network of innate immune cells

that are extremely dynamic. In the context of resident

macrophages, this dynamism refers to their heterogeneity

and ability to adapt to a changing environment (for

example in conditions of stress, such as anemia or infec-

tion) by secreting factors that maintain or restore organ

function. The regulation of the BM and the niches within is

in this regard, similar to that seen for the metabolic func-

tions in the liver or fat tissues, which are also regulated by

tissue-resident macrophages [8]. By acting on HSPC

directly, or most likely by regulating the number and

transcriptional activity of niche cells, resident macrophages

provide trophic signals to the hematopoietic niche as a

whole. It will be important in future studies to dissect the

nature of such signals and to identify the niche-trophic

factors which may prove beneficial in cases of marrow

dysfunction or to accelerate recovery from myeloablation.

Another aspect that deserves attention is the identifica-

tion of the developmental or environmental signals that

promote the generation and maintenance of BM macro-

phages. For example, transcription factors required for the

specification of macrophage subsets in the spleen, includ-

ing SpiC and LXRa, have been identified [16, 101] but

have not been reported yet in the case of BM macrophages.

Likewise, it will be interesting to determine the environ-

mental signals specific to the BM that promote the gener-

ation of these niche-sustaining macrophages, as they may

be altered in hematological disorders.

Neutrophils are also extremely dynamic, not only

because of the growing appreciation that they can also

display varying phenotypes and functions [102] but also

because their migratory nature allows them to infiltrate

multiple tissues both during inflammation and in the steady

state. In the steady state they follow a program of syn-

chronized clearance that, as discussed here for the BM, has

relevant functional consequences for niche modulation.

During inflammation, the sensitivity of neutrophils to

danger signals can lead to dramatic changes in their

migratory patterns [65], the consequences of which are

likely to have an impact on the hematopoietic niche. Given

the massive infiltration of the BM and other organs by aged

neutrophils in a rhythmic/circadian fashion, it will be

interesting to define the signals directly produced by these

cells that may have additional regulatory functions on

HSPC or niche components.

We propose that the active regulation of the hemato-

poietic niche by neutrophils and macrophages endows the

niche with the dynamic properties of the innate immune

system, and it will be exciting to follow how the mecha-

nistic insights gained from future studies of this dynamism

can be used for therapeutic gain by hematologists and stem

cell biologists.
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