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SUMMARY

Unique among leukocytes, neutrophils follow daily cycles of release from and migration back into

the bone marrow, where they are eliminated. Because removal of dying cells generates

homeostatic signals, we explored whether neutrophil elimination triggers circadian events in the

steady-state. Here, we report that the homeostatic clearance of neutrophils provides cues that

modulate the physiology of the bone marrow. We identify a population of CD62LLO CXCR4HI

neutrophils that have “aged” in the circulation and are eliminated at the end of the resting period in

mice. Aged neutrophils infiltrate the bone marrow and promote reductions in the size and function

of the hematopoietic niche. Modulation of the niche depends on macrophages and activation of

cholesterol-sensing nuclear receptors, and is essential for the rhythmic egress of hematopoietic

progenitors into the circulation. Our results unveil a process that synchronizes immune and

hematopoietic rhythms, and expand the ascribed functions of neutrophils beyond inflammation.
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INTRODUCTION

Neutrophils are the most abundant myeloid leukocytes in mammals, and are characterized

by a short lifespan of about 12 hours in mice (Basu et al., 2002). This unique feature

demands the elimination of large numbers of neutrophils every day, which have been

estimated to be in the order of 107 in mice and 1011 in humans (Furze and Rankin, 2008;

von Vietinghoff and Ley, 2008). In inflammatory scenarios, neutrophils recruited to injured

tissues are eventually cleared by macrophages, a process that contributes to resolving

inflammation and restoring homeostasis (Serhan and Savill, 2005; Soehnlein and Lindbom,

2010). In contrast, under non-inflammatory situations, neutrophils are preferentially

eliminated in spleen, liver and bone marrow (BM) (Furze and Rankin, 2008; Suratt et al.,

2001). Although the mechanisms of neutrophil death and subsequent elimination by

phagocytosis have been well characterized in vitro (Fadok et al., 1998; Luo and Loison,

2008; Savill et al., 1989), the properties and fate of circulating neutrophils that are

spontaneously cleared from the circulation remain to be elucidated.

Removal of dying cells serves not only to maintain organ size but also generates signals that

are essential to maintain homeostasis and immune fitness, as illustrated by the development

of autoimmune disease in mice that lack genes required for the elimination of apoptotic cells

(Henson and Hume, 2006; Serhan and Savill, 2005). Representative of this group of genes

are those coding for Liver X Receptors (LXRα and LXRβ), which are oxysterol-activated

transcription factors that sense elevated cellular cholesterol (Calkin and Tontonoz, 2012).

LXR receptors are important transcriptional regulators in macrophages that activate or

repress gene expression upon engulfment of apoptotic cells (Parzy et al., 2009), including

apoptotic neutrophils (Hong et al., 2012). Under steady-state conditions, efficient clearance

of neutrophils requires their active extravasation through adhesive pathways similar to those

used during inflammation, including endothelial selectins (Ley et al., 2007; Stark et al.,

2005). Studies in mice deficient in adhesion receptors established that impaired neutrophil

extravasation results in an imbalance in the homeostatic levels of G-CSF and enhanced

granulopoiesis, both of which could be normalized by transfer of wild-type apoptotic

neutrophils (Stark et al., 2005). These studies demonstrated that phagocytosis of neutrophils

was part of a homeostatic loop that controlled their own levels in blood. These studies also

suggested that neutrophil clearance might be a significant source of homeostatic signals able

to functionally modulate the tissues and organs where they are eliminated.

The BM is not only a major clearance site for dying neutrophils, but also the main

hematopoietic organ in adult mammals. Hematopoietic stem and progenitor cells (HSPC)

are maintained within the BM in association with different populations of stromal cells that

produce CXCL12 (Mercier et al., 2011), a chemokine that controls the migration to and

retention of HSPC within the BM through binding to its receptor CXCR4 (Peled et al., 1999;

Petit et al., 2002). Physiological regulation of these stromal components modulates HSPC

survival and trafficking, and is afforded by several mechanisms including sympathetic

innervation (Katayama et al., 2006; Mendez-Ferrer et al., 2008), signals derived from

macrophages (Chow et al., 2011; Winkler et al., 2010), hormonal stimulation (Calvi et al.,

2003), or cholesterol efflux pathways (Westerterp et al., 2012). Reductions in the number or

function of these stromal elements cause the release of HSPC from the BM into the
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bloodstream (Adams et al., 2007; Mendez-Ferrer et al., 2008; Mendez-Ferrer et al., 2010;

Omatsu et al., 2010; Semerad et al., 2005) and into tissues, where they participate in

regenerative or immune processes (Laird et al., 2008; Massberg et al., 2007). Notably, the

capacity of the BM to host HSPC varies during the day; circadian reductions in the

production of CXCL12 in BM during the early resting period of mice correlate with

increases of HSPC in the circulation (Mendez-Ferrer et al., 2008). The BM also presents

circadian changes in the expression of endothelial selectins and VCAM-1, a process that

favors the immigration of circulating leukocytes at night (Scheiermann et al., 2012). Thus,

the BM is uniquely characterized by non-overlapping cycles of infiltration of mature

leukocytes and emigration of immature/stem cells.

Here, we have hypothesized that the physiological clearance of neutrophils within the BM

triggers signals that modulate the hematopoietic niche and promote the ensuing cycles of

HSPC release. We report that neutrophils that physiologically age in blood migrate to the

BM at the end of the resting period in mice, are engulfed by macrophages, and modulate the

size and function of the hematopoietic niche in an LXR-dependent manner. We show that,

through this mechanism, neutrophils regulate the homeostatic trafficking pattern of

hematopoietic precursors and allow synchronization of immune and hematopoietic rhythms.

RESULTS

Neutrophil aging and clearance from blood

We initially sought to identify neutrophils that have remained the longest in the circulation

and are primed for clearance (herein referred to as aged neutrophils). BM-derived

neutrophils senesced ex vivo upregulate the expression of CXCR4, the receptor for CXCL12

which mediates their retention within and homing back to the BM (Eash et al., 2010; Eash et

al., 2009; Martin et al., 2003; Suratt et al., 2001). In contrast, CD62L levels decrease as

neutrophils transit in the circulation (Van Eeden et al., 1997). Using these markers, we

detected a small subpopulation of Ly6G+ neutrophils in blood that expresses relatively low

levels of CD62L and high levels of CXCR4 (CD62LLO CXCR4HI) (Figure 1A). The

CD62LLO CXCR4HI subset of neutrophils was markedly expanded in the blood of mice in

which extravasation was prevented by genetic deficiency in endothelial selectins (PEdKO

mice) or fucosyltransferase 7 (Fut7−/−), an enzyme required for the synthesis of functional

selectin ligands (Frenette et al., 1996; Maly et al., 1996) (Figure 1A–B). Experiments using

parabiotic mice showed that the CD62LLO phenotype in these mice was not due to cytokines

or other factors present in their plasma (Figure S1A), which suggested that this subset

represents physiologically aged neutrophils that remained trapped in the circulation of

adhesion-deficient mice. To assess whether the CD62LLO CXCR4HI cells represent bona

fide aged neutrophils, we transferred CD45.1+ CD62LHI neutrophils into CD45.2+ wild-type

mice. CD62LHI cells gradually converted into CD62LLO cells so that by 8 hours CD62LHI

cells had virtually disappeared from blood; in contrast, transfer of CD62LLO cells derived

from PEdKO mice did not yield CD62LHI neutrophils and their number progressively

declined (Figure 1C). In both cases, transferred neutrophils increased the expression of

surface CXCR4 over time (Figure 1D), which confirmed the upregulation of this receptor

during aging. To track the fate of endogenously produced neutrophils, we metabolically
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labeled myeloid precursors by injecting BrdU into wild-type mice in which neutrophil

extravasation was prevented by blocking endothelial selectins with antibodies (Figure S1B).

Forty-eight hours after labeling the majority of BrdU+ neutrophils that first appeared in

blood was CD62LHI and gradually became CD62LLO (Figure 1E). In vivo biotinylation of

circulating cells confirmed that newly released, non-biotinylated neutrophils were CD62LHI

(Figure S1C). Thus, Ly6G+ CD62LLO cells are a population of physiologically aged

neutrophils, while the Ly6G+ CD62LHI subset identifies those recently released from the

BM. Importantly, circulating CD62LLO neutrophils did not show evidence of apoptosis

(Figure S1D–E) and presented higher surface levels of other receptors involved in cell

trafficking, including the integrins CD11b and CD49d (Figure S1F), suggesting an enhanced

migratory capacity of these cells. The morphology of aged neutrophils was characterized by

a marked nuclear hypersegmentation (Figure 1F) and reduced forward and side scattering

properties compared to the CD62LHI subset (Figure S1G), indicating changes in cell size

and granularity during aging in blood. In agreement with the increased number of CD62LLO

neutrophils, a large fraction of circulating neutrophils was hypersegmented in adhesion-

deficient mice (PEdKO and Fut7−/− mice; Figure 1F).

Leukocyte levels in blood are known to rhythmically oscillate during light-dark cycles

(Haus et al., 1983). Absolute neutrophil counts in blood also followed circadian fluctuations,

with cycles that suggested a period of active release between zeitgeber times (ZT) 17 and 5

(i.e., 17 and 5 h after initiation of light in a 12h light:12h dark regime), and a period of

clearance between ZT5 and 13 (Figure 1G). The levels of CD62LLO CXCR4HI neutrophils

in the circulation also followed tight circadian fluctuations, with an acrophase at ZT5

immediately before the clearance phase (Figure 1G). Notably, the observations that at ZT17

virtually all neutrophils are CD62LHI (Figure 1G), and that CD62LLO do not generate

CD62LHI cells (Figure 1C), imply that cleared CD62LLO CXCR4HI cells do not return to

the circulation.

Migrating neutrophils modulate the hematopoietic niche

Because aged neutrophils are rhythmically eliminated from the circulation, we investigated

their impact on the physiology of organs where clearance preferentially occurs. We chose to

study the BM, a major clearance organ for neutrophils (Furze and Rankin, 2008), because

daily fluctuations similar to those described here have been reported for the hematopoietic

stem cell (HSC) niche (Mendez-Ferrer et al., 2008), and these could be influenced by the

rhythmic clearance of neutrophils (Figure 1G). Inside the BM, HSC and progenitor cells

(HPC) are maintained in association with various stromal cell populations, which have been

functionally shown to provide niches for their survival and retention (Mercier et al., 2011).

Depletion of defined cellular niche elements, including CXCL12-abundant reticular cells

(CAR cells), nestin+ mesenchymal progenitors or osteoblasts, result in egress of HSPC from

the BM (Mendez-Ferrer et al., 2010; Omatsu et al., 2010; Visnjic et al., 2004). In addition,

conditional deletion of Cxcl12 from distinct stromal subsets promotes the differential release

of HSC or HPC to the periphery (Ding and Morrison, 2013; Greenbaum et al., 2013). Using

Cxcl12-Gfp reporter mice (Sugiyama et al., 2006), we found that the number and frequency

of CD45/TER119/CD31NEG GFPHI CAR cells underwent changes during the day (Figure

2A), indicating circadian variations in niche size. We thus investigated whether neutrophil
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clearance influenced the cellular or molecular constituents of the hematopoietic niche in the

BM. To this end, we depleted circulating neutrophils by injection of anti-Ly6G antibody

before analyzing the BM of Cxcl12-Gfp reporter mice at ZT5. Neutrophil depletion

increased the number of CD45/TER119/CD31NEG GFPHI CAR cells (Figure 2B) and

osteoblast-enriched CD45/TER119NEG GFPLO cells (Omatsu et al., 2010) (Figure S2A),

without changes in total BM cellularity (Figure 2B). The increase in niche cell number was

paralleled by elevations in protein and transcript levels of CXCL12 in the BM of neutrophil-

depleted mice (Figure 2C). In contrast, neutrophil depletion in Nestin-Gfp mice did not

change the number of Nestin+ niche cells (Figure S2A). BrdU-labeling analyses showed that

the increase in CXCL12-expressing cells was in part due to elevated proliferation rates

(Figure S2B), while there was not upregulation of Cxcl12 transcripts in these cells (Figure

S2C). These results reveal that niche size is modulated by neutrophils, with varying effects

on different niche components.

CXCL12 is critical for the retention of HSPC within the BM, and physiologically- or drug-

induced reductions in the level of this chemokine correlate with HSPC mobilization

(Mendez-Ferrer et al., 2008; Petit et al., 2002). Consistent with this notion, neutrophil-

depleted mice presented a ~60% reduction of HPC in blood at ZT5, as determined by

colony-forming units in culture (CFU-C; Figure 2D) and flow cytometric analyses of

LineageNEG/Sca-1+/cKit+/Thy1LO/Flk2NEG (LSKTF) precursors (Figure S2D). Long-term

repopulating HSC, assessed in competitive reconstitution assays over 16 weeks, were also

reduced in the blood of neutrophil-depleted mice (Figure 2E–F). These reductions in blood

were mirrored by an increase in the number of progenitors in BM (Figure 2D). In contrast,

depletion of T cells with an anti-CD4 antibody failed to alter progenitor levels in blood or

BM (Figure 2D). Thus, neutrophil depletion alters the distribution of hematopoietic

precursors between the BM and the peripheral circulation. Interestingly, neutrophil depletion

failed to alter CFU-C numbers in the blood of Fut7−/− mice (Figure S2E), indicating that

antibody-treatment was not toxic for hematopoietic precursors and suggesting that active

neutrophil trafficking was required for niche modulation.

We next transferred BM-derived neutrophils senesced ex vivo (Martin et al., 2003; Stark et

al., 2005) into Cxcl12-Gfp or wild-type mice, at doses similar to those physiologically

cleared in vivo (106 cells/mouse; Figure 1G). Analysis of the BM of recipient mice 12 h after

transfer (ZT1) revealed mild reductions in the number of CAR cells (Figure 3A), and a

modest but significant reduction in CXCL12 protein levels (Figure 3B). This correlated with

a 2.4-fold increase in the number of both CFU-C and LSKTF precursors in blood (Figure 3C

and S3A), while we did not find changes in the numbers of mature leukocytes (Figure S3B).

Importantly, a similar effect was obtained by transfer of blood-derived CD62LLO

neutrophils, but not when total blood leukocytes depleted of neutrophils were transferred

(Figure 3C).

To determine whether chronic exposure to elevated numbers of aged neutrophils could also

modulate BM niches, we conjoined the circulation of wild-type GFP+ mice and PEdKO

mice by parabiosis. After one month, the number of circulating progenitors of wild-type

origin (identified by expression of GFP in CFU-C) was elevated 3-fold in the mixed pairs

relative to pairs composed of only wild-type animals, whereas we found no changes in
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circulating CFU-C in the PEdKO partners (Figure 3D and Figure S3C). The elevation in

circulating progenitors in the wild-type partner could not be attributed to the presence of

mobilizing factors derived from the PEdKO partner (e.g., G-CSF) or by passive overload of

the circulation with neutrophils because these changes did not occur when the partners were

Fut7−/− mice (Figure 3D), which display neutrophil counts and G-CSF levels in blood

similar to PEdKO mice (Figure S3D), but whose neutrophils present impaired migration in a

wild-type environment (Figure S2F and (Maly et al., 1996)). These data demonstrate that

both acute and chronic elevations in circulating neutrophils promote the release of HPC into

blood, while their depletion promotes their retention in the BM.

Neutrophils modulate the hematopoietic niche locally, and reduce its capacity to attract
HPC

Migration of neutrophils into the BM is mediated by CXCR4 (Eash et al., 2009; Martin et

al., 2003; Suratt et al., 2004). To assess the requirement for CXCR4-mediated homing in

niche modulation, we generated mice with myeloid-restricted deficiency in this receptor by

crossing LysM-Cre and Cxcr4flox/flox mice (referred herein as MR4 mice; Figure S3E). As

expected, MR4-derived neutrophils failed to infiltrate the BM, but not liver or spleen (Figure

S2F), and featured an aged-like phenotype characterized by low levels of CD62L, nuclear

hypersegmentation and high levels of CD11b (Figure S3F–H). Importantly, despite their

marked neutrophilia (Figure S3F), MR4 parabionts were unable to increase the levels of

circulating progenitors in their wild-type partners (Figure 3D), suggesting that neutrophils

need to infiltrate the BM in order to modulate the hematopoietic niche.

Because the hematopoietic niche is comprised of multiple molecules and cell types that are

only partially characterized (Mercier et al., 2011), we decided to assess functional changes

in the niche using homing and mobilization assays, which rely on the niche’s capacity to

attract or retain HSPC, respectively. Using intravital imaging and flow cytometry, we found

that homing of 32D myeloprogenitor cells and LSK progenitors into the calvarial or femoral

BM was increased by ~40% in neutrophil-depleted mice (Figure 4A–C). Notably, homed

cells exclusively infiltrated areas enriched in CAR cells (Figure 4D and Movie S1), which

further supported the functional relevance of the increased CAR cell number after neutrophil

depletion (Figure 2B). Mobilization of CFU-C was also increased by 40% in neutrophil-

depleted mice treated with the CXCR4 antagonist AMD3100 (Broxmeyer et al., 2005)

(Figure 4E). While the increased homing can be readily explained by the elevation in

CXCL12-producing cells and chemokine levels in the BM after neutrophil depletion (Figure

2B–C), the enhanced mobilization is likely due to an increased number of “mobilizable”

HPC in neutrophil-depleted mice (Figure 2D). Altogether, these results indicate that

neutrophils that emigrate from blood in a selectin-and CXCR4-dependent manner modulate

the composition and function of the hematopoietic niche under homeostatic conditions.

BM macrophages attract infiltrating neutrophils and are necessary for niche modulation

Since the parabiosis experiments (Figure 3D) suggested a requirement for neutrophil

migration into the BM for niche modulation, we used high-resolution imaging to investigate

possible mechanisms at work within this organ. We performed laser-scanning cytometry to

image the localization of homed DsRed+ neutrophils within whole femoral sections of
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Cxcl12-Gfp recipient mice (Figure 5A). Both BM-derived senescent neutrophils or blood-

derived CD62LLO neutrophils migrated to the vicinity of BM-resident macrophages, with

40% of neutrophils found in direct contact with CD169+ macrophages and 78% within 20

μm (Figure 5A–B). In contrast, we could not detect preferential migration near CAR cells or

endosteal surfaces (Figure 5B). Multiphoton microscopy of the calvarial BM of live mice

injected with DsRed+ neutrophils confirmed that homed neutrophils establish dynamic and

frequent interactions with BM-resident macrophages but not CAR cells (Figures 5C and

S4A, and Movie S2). This behavior suggested that aged neutrophils that home to the BM

may be eventually engulfed by macrophages, which is consistent with previous reports

(Furze and Rankin, 2008). Because the relatively low number of events in our sections did

not allow us to unequivocally identify neutrophils engulfed by BM macrophages, we set up

a flow cytometry-based assay to quantify this process. We transferred purified CD62LLO

and CD62LHI neutrophils labeled with CFSE into wild-type mice and 4 hours later

monitored the number of fluorescent cells in the Gr1+ F4/80NEG and Gr-1NEG F4/80HI

fractions of the BM, which represent homed and macrophage-engulfed neutrophils,

respectively (Figure S4B). About 8% of homed neutrophils were associated with

macrophages, and 0.4% of BM macrophages had engulfed neutrophils. Notably, although

both neutrophil subsets homed equally to the BM, CD62LLO cells were engulfed 73% more

efficiently than CD62LHI neutrophils (Figure 5D), indicating preferential phagocytosis of

aged neutrophils once they enter the BM. Additional experiments in parabiotic mice set

between WT and LysM-GFP mice revealed physiological clearance of circulating

neutrophils in the BM, and their engulfment by BM macrophages in the steady-state (Figure

S4C).

The migration of aged neutrophils towards, and engulfment by resident macrophages raised

the possibility that modulation of the BM niches took place through the activity of

macrophages rather than by neutrophils acting directly on niche components. To test this

possibility, we depleted macrophages by injection of clodronate-loaded liposomes followed

by a 10 day recovery period. This regime allowed efficient depletion of macrophages in BM

while preserving neutrophil and monocyte numbers (Figure S4D). Under these conditions,

transfer of aged neutrophils failed to elicit changes in the levels of CXCL12 protein in BM

or CFU-C numbers in blood (Figure 5E), thus confirming that macrophages are required for

the niche-modulating effect of neutrophils.

Requirement of LXR receptors for niche modulation

LXR nuclear receptors have been identified as important mediators in the transcriptional

modulation of macrophages that engulf apoptotic cells (A. Gonzalez et al., 2009; Hong et

al., 2012). Within the BM, we detected expression of the LXR-encoding genes in stromal

and CXCL12-producing cells and, among the hematopoietic cells tested, expression was

predominant in macrophages (Figure S5A). To determine whether LXR activation might

underlie niche modulation during neutrophil clearance, we first analyzed expression of LXR

target genes in the BM during light-dark cycles. The transcript levels for Abca1 and Mertk,

two LXR target genes involved in cholesterol efflux and phagocytic uptake (Parzy et al.,

2009), respectively, showed fluctuations in antiphase with those of circulating neutrophils,

with transcript levels increasing as neutrophils disappeared from blood (Figure 6A), and
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preceding the decline in Cxcl12 transcript levels in BM (Figure S5B). To determine whether

LXR activation was sufficient to promote reductions in niche activity and egress of

progenitors into blood, we treated mice with the synthetic LXR agonist GW3965 (Collins et

al., 2002). This treatment resulted in reduced transcript levels of Cxcl12 and the expected

increase in Abca1 transcripts in the BM, and an increase in progenitors in blood at ZT1

(Figure 6B) that was similar to that elicited by neutrophil transfer (Figure 3C). To

unambiguously test the requirement of LXRs for the modulatory effect of neutrophils on the

niche, we injected aged neutrophils into LXRαβ-deficient mice. Although niche-modulating

macrophages were present in these mice (Figure S5C), neutrophil transfer failed to alter

blood CFU-C or CXCL12 protein levels in the BM (Figure 6C). In addition, we noted that

LXR-deficient mice showed a moderate elevation in the baseline number of circulating

progenitors (Figure 6C), raising the possibility that mice with altered progenitor distribution

were refractory to modulation through neutrophil clearance. However, mice deficient in

Fut7, which display similarly elevated levels of circulating precursors, further increased the

numbers of blood CFU-C when injected with wild-type neutrophils (Figure S5D), indicating

that the impaired response in LXR-deficient mice was directly related to the absence of

these receptors. Interestingly, expression of the LXR-target gene Abca1 was highest in

macrophages among all BM cell populations tested (Figure S5E), and the expression of both

Abca1 and Mertk was strongly modulated during neutrophil clearance in engulfing

macrophages (Figure S5F–I), suggesting a role for macrophage-borne LXR in niche

modulation upon neutrophil clearance.

Neutrophil clearance triggers the homeostatic release of HPC

We finally investigated the context in which niche modulation through neutrophil clearance

might be physiologically relevant. Given the moderate alterations in hematopoietic niche

parameters and in progenitor distribution induced by neutrophil transfer or depletion, we

predicted that homeostatic variations in these values, rather than those associated with

inflammation, might be influenced by the physiological clearance of aged neutrophils.

Particularly fitting with this prediction are the natural circadian variations in CXCL12 levels

in the BM which correlate with the rhythmic egress of HSPC into blood (Mendez-Ferrer et

al., 2008). Indeed, we found that the disappearance of neutrophils from blood preceded by

~8h the rise of CFU-C levels in the circulation (Figure 7A). To causally connect neutrophil

clearance with homeostatic niche fluctuations and progenitor release, we measured changes

in the transcription of LXR targets in the BM and the number of circulating progenitors at

ZT5 and ZT13, in mice previously depleted of neutrophils or macrophages. Depletion of

either cell population blunted the normal rhythms of LXR target gene expression (Abca1) in

the BM and of progenitors in blood (Figure 7B–D), confirming that neutrophil clearance

underlies the homeostatic rhythmicity in the hematopoietic niche and leads to progenitor

release into the circulation.

DISCUSSION

We have used a combination of surface markers to identify and track the kinetics of a

population of aged neutrophils, which we define as those that have accumulated specific

phenotypic changes while in the circulation of unperturbed mice, and that are prepared to be
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cleared from blood. The appearance and elimination from the circulation of these cells

followed circadian cycles that preceded those occurring in the hematopoietic niche. Through

imaging, pharmacological and genetic approaches we show that the circadian clearance of

neutrophils within the BM cause reductions in the size and function of the hematopoietic

niche and promote the release of HPC into the periphery (summarized in Figure 7E). Our

findings reveal a mechanism by which the immune system sets rhythms in the hematopoietic

niche that favor patrolling of peripheral tissues by HPC in the absence of injury.

Redefining neutrophil aging and clearance

Although essential to protect against pathogens, the detrimental role that neutrophils can

have on vascular integrity explains the need to eliminate and renew the circulating pool of

neutrophils with a high frequency. In theory, elimination of undesired cells may be

accomplished by intrinsic changes within the cells, by changes in the environment, or both.

Our data reveals that neutrophils undergo intrinsic changes during aging that include loss of

CD62L and increase of CXCR4 on the cell surface (Figure 1A). While it is unlikely that

reductions in CD62L are sufficient to trigger clearance (Van Eeden et al., 1997), increased

levels of CXCR4 may facilitate migration into or within the BM. Using BM-derived

neutrophils senesced in vitro, previous studies found time-dependent increases in surface

CXCR4 that promoted their selective migration into BM (Martin et al., 2003). In contrast,

we find that the increased levels of CXCR4 do not confer a BM-homing advantage of

CD62LLO over CD62LHI neutrophils (Figure 5D). Once inside the BM, however, CD62LLO

neutrophils migrated towards and are preferentially engulfed by macrophages (Figure 5C–

D), which are a potential source of CXCL12 (Sanchez-Martin et al., 2011). Thus, although

not explored here, age-associated changes in the repertoire of migratory receptors may

program neutrophils for migration towards specific areas of phagocytosis rather than to

specific tissues. In agreement with this possibility, we find a small but consistent reduction

in the surface levels of CD47 in the CD62LLO population (Figure S1F), which may favor

phagocytosis of aged neutrophils (Jaiswal et al., 2009). These findings argue that ex vivo

senesced BM-derived neutrophils may not faithfully recapitulate the biology of those

naturally aged in blood. Use of the simple combination of surface markers reported here to

purify or track these cells should allow a better characterization of bona fide aged

neutrophils. It is also noteworthy that the profile of CD62L and CD11b in aged neutrophils

(Figure S1F) resembles that induced by activating stimuli (Kishimoto et al., 1989),

suggesting that aging may be a form of programmed activation that uses signaling pathways

common to those elicited during inflammation.

In addition to cell-intrinsic changes, clearance may be induced by environmental factors.

This could be accomplished if the vasculature and tissues promoted leukocyte recruitment

when the levels of these cells in blood are maximal (i.e., starting at ZT5). This possibility

fits with the observation that the levels of homing receptors in the microvasculature display

circadian increase from ZT5 to ZT13 and favor leukocyte migration at these times

(Scheiermann et al., 2012). Thus, it is likely that both cell-intrinsic and environmental

changes cooperate for the efficient clearance of neutrophils during homeostasis.
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Neutrophil clearance as a regulator of the hematopoietic niche

In mice with disrupted neutrophil trafficking, transfer and subsequent phagocytosis of wild-

type apoptotic neutrophils restores neutrophilia by curbing the production of G-CSF (Stark

et al., 2005). Because G-CSF is a prominent HSPC-mobilizing cytokine (Papayannopoulou,

2004), we were initially surprised to find that transfer of aged or apoptotic neutrophils into

wild-type animals increased the number of circulating progenitors (Figure 3C). A possible

explanation for these unexpected results is the presence of subclinical inflammation in

adhesion-deficient mice, likely originating from their susceptibility to recurrent infections

(Frenette et al., 1996). In the context of our study, inflammation may cause important

deviations from the steady-state which can influence the effect of neutrophils on the

hematopoietic niche, including increased levels of mobilizing cytokines (Frenette et al.,

1996; Stark et al., 2005), inhibition of neutrophil death (Dibbert et al., 1999), and changes in

the migratory pattern of neutrophils (Suratt et al., 2001). Illustrating the changes in niche

regulation between the steady-state and inflammation, we have found that while transfer of

aged neutrophils into Fut7−/− mice maintained under specific pathogen-free barrier

conditions caused increases in blood HPC (Figure S5D), the same treatment triggered

reductions in mice housed under non-barrier conditions (M.C-A. and A.H., unpublished

observations). In our experiments, the contribution of plasma G-CSF in the homeostatic

release of HPC induced by neutrophil clearance was ruled out by the parabiosis experiments

(Figures 3D and S3D), and by the inability of G-CSF blockade to alter the circadian pattern

of circulating progenitors (data not shown). Thus, whereas systemic elevations in cytokines

may trigger massive egress of HPC during inflammation, we propose that mobilizing stimuli

are missing in the steady-state and that infiltration of aged neutrophils is sufficient to

generate mild but physiologically relevant mobilizing signals within the BM.

We find that macrophages and LXRs are essential components for the modulation of the

hematopoietic niche by cleared neutrophils (Figures 5E and 6C). Macrophages have been

shown to support the function of the hematopoietic niche through the production of

undefined protein factors (Chow et al., 2011; Winkler et al., 2010). Identification of these

factors will be important to assess how engulfment of aged neutrophils by macrophages

ultimately modulates this niche. Because LXRs mediate important transcriptional and

functional changes after phagocytosis of apoptotic cells (A. Gonzalez et al., 2009), we

predicted that engulfment of dying neutrophils might result in activation of these nuclear

receptors in BM macrophages. Although we find that LXR target genes are robustly

modulated in BM macrophages during neutrophil clearance (Figure S5F–H) and that

macrophage depletion blunts the rhythmic oscillations of these genes in the BM (Figure 7D),

we cannot exclude that LXR receptors in other BM populations are required for the

circadian modulation of the hematopoietic niche. In addition, because myeloid-specific

expression of cholesterol transporters regulates progenitor mobilization (Westerterp et al.,

2012), it will be important to determine whether cholesterol efflux or other cellular

processes controlled by LXRs are required for their niche-modulating functions.

Our data demonstrates that the circadian release of HPC in the steady-state is governed by

signals originating upon neutrophil clearance. Importantly, physiological mobilization of

progenitors also requires adrenergic signals provided by the sympathetic nervous system
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(Mendez-Ferrer et al., 2008). Although at present we do not know whether and how these

signals may integrate, it is possible that they cooperate for the homeostatic mobilization of

HPC. Since adrenergic signals have also been shown to modulate the expression of adhesion

receptors in the BM microvasculature and to control the circadian influx of leukocytes into

the BM (Scheiermann et al., 2012), it is conceivable that they promote neutrophil clearance

and the ensuing downstream events reported here. In addition, because CXCL12-producing

cells can be regulated by both signals, and recent studies have revealed that distinct Cxcl12-

expressing stromal cells control the retention of HSC or HPC (Ding and Morrison, 2013;

Greenbaum et al., 2013), it will be important to better define which specific niche cells are

targeted during neutrophil clearance.

What might be the physiological significance of hematopoietic niche modulation by

neutrophil clearance? Neutrophils are highly migratory leukocytes and are extremely

sensitive to changes in the environment (e.g., trauma or infections), and respond to injury by

extending their life-span and by losing tropism for the BM (Dibbert et al., 1999; Suratt et al.,

2001). Therefore, an attractive possibility is that circulating neutrophils function as sensors

of the organism’s status, such that normal migration of dying neutrophils into the BM

reports that no injury has occurred. Even in these injury-free conditions, the need to

maintain basal levels of extramedullary progenitors endowed with regenerative or immune-

surveilling functions (Laird et al., 2008) could be satisfied through clearance-induced

mobilization.

In a broader context, we propose that the massive numbers of neutrophils that are cleared

every day modulate macrophage activity in tissues outside the BM. Thus, it will be

important to understand whether, and how, aged neutrophils dictate the function of other

specialized niches and fundamental homeostatic processes throughout the organism.

EXPERIMENTAL PROCEDURES

Mobilization assays

Mice were intravenously injected with the indicated doses and types of cells at ZT13. Blood

and tissue samples were harvested at ZT1. For mobilization with AMD3100 (Tocris; Bristol,

UK), mice were injected intraperitoneally with a dose of 2.5 mg/kg at ZT5 and samples

harvested one hour later. For mobilization with the LXR agonist GW3965, mice were fasted

(4 hours prior and during treatment with GW3965) and intraperitoneally injected at ZT13

with 10 mg/kg of the agonist dissolved in a 10% solution of DMSO in saline or vehicle

alone, and blood and BM samples were collected at ZT1. For mobilization with clodronate,

mice were injected with 250 μl of clodronate-loaded liposomes intravenously at ZT15, and

blood was harvested 14 hours later (ZT5). Blood counts were obtained using an Abacus

automated counter (Diatron; Holliston, USA).

Protocols for parabiosis experiments, long term reconstitution assays, flow cytometry,

homing assays, immunofluorescence experiments, intravital imaging, chemokine

quantification and other methods as well as additional details and are provided in the

Extended Experimental Procedures section of the Supplemental Information.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Neutrophils undergo a process of aging during their lifetime in circulation.

• Neutrophil clearance reduces the size and function of the hematopoietic niche.

• Macrophages and LXR receptors mediate changes in the niche.

• Neutrophil clearance triggers rhythmic release of progenitors during

homeostasis.
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Figure 1. Phenotype and kinetics of aged neutrophils in blood
(A) Flow cytometric analysis of CD62L and CXCR4 expression in Ly6G+ blood

neutrophils. n=5 mice.

(B) Number of CD62LLO neutrophils in the blood of WT, PEdKO and Fut7−/− mice. n=8–

18.

(C) Scheme of transfer experiments of CD62LLO CD45.2+ and CD62LHI CD45.1+

neutrophils into GFP+ mice. Graphs show the absolute number of CD62LHI or CD62LLO

neutrophils derived from donor cells at different times after transfer. Insets show the relative

changes of each population. n=5 mice. Statistics are vs. t = 5 min.

(D) Intensity of CXCR4 expression in CD62LHI and CD62LLO neutrophils 5 and 480 min

after transfer. n=5 mice.

(E) Density plots and frequencies of CD62LHI and CD62LLO neutrophils among Ly6G+

BrdU+ cells at different times post-labeling. n=5 mice. Statistics are vs. 48h. See also Figure

S1B.

(F) Bright-field micrographs of sorted CD62LHI and CD62LLO blood neutrophils (scale bar,

10 μm), and frequency of hypersegmented neutrophils in blood. n=3–4 mice.

(G) Cytometry plots showing CD62L and CXCR4 expression in blood neutrophils at

different times of the day. Indicated also are the mean percentage ± s.e.m. of CD62LLO cells

out of total neutrophils at each time. The right graph shows the number of total, CD62LHI

and CD62LLO neutrophils at the same times. Colored boxes highlight periods of clearance

and release. n=5–9 mice. Statistics are vs. ZT5. Data are shown as mean ± s.e.m. *P<0.05,

**P<0.01, ***P<0.001. See also Figure S1.
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Figure 2. Circadian changes of the hematopoietic niche and modulation by neutrophil depletion
(A) Number and percentage of CAR cells in the BM of Cxcl12-Gfp mice at ZT1 and ZT9.

n=8 mice per group.

(B) Representative plots and relative number of total nucleated cells (BMNC) and CAR cells

(green regions) in the BM of Cxcl12-Gfp mice depleted (1A8) or not (rIgG) of neutrophils.

BM samples were analyzed at ZT5. n=9 mice.

(C) CXCL12 protein and transcript levels in the BM of the groups shown in (A). n=7–9

mice.

(D) CFU-Cs in blood and number of LSK progenitors in femurs of mice treated with

antibodies to deplete neutrophils (1A8), T cells (GK1.5) or control rIgG. Blood samples

were analyzed at ZT5. n=5–16 mice.

(E) Strategy for the competitive long-term reconstitution assays.

(F) Percentage of blood leukocytes derived from long-term repopulating HSC present in the

blood of control (rIgG) or neutrophil-depleted (1A8) donor mice in transplanted mice over

sixteen weeks. Data from a representative experiment with 5 mice.

Data are shown as mean ± s.e.m. *P<0.05, **P<0.01. See also Figure S2.
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Figure 3. Modulation of the hematopoietic niche by neutrophil transfer
(A) Representative plots and relative number of BMNC and CAR cells (green regions) in

the BM of Cxcl12-Gfp mice injected with saline or with neutrophils. BM samples were

analyzed at ZT1. n=7–10 mice.

(B) CXCL12 protein levels in WT mice treated as in (A). n=10–14 mice.

(C) CFU-Cs in the blood of mice treated with BM- or blood-derived neutrophils, or blood

leukocytes depleted of neutrophils (no PMN). Blood samples were analyzed at ZT1. Note

that the baseline levels of CFU-C in blood differ with the neutrophil-depletion experiments

(Figure 2D) because samples were collected at different times of the day, ZT5 and ZT1,

respectively. n=6–14 mice.

(D) Scheme of parabiosis experiments, and number of blood CFU-C derived from GFP+ WT

mice after one month. n=5–12 pairs.

Data are shown as mean ± s.e.m. *P<0.05, **P<0.01, ***P<0.001. See also Figure S3.
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Figure 4. Neutrophils modulate the capacity of the hematopoietic niche to attract and retain
immature leukocytes
(A) Representative micrographs showing homed 32D cells (green) and BM microvessels

(red) in control and 1A8-treated mice. Scale bar, 100 μm.

(B) Quantification of homed cells per vessel area in the BM of control (rIgG) or neutrophil-

depleted (1A8) mice. Values were obtained from the experiments illustrated in (A). n =4–5

mice.

(C) Relative number of donor-derived DsRed+ LSK cells that home into the BM of control

(rIgG) or neutrophil-depleted (1A8) mice, as determined by flow cytometry. n=5–6 mice.

(D) DsRed+ BM-derived donor cells (red) home exclusively into areas of the BM enriched

in CXCL12-producing cells (green; background green on the left corresponds to

autofluorescent bone). Vessels and macrophages (white) are visualized with fluorescent

dextran, and bone (blue) was imaged by second harmonic generation (See also Movie S1).

Small panels on the left are shown merged on the right panel. The micrograph is

representative of four Cxcl12-Gfp mice imaged by multiphoton microscopy. Scale bar, 100

μm.

(E) Mobilization of control (rIgG) or neutrophil-depleted mice (1A8) with AMD3100. n=5–

6 mice.

Data are shown as mean ± s.e.m. *P<0.05, **P<0.01.
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Figure 5. Intramedullary interactions between macrophages and cleared neutrophils are
required for niche modulation
(A) Whole femoral sections from Cxcl12-Gfp mice injected with DsRed+ aged neutrophils.

Scale bars, 10 μm.

(B) Plots showing distances between each homed neutrophil and bone surfaces, CD169+

macrophages or CAR cells, which are quantified in the horizontal bars. Data from 198

homed neutrophils from 3 experiments.

(C) Time-lapse imaging of DsRed+ aged neutrophils (red) in the BM of Cxcl12-Gfp mice,

obtained by combined in vivo multiphoton and confocal microscopy (see also Movie S2).

Yellow lines depict the trajectory over 50 minutes of one neutrophil (orange arrowhead at

t=0) that sequentially moves towards two macrophages (white arrowheads at t=0) but not

towards CAR cells (green). Dotted lines in the top left panel show the outline of blood

vessels within this region. Scale bar, 10 μm.

(D) Competitive homing and engulfment of CFSE-labeled CD62LHI vs. CD62LLO

neutrophils within the BM (see also Figure S4B). n=5 mice.

(E) Blood CFU-C and CXCL12 protein levels in the BM of control (Nil) or macrophage-

depleted (Clod) mice, after treatment with saline or 106 neutrophils (see also Figure S4D).

n=5 mice.

Data are shown as mean ± s.e.m. *P<0.05, **P<0.01, ***P<0.001. See also Figure S4.
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Figure 6. Requirement of LXR receptors during niche modulation
(A) Relative levels of Mertk and Abca1 gene expression at different Zeitgeber times of the

day. For reference, the dotted line shows the levels of blood neutrophils. Shaded areas

represent periods of darkness. n=4–9 mice per time.

(B) Levels of Cxcl12 and Abca1 transcripts in BM and number of blood CFU-C after

treatment with the LXR agonist GW3965, or with vehicle control (DMSO). n=5 mice.

(C) Number of blood CFU-C and CXCL12 protein levels in the BM of WT or LXR-

deficient mice (LXR dKO) after treatment with saline or 106 neutrophils. Samples were

analyzed at ZT1. n=7–9 mice.

Data are shown as mean ± s.e.m. *P<0.05, **P<0.01, ***P<0.001. See also Figure S5.
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Figure 7. Circadian changes in the hematopoietic niche and progenitor trafficking are triggered
by neutrophil clearance
(A) Circadian oscillations in the number of neutrophils and CFU-C in the blood of WT

mice. Arrowheads highlight the times of highest and lowest levels used for further analyses.

Shaded areas represent periods of darkness.

(B–D) Daily fluctuations in the levels of hematopoietic progenitors in blood (black) and

Abca1 transcripts in BM (dashed green) at ZT5 and ZT13 in control mice (B), or in mice in

which neutrophils (C) or macrophages (D) were depleted. The lines represent the circadian

variations of both parameters over a 29h period. Note that the point at ZT5 is repeated for

clarity. n=8–14 mice for CFU-C; n=5 for Abca1 transcripts.

(E) Scheme summarizing the sequence of events identified in this study. CD62LHI

neutrophils are released into blood and age to become CD62LLO CXCR4HI. At specific

times of the day, CD62LLO neutrophils migrate back to the BM where they are

phagocytosed by macrophages. Activation of LXR receptors is additionally required to

induce reductions in the capacity of the hematopoietic niche to retain HPC, which are

released into the bloodstream. All events indicated by arrows occur with circadian

periodicity.

Data are shown as mean ± s.e.m. *P<0.05, **P<0.01, ***P<0.001.
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