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Abstract

Macrophages are present in nearly all tissues and are critical for development, homeostasis, and 

regeneration. Resident tissue macrophages of bone, termed osteal macrophages, are recently 

classified myeloid cells that are distinct from osteoclasts. Osteal macrophages are located 

immediately adjacent to osteoblasts, regulate bone formation, and play diverse roles in skeletal 

homeostasis. Genetic or pharmacological modulation of macrophages in vivo results in significant 

bone phenotypes, and these phenotypes depend on which macrophage subsets are altered. 

Macrophages are also key mediators of osseous wound healing and fracture repair, with distinct 

roles at various stages of the repair process. A central function of macrophages is their phagocytic 

ability. Each day, billions of cells die in the body and efferocytosis (phagocytosis of apoptotic 

cells) is a critical process in both clearing dead cells and recruitment of replacement progenitor 

cells to maintain homeostasis. Recent data suggest a role for efferocytosis in bone biology and 

these new mechanisms are outlined. Finally, although macrophages have an established role in 

primary tumors, emerging evidence suggests that macrophages in bone support cancers which 

preferentially metastasize to the skeleton. Collectively, this developing area of osteoimmunology 

raises new questions and promises to provide novel insights into pathophysiologic conditions as 

well as therapeutic and regenerative approaches vital for skeletal health.
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Macrophages

Macrophages (Greek for “big eaters”) are mononuclear myeloid lineage cells originally 

known for their protective role eliminating undesired pathogens, and their recruitment from 

peripheral blood to quickly mediate inflammation and infection. Their origin and attributed 

functions have been evolving to highlight their unique and vital role in the metabolism of 

nearly all tissues. Macrophages play diverse roles in many physiological processes including 

glucose, lipid, amino acid, and iron metabolism and alteration of macrophage function can 

result in disease.(1) Most organs and tissues contain a population of resident macrophages 

that are adapted to their local environment and perform critical tissue-specific functions 

supporting homeostasis.(2) For example, microglia, tissue macrophages of the brain, 

participate in immune surveillance and scavenge for damaged neuronal processes and debris. 

Likewise, tissue macrophages in the liver, Kupffer cells, participate in debris removal and 

regulate iron homeostasis. An important and distinguishing quality of macrophages is their 

highly plastic nature and ability to rapidly adapt to local environmental cues. As such, the 

intrinsic variation in the local environment throughout a tissue also dictates that there are 

multiple subsets of resident tissue macrophages within a particular organ. The spleen 

highlights this diversity, and features both red-pulp and white-pulp macrophages located in 

distinct regions of the same organ. Of interest for this review, the skeleton also features its 

own resident tissue macrophage population, distinct from osteoclasts, that plays a similarly 

important, yet unique role in bone homeostasis.

Osteal Macrophages Are Located Adjacent to Osteoblasts and Support 

Bone Formation

Although osteoclasts are classically viewed as the “resident macrophages” of bone, a 

recently characterized resident population of non-osteoclast macrophages in the skeleton has 

been shown to play diverse roles in bone biology(3) (Fig. 1A–C). The specific location of 

these osteal macrophages (aka “osteomacs”) in bone strongly suggests their potential to 

regulate bone formation and homeostasis. Frequent distribution of macrophages (F4/80+) 

near the bone surface were initially observed in the 1980s.(4) This work was extended by 

Chang and colleagues,(3) who demonstrated that osteal macrophages are not only found on 

bone surfaces intercalated within resting osteal tissue, but are notably located immediately 

adjacent to mature osteoblasts at sites of active bone modeling. Impressively, over 75% of 

osteoblasts on the endosteal surface of cortical bone were covered by a canopy like structure 

of F4/80+, CD68+, Mac-3+, but TRAP− osteal macrophages.(5) They also described a similar 

population of macrophages in adult human bone. The location of macrophages next to 

osteoblasts in vivo suggested they may play a role in support of bone formation and bone 

biology.

Although the location of macrophages in vivo suggested a potential role of macrophage 

support of bone formation, coculture of macrophages and osteoblasts established a 

functional link in vitro.(3) An underappreciated aspect of primary cell culture experiments is 

the heterogeneous nature of the cell population, and the role of macrophages in primary 

cultures of osteoblasts is a case in point. Macrophages (F4/80+) typically comprise 15% to 
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20% of the cells when murine bone marrow is harvested. Similar levels (11% to 17%) of 

F4/80+ macrophages have been found in primary calvarial osteoblastic cell preparations.(3) 

To assess the functional role of macrophages on osteoblasts, Chang and colleagues(3) took 

advantage of the heterogeneous nature of primary osteoblast cultures. Calvarial osteoblast 

culture was carried out per status quo, and also performed when macrophage cells (F4/80+) 

were removed from the primary calvarial osteoblast culture via a magnetic sorting technique. 

Removal of macrophages from primary osteoblast cultures significantly reduced osteoblast 

mineralization and gene expression (eg, osteocalcin). Similarly, addition of either isolated 

bone macrophages or in vitro–generated bone marrow macrophages to purified 

(macrophage-depleted) calvarial osteoblast cultures was required for mineralization in 

response to a physiologic Ca2+ anabolic stimulus.(3) Purified (macrophage-depleted) 

osteoblasts alone did not increase mineralization when calcium was added. The ability of 

monocytes and macrophages to facilitate mineralization has been extended to human cells 

where monocytes were shown to induce osteoblastogenesis in human mesenchymal stem 

cells (MSCs) by activation of STAT3.(6) In addition, oncostatin M produced by macrophages 

was identified as a specific macrophage factor that supports the osteoblastic potential of 

human MSCs.(7) Interestingly, further evidence of the ability of macrophages to support 

mineralization has surfaced in other fields. When vascular smooth muscle cells or calcifying 

vascular cells are cocultured with macrophages, increased mineralization is observed.(8,9) 

These data highlight that macrophages are not only located in close proximity to osteoblasts 

in vivo, but also have the capacity to support their function.

Parallel in vivo experiments examined the effect of macrophage removal in animal models 

and further established a functional role of macrophages in support of bone formation. To 

examine the role of macrophages in vivo, the Mafia (macrophage Fas-induced apoptosis) 

mouse model was used, which inducibly ablates macrophages and monocyte lineage cells 

upon injection of the AP20187 dimerizing compound.(10,11) When macrophages were 

ablated in Mafia mice, osteoblast surfaces and bone formation were greatly reduced, 

bolstering the suggestion that macrophages support bone formation with in vivo 

evidence.(3,12) This finding has been extended to other macrophage depletion models such as 

treatment with clodronate liposomes.(12) Although aforementioned models are confounded 

by systemic macrophage effects, exogenous G-CSF, acting via G-CSF receptor expressed on 

macrophages,(13) more specifically depletes macrophages in bone and bone marrow and 

similarly suppresses osteoblasts.(12,14) The number of macrophages in the spleen did not 

decrease in response to the same G-CSF treatment.(15)

Related studies examining the bone phenotype after 6 weeks of partial macrophage depletion 

in skeletally mature Mafia mice revealed reduced bone mass relative to controls.(16) 

Interestingly, no changes in osteoclast surface were observed in these same mice, indicating 

that despite sharing a similar myeloid lineage, the regulation of these differentiated cells can 

be uncoupled. As a cautionary note, care must be taken when using the Mafia mouse model 

to emphasize the role of macrophages on bone while minimizing significant osteoclast 

effects. Detailed dosing regimens have been developed to achieve that goal.(16) Interestingly, 

because macrophages were purposely reduced but not completely ablated in the Mafia 

mouse during this long duration, and the osteoclast surface was unchanged, it may suggest 

that osteoclastogenesis is preferentially preserved when there are limited myeloid lineage 
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cells. Macrophage deletion with a lysozyme M (Lys-M) driven cre recombinase transgenic 

model also leads to reduced bone mass and additionally reinforces a macrophage role in the 

regulation of bone homeostasis.(17) This work further showed the role of macrophage 

depletion on bone during development, because the reduced trabecular bone mass observed 

at 3 months of age was not present at birth.(17) Collectively, these data show that reducing 

macrophages yields significant low bone mass phenotypes.

Although the Mafia model showed that reduction of the macrophage population decreases 

bone formation and bone mass, converse experiments which amplify the macrophage 

population also imply a macrophage role in bone biology. Specifically, systemic treatment of 

mice with a broad spectrum pro-myeloid factor, macrophage colony-stimulating factor 

(CSF)-1, increases bone mass and bone formation.(18–20) Although the increase in bone 

formation with systemic CSF-1 has been attributed to the increase in bone remodeling, the 

direct role of osteal macrophages in support of bone formation suggests that other factors 

could mediate this finding.

Further defining the role of macrophages on bone anabolism is the skeletal response to 

anabolic intermittent parathyroid hormone (iPTH) therapy. The increase in bone formation 

with iPTH also coincides with expansion of osteal macrophages on the periosteal and 

endosteal surface of cortical bone in mice.(16) When macrophage-depleted Mafia mice were 

treated with iPTH, the expected anabolic response was not observed, suggesting that osteal 

macrophages are a necessary cell type to support PTH anabolism. Thus, macrophages are 

not only necessary to support bone formation in homeostatic conditions, but also support the 

bone formation effect of a U.S. Food and Drug Administration (FDA)-approved osteoporosis 

therapy.

Thus far, discussion of “osteal macrophages” has largely focused on macrophages that line 

the bone surface. However, other macrophages are present in bone. For example, a large 

population of macrophages exist in the bone marrow, and macrophages (F4/80+) typically 

represent 15% to 20% of these cells. Other actions attributed to these myeloid cells include 

HSC niche and hematopoietic cell maintenance.(12,15) Although these macrophages within 

the bone marrow are not located directly adjacent to osteoblasts, they may also regulate bone 

mass by secretion of trophic factors that create a bone marrow microenvironment supporting 

bone anabolism or catabolism. Identification of a unique marker for osteal macrophages that 

line the bone surface has remained elusive, making it difficult for studies to decouple the 

role of ostealmacrophages from macrophages within the marrow and throughout the body, as 

well as from myeloid cells that become osteoclasts.

Macrophages are a highly plastic cell type and consideration of their various subtypes within 

the bone microenvironment is useful for determining their specific role in bone homeostasis. 

These differences are likely even more prominent during the complex and highly dynamic 

nature of osseous wound healing outlined in the next section. In fracture repair, all three 

types (inflammatory macrophages, macrophages in bone marrow, and osteal macrophages 

on the bone surface) play featured roles at various time points during bone healing. The 

timing and relative contribution of the varied macrophage types that participate in osseous 

wound healing are important to delineate.
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Osteal Macrophages Are Key Regulators of Osseous Wound Healing

Bone repair requires both removal of damaged tissues and a prolonged regenerative response 

that achieves anatomical and functional restoration of bone. A bone injury is rapidly 

detected by innate immune cells, particularly macrophages. These macrophages initiate a 

cascade of events that culminate in replacement of the injury-induced hematoma with a 

vascularized fibrous connective tissue known as granulation tissue.(21) Anabolic mechanisms 

are initiated within this granulation tissue and progress to achieve formation of a structurally 

viable periosteal callus or intraosseous bone bridge, the mechanism being dictated by 

fracture biomechanics. This temporary bone structure is then slowly remodeled to return 

normal bone architecture and strength properties.(22) Although macrophage contribution to 

this paradigm during the initial inflammatory phase has been broadly accepted and indirectly 

supported,(23) definitive evidence has been lacking. The Mafia mouse model provided a tool 

to test this paradigm in bone injury models that heal via intramembranous ossification(24) or 

endochondral ossification–mediated periosteal callus formation.(25) When macrophage 

depletion was initiated at the time of bone injury, it resulted in catastrophic failure of bone 

repair in both models.(24,25) This outcome was validated using alternative macrophage 

targeting approaches(17,24) and was not recapitulated when osteoclasts were specifically 

targeted.(24,26) More recent work in zebrafish has shown that macrophage depletion 

compromises tail fin regeneration and bony ray patterning, confirming a role of 

macrophages in osseous wound healing in a distinct animal model.(27) Taken together, these 

data suggest macrophages are essential for the initiation of bone repair, independent of the 

type of bone formation involved.

Accumulating evidence supported that macrophage contributions to bone repair were 

unlikely to be restricted to the initial inflammatory phase of healing. This evidence included: 

(1) characterization of osteal macrophages (2) evidence supporting macrophage contribution 

to collagen deposition and mineralization in nonosseous tissues(28); (3) demonstration of 

macrophage presence within repair-associated tissues during the early anabolic phase in both 

humans(29) and animal models(24,25,30); and (4) the roles of macrophages in soft-tissue injury 

spanning from the initial response to complete tissue regeneration.(31) To test this, 

macrophage depletion in the Mafia mouse model was timed so that macrophages were 

unaffected during the initial inflammatory events, but depleted at the transition to the 

anabolic repair phase. This approach indicated that macrophages support bone formation 

during intramembranous(24) and endochondral osseous healing.(25) Using the tibial injury 

model Guihard and colleagues(32) showed that macrophage production of the anabolic 

molecule oncostatin M and subsequent STAT3 activation contributed significantly to robust 

bone healing. This provided the first evidence unraveling macrophage proanabolic molecular 

mechanisms during osseous healing and further validated direct macrophage contributions to 

bone repair. Macrophage promotion of bone formation is unlikely to be restricted to a single 

molecule with in vivo evidence confirming macrophage potential to express bone 

morphogenetic protein (BMP)-2,(33) BMP-4,(34) and Wnt family members.(16) Dissection of 

both the direct and indirect actions of fracture-associated macrophages is needed.

Both resident osteal macrophages(3,12,16,17,24,25,32,35) and inflammatory 

macrophages(6,7,16,23,25,36,37) can influence osteoblast anabolic function, and both are 
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present in fracture repair tissues.(24,25) During intramembranous ossification, a relatively 

simple macrophage dynamic is established with osteal macrophages predominating within 

the woven bone bridge, whereas inflammatory macrophages associate with damaged tissue 

at the injury site periphery.(24) During endochondral callus formation, inflammatory 

macrophages are anatomically positioned to support many key events in the inflammation 

and early anabolic phases of fracture repair.(25) Osteal macrophages were distributed 

throughout the callus near maturing bone in the late anabolic and remodeling phases.(24,25) 

Consequently there appears to be specific spatial and temporal distribution dynamics of 

macrophage subsets during facture repair. It has yet to be confirmed if these distribution 

dynamics underpin coordination and transition of fracture repair from inception to 

completion.

Deciphering the phase-specific and site-specific contributions of various macrophage subsets 

will be important for appropriately harnessing the potential of macrophages for therapeutic 

regenerative approaches. The biomechanics of fracture healing impacts the inflammatory 

response, and alters the number of macrophages at the fracture site, with fewer macrophages 

associated with intramembranous repair.(38) It is not clear whether fracture biomechanics 

influence only the total number, or also alters the type of macrophage subset involved. It is 

possible that the specific macrophage type could be a trigger in the decision of whether 

intramembranous or endochondral bone formation will predominate. Of interest, 

communication between osteocytes and macrophages has been proposed in other model 

systems.(39)

Fracture healing is often delayed in older patients,(40) and declines in fracture healing with 

age have been observed in murine models.(41) Although the reason for these differences may 

be in part intrinsic to changes in bone cells, mechanical environment, progenitor MSC pools, 

or vasculature, it may also reflect changes in the origin and nature of regulatory cells such as 

macrophages. In mice it has been demonstrated that rejuvenating marrow in 12-month-old 

mice with inflammatory cells from 4-week-old animals accelerates and improves fracture 

healing.(42) Although suggestive, these data do not prove that macrophages are specifically 

responsible for healing. Extending this concept, recent work from parabiosis experiments 

demonstrated that youthful circulating factors from young (4-month-old) mice significantly 

improve fracture healing outcomes in aged (20-month-old) mice via β-catenin signaling.(43)

Given that macrophages are dynamic and pliable, they represent an attractive therapeutic 

target for improving fracture repair outcomes. However, there are also challenges given the 

potentially fine line between productive versus destructive macrophage actions.25 Preclinical 

evidence supports that use of CSF-1(44) can significantly and specifically increase injury-

associated osteal macrophages, but not inflammatory macrophages(24) or osteoclasts,(24,25) 

and enhance bone healing.(24,25,45) Moreover, an antibody against the CSF-1 receptor 

depletes the resident subset of monocytes as well as tissue-associated and tumor-associated 

macrophages, but does not inhibit inflammation.(46) The specificity of the shift in 

macrophages with systemic CSF-1 treatment provides more weight to speculation that the 

increase in bone mass is not solely due to elevated remodeling.(18–20) Consequently, cautious 

but optimistic progression of this therapeutic avenue is justified. Additional remaining 

questions include whether perturbations in macrophage function and/or subset dominance 
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underlie impaired fracture healing or systemic bone disease, including bone fragility 

associated with chronic inflammation,(47–51) infection,(52,53) anti-inflammatory 

treatment,(54) and age.(55)

A Potential Efferocytosis Role for Osteal Macrophages in Bone Biology

The professional phagocytic “big eater” macrophage persona plays an essential role in the 

development and homeostasis of many tissues. In addition to phagocytosing bacteria, debris, 

or other danger-associated particles, macrophages also clear dead cells. Dead cells arise by 

way of apoptosis (programmed cell death) or necrosis (in case of acute injury). Apoptosis in 

the bone community is frequently considered for its potentially negative effects, such as the 

case with osteocytes, which leave behind vacant lacunae. However, apoptotic cell death is 

not only a frequent and normal physiologic feature, but its occurrence is critical for the 

development and maintenance of nearly all organs. Subsequent and swift removal of these 

apoptotic cells is essential, and failure to do so can yield a hazardous microenvironment 

associated with inflammation and autoimmune disease.(56–58)

Efferocytosis (reviewed in Poon and colleagues,(59) Hochreiter-Hufford and 

Ravichandran,(60) Ravichandran,(61) and Martin and colleagues(62) is the removal/

phagocytosis of apoptotic cells and the biological importance of efferocytosis becomes 

immediately apparent when the amount of cell turnover in the body is considered. Every 

second, roughly one million cells die in the human body; and by extension, we turnover 

billions of cells each day. Put another way, it has been estimated that without efferocytic 

clearance of apoptotic cells, an 80-year-old person would have two tons of bone marrow and 

a 10-mile-long intestine.(63,64) Thus, clearance of apoptotic cells is important to make way 

for, and help recruit, new cells. Despite the incredibly large amount of cell turnover in the 

body, the relative paucity of dead cells in vivo suggests that efferocytosis must occur at an 

equally rapid pace.

It would be remiss to not make a general point regarding interpretation of apoptotic cell 

staining (eg, TUNEL+, AnnexinV+, etc.) as it relates to efferocytosis. The traditional 

interpretation of TUNEL+ staining is that it indicates the amount of apoptosis in the cell type 

of interest. That is to say, a researcher who suspects increased chondrocyte cell death in vivo 

may perform TUNEL staining, observe no difference in TUNEL+ chondrocytes, and 

conclude that apoptosis was unchanged. Although a seemingly rational interpretation, this 

can be an over simplified conclusion. The resultant data may more directly indicate the 

remarkable efficiency of macrophage efferocytosis rather than the degree of apoptosis.(65) 

Keeping this consideration in mind when interpreting in vivo apoptotic cell staining data is 

crucial for identifying the true mechanisms underlying a phenotype. Put simply, the 

incredibly efficient nature of efferocytosis can cover up real differences in apoptosis. And 

conversely, compromised macrophage efferocytosis can result in the presence and staining 

of more apoptotic cells in vivo despite no change in apoptosis.

Although discussion of macrophages in bone biology thus far has largely focused on their 

presence, the functional efferocytic role of macrophages in the skeleton is an area of 

increasing interest. Moreover, the phenotypes present in several recent studies where cell 
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death and/or macrophage phagocytic capacity were altered support a potential role for 

macrophage efferocytosis in bone biology.

The contrasting bone phenotypes in models of broad macrophage ablation versus 

specifically targeting the phagocytic subpopulation highlight the phagocytic function of 

macrophages. The Mafia mouse model ablates a broad range of the macrophage lineage (as 

selected by the c-Fms promoter) beginning with early-stage monoblasts, reduces CD68+ 

phagocytic macrophages, and shows decreased bone formation with a low bone mass 

phenotype.(3,16) Similar observations have been made when broad macrophage depletion is 

achieved via LysM-cre expression relatively early in the myeloid lineage.(17) However, 

specifically targeting the phagocytic macrophage population using the clodronate liposome 

model paradoxically revealed an opposing phenotype of increased bone mass.(16) Briefly, in 

this model, toxic clodronate is packaged inside tiny liposomes, which are self-selectively 

ingested by phagocytic macrophages upon intraperitoneal injection.(66) Thus, phagocytic 

macrophages are specifically targeted. Although acute treatment with clodronate liposomes 

showed depletion of multiple macrophage subsets in bone accompanied by a rapid and 

short-term loss of osteoblasts, persistent (6 week) treatment resulted in increased CD68+ 

phagocytic macrophages.(16) A similar rebound and increase was seen in 

CD11b+F4/80+Ly6G− cells, which are enriched for traditional bone marrow macrophages, 

after acute clodronate liposome treatment.(12) The resurgence in phagocytic macrophages in 

the clodronate liposome model is likely afforded because earlier stage macrophages are 

maintained (unlike the Mafia mouse model), as well as the physiologic need to specifically 

replenish these phagocytic cells. Increased CD68+ macrophages with clodronate liposome 

treatment is suggestive of a general activation of the phagocytic macrophage system. In 

support of this, gene expression indicated stimulation of phagocytic, alternatively-activated 

“M2-like” macrophages (MER, MFG-E8, MRC1, MSR1, CD36, IL-10, and ARG1) with 

clodronate liposome treatment, despite no change in general inflammatory gene expression 

(IL-12, TNFα, IL-1β, and iNOS).(16) Importantly, the increased bone mass with clodronate 

liposome treatment may be explained by this shift in macrophages supporting a bone 

marrow microenvironment conducive to anabolism. Elevated protein levels of TGF-β, and 

gene expression of Wnt-10b and Wnt-3a, were observed in the marrow of mice treated with 

clodronate liposomes, all factors that may support the high bone mass phenotype.(16)

A contrasting response to iPTH treatment was observed with broad macrophage depletion 

(Mafia) versus altering the phagocytic subset (clodronate liposomes).(16) Although broad 

macrophage depletion diminished the anabolic response to iPTH, mice treated with 

clodronate liposomes paradoxically showed a greater gain in bone mass with iPTH than 

controls. Although the exact cellular and molecular mechanisms mediating iPTH anabolism 

are not completely known, these data support specific roles for macrophage subsets 

facilitating iPTH anabolism. PTH further accentuated the increases in gene expression of 

TGF-β, Wnt-3a, and Wnt-10b.(16) Given this observation, and that macrophages(67,68) and 

osteoclasts(69) express Wnts, studies which implicate T-cell–produced Wnt-10b as a 

mediator of iPTH anabolism are of particular interest.(70,71)

The effect of iPTH in models of increased cell death further identifies the act of efferocytic 

cell clearance in supporting a bone marrow microenvironment conducive to anabolism. That 
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irradiation induces cell death has long been known, and inducing apoptosis is the explicit 

purpose of irradiation therapy.(72) However, it has been shown that treatment of non-lethally 

irradiated mice with iPTH resulted in greater increases in bone mass than normal (non-

irradiated) mice treated with iPTH.(73) Although data from non-lethally irradiated bone 

confirmed a reduction in marrow cellularity, there was simultaneously an expansion in the 

CD68+ phagocytic macrophage population with irradiation, paralleling the clodronate 

liposome model. The induction of vast cell apoptosis by irradiation demands a robust 

phagocytic response. Moreover, similar factors that may potentiate the anabolic response of 

iPTH were upregulated in the marrow of irradiated bones, including TGF-β.(73) In fact, when 

TGF-β was inhibited, the increased impact of iPTH in irradiated mice was lost. Collectively, 

these data suggest that stimulating phagocytic macrophages and efferocytosis by induction 

of cell death results in a marrow microenvironment that supports iPTH anabolism. However, 

the outcome may vary depending on the level of cell death and specific stimuli, with lethal 

irradiation showing proinflammatory outcomes and negative impacts on bone health.(74) 

Interestingly, bone marrow mechanical ablation results in osteoinductive effects that are 

more prominent with iPTH treatment, suggesting that the induction of cell death supports a 

renewal of bone formation likely linked to macrophage activity.(75)

Detailed histologic study examining the fate of osteoblasts estimates approximately ~15% 

become osteocytes and ~30% become bone lining cells.(76) The remaining ~40% to 70% are 

unaccounted for and presumably these cells undergo apoptosis and are subsequently 

cleared.(76,77) Thus, the predominant fate of osteoblasts is apoptosis, a largely invisible 

process from a histological basis due to the efficiency of macrophage cell clearance. 

Efferocytosis of apoptotic osteoblastic cells by macrophages in vitro highlights the process 

from initial macrophage recognition through total osteoblastic cell engulfment (Fig. 1D–F).

Several factors strongly suggest a role for osteal macrophages efferocytosing osteoblasts: (1) 

it has been estimated that most osteoblasts undergo apoptosis; (2) osteal macrophages are 

located immediately adjacent to osteoblast bone formation surfaces; and (3) macrophages 

are highly phagocytic cells. Thus, macrophages are efficiently positioned to readily 

efferocytose osteoblasts once they display cell death surface markers. Outlined below (and in 

Fig. 2) is a working model of a new role for macrophage efferocytosis in bone biology.

The osteoclast-osteoblast coupling of bone remodeling and recruitment of mesenchymal 

progenitor cells to the bone surface and their subsequent differentiation into osteoblasts is a 

topic of great interest in the bone field. Recent studies have shown that factors released from 

the bone matrix by osteoclasts, such as TGF-β (78,79) and IGF-1,(80) are important mediators 

of osteoblast progenitor cell recruitment. Likewise, factors released from the osteoclast 

itself, such as sphingosine-1 phosphate,(69,81) CTHRC1,(82) and Wnt/BMP signaling(69) 

have been shown to regulate subsequent bone formation.

The proposed model (Fig. 2) suggests that efferocytosis of apoptotic osteoblasts may be 

another important source of factors which facilitate the subsequent influx of progenitor cells 

and new osteoblasts. As prototypic life cycles dictate, when a cell dies it is important that it 

is replaced with a new cell to maintain function. To signal phagocytic macrophages and 

facilitate engulfment and efferocytosis, apoptotic cells display “find-me” and “eat-me” 
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signals.(59–62) Important “eat-me” molecules expressed on an apoptotic osteoblast include 

phosphatidylserine (PS), which can be linked to integrins or Mer (receptor tyrosine kinase 

MerTK) on a phagocytic macrophage via milk-fat globule-EGF factor 8 (MFG-E8) or Gas6, 

respectively. The process of efferocytosis is not only associated with removal of apoptotic 

cells, but also the secretion of specific factors associated with attracting progenitor cells. 

Notably, efferocytosis has been associated with macrophage secretion of TGF-β, an 

established chemoattractant of progenitor cells, in other tissues.(83) The anabolic agent PTH 

has been associated with changes in efferocytosis, and shown to induce expression of 

resolvins D1 and D2, which facilitate macrophage efferocytosis of apoptotic osteoblasts.(84) 

In addition, iPTH treatment leads to increased osteal macrophages, and has further been 

shown to expand precursor myeloid cells via IL-6 and sIL-6r.(85) Collectively, this model 

suggests a new process by which progenitor cells are recruited to the bone surface to 

maintain bone homeostasis. Importantly, this process is not necessarily confined to 

remodeling events as depicted (Fig. 2), and may also regulate modeling surfaces throughout 

the skeleton. Further studies will be critical to validate this model.

Macrophages Regulate Skeletal Metastasis and Other Pathologic 

Conditions

Several cancers have a predilection to metastasize to the skeleton, in particular breast and 

prostate cancer.(86) The prevailing paradigm is that a “vicious cycle” of skeletal metastasis is 

established in bone, which is dependent on bone resorption, providing factors that support 

tumor growth.(87) Among bone marrow-derived cells in the tumor microenvironment in 

bone, myeloid cells are plentiful and hence likely interface with tumor cells during their 

establishment and growth. Tumor-associated macrophages (TAMs) have been studied 

extensively in the context of a primary tumor and have been found to facilitate tumor 

establishment and growth.(88) Much less is known of the role of macrophages in the 

microenvironment of the skeletal metastatic lesion.

The presence of a tumor in the skeleton in experimental models as well as in advanced 

human prostate cancer is associated with increased numbers of CD206+ M2-like 

macrophages.(89,90) Depleting macrophages via gene targeted or pharmacologic approaches 

restricts tumor growth in bone, substantiating the importance of myeloid cells in the marrow 

and highlighting that the role of macrophages in bone may be more instrumental to tumor 

growth than the bone itself.(90) Because macrophages have been implicated in bone 

formation, as well as their osteoclast lineage partners implicated in bone resorption, it will 

be important to delineate the contributions of macrophage lineage cells in the bone 

formative, resorptive, and mixed lesions attributed to skeletal metastases.

Most of the interest in the area of macrophages and cancer has centered on myeloid cells 

relative to cytokines they produce and/or immune reactions they orchestrate. In bone, tumor-

derived PTHrP drives myeloid cell recruitment via osteoblast produced CCL2.(91) CCL2 

levels are high in the bone microenvironment and are associated with poor prognoses in 

primary breast tumors.(92) Metastatic breast and prostate carcinoma have increased 

immunostaining for macrophages versus primary cancer, and in particular, increased CD68, 
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a phagocytic capacity marker of cells infiltrating the metastatic lesion.(93,94) It is likely that 

these cells support tumors via known mechanisms such as angiogenesis as well as 

unexplored mechanisms. Macrophages have been long implicated in their proangiogenic role 

in supporting tumorigenesis.(95) Still, very little has been investigated relative to a 

macrophage-specific role in promoting tumor establishment and growth in the bone marrow 

microenvironment despite the clear potential for therapeutic targeting.(96) Experimentally, 

modulating the bone microenvironment to increase numbers of myeloid cells and 

myelogenic cytokines such as CCL2 creates an environment receptive for prostate cancer 

skeletal metastasis.(97) CSF-1 is a potent chemokine and growth factor for regulating 

proliferation and differentiation of monocytes, macrophages, and osteoclasts. Tumor cells 

secrete CSF-1 as do osteoblasts in the microenvironment of the skeletal metastatic lesion. 

Emerging evidence suggests therapeutic targeting of the CSF-1 R will improve patient 

outcomes via reducing tumor associated macrophages in primary tumors.(98)

Interestingly, primary functions of macrophages involve phagocytosis and efferocytosis, yet 

these are often overlooked relative to tumorigenesis. Other than the ability of myeloid cells 

to differentiate to osteoclasts supporting tumor growth, little is known regarding myeloid 

cells, phagocytosis, efferocytosis, and skeletal metastasis. Like many other tumor strategies, 

efferocytosis may be a candidate approach whereby tumors may hijack a physiologic 

process to benefit their establishment and growth. The bone marrow provides a rich source 

of myeloid cells and hence tumor cells entering the marrow face a very different 

environment than the primary site. Rapidly growing tumors also have high rates of apoptosis 

to which macrophages utilizing distinct receptor signaling pathways will respond via 

efferocytosis. One such factor, MFG-E8 acts as a bridge protein that facilitates efferocytosis 

and is associated with suppression of proinflammatory responses.(99) Efferocytosis of 

apoptotic prostate cancer cells was associated with increased MFG-E8 and resulted in M2, 

protumorigenic cell polarization.

Several rare fibrohistiocytic clinical conditions suggest a potential role for macrophages in 

their osteal phenotypes. Langerhans cell histiocytosis (LCH), Erdheim-Chester (ECD), and 

Rosai-Dorfman are related fibrohistiocytic diseases that can present with both osteolytic and 

osteosclerotic lesions,(100–105) and notably some of the initially osteolytic lesions can 

spontaneously heal. CD68+ staining and macrophage presence is a common feature across 

these three conditions.(102,106,107) Given the pliable nature of macrophages and their 

location in these lesions, it is possible that macrophages regulate the osteal phenotype. 

Although one might postulate that “classically-activated” inflammatory macrophages favor 

osteolysis and “alternatively-activated” pro-healing macrophages favor osteosclerosis, it has 

been suggested that IL-10 produced by alternatively-activated macrophages maintains LCH 

cells in an immature state associated with bone lesions.(106,108)

Although it is difficult to separate the pro-osteoclastogenic aspects of myeloid cell 

expansion, the implications of macrophages in pathologies associated with bone are 

growing. Therapeutic interventions should focus on specific aspects of macrophage function 

that support pathology versus broader cell targeting approaches that may compromise 

protective and regenerative functions of macrophages.
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Future and Research Directions

Present knowledge of osteal macrophages has been outlined, including their support of bone 

formation, fracture healing, potential role of efferocytosis in bone biology, and regulation of 

skeletal metastasis. The study of osteal macrophages is a relatively new area of research, 

representing a prime example of the importance of osteoimmunology, and many important 

and exciting research questions remain. Most osteal macrophage research to date has 

focused on the effect of the presence of macrophages, and the phenotypes that arise by their 

depletion or stimulation in a variety of animal models. However, identification of the 

specific mechanisms by which the presence of osteal macrophages support bone 

homeostasis and regeneration remains a question of critical importance. That is, what factors 

do osteal macrophages express and secrete which regulate the effect of their presence? 

Another important research question centers around better defining the osteal macrophage 

population and identification of specific markers. Presently, osteal macrophages are largely 

identified by their specific histologic location combined with the expression of very general 

macrophage markers. However, macrophages are a highly plastic cell and exist as a 

continuum of subtypes within many tissues, with bone marrow being an exemplary site of 

this phenomenon. Although this makes precise distinction and sustained targeting of osteal 

macrophages challenging, the identification of specific osteal macrophage markers would 

facilitate development of more refined animal models that will help determine their specific 

role. Indeed, current tools to study osteal macrophages utilize general markers that alter 

macrophages throughout the bone marrow and body, and the lack of specific osteal 

macrophage markers can limit conclusive power. Current macrophage models also have the 

potential to alter related cell types such as osteoclasts, or innate immune lymphoid cells, 

which could influence observed phenotypes. The development of more discerning animal 

models and identification of specific osteal macrophage markers would provide tools to 

answer many important questions such as the difference between osteal macrophages and 

other tissue-associated macrophages.

The prospect of improving patient outcomes and designing new therapies is the eventual 

goal of nearly all biomedical research, and future work in macrophage bone biology will 

play a critical role in achieving this translational goal. By better understanding the specific 

types of macrophages present in bone combined with the specific factors they secrete, 

therapies can be intelligently designed. Importantly, the diverse spectrum of macrophages 

and their pliable nature demands respect, because macrophages can have both regenerative 

and destructive roles. Specifically targeting not only the appropriate macrophage subset but 

in a site-specific manner will be critical to achieve optimal desired outcomes.
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Fig. 1. 
(A–C) Immunohistochemical staining (brown) of macrophages (F4/80+) in 4-week-old 

C57/B6 mice highlight their location in cortical and trabecular bone, and location 

immediately next to osteoblasts. (A) Macrophages (F4/80+) are located on the periosteal and 

endosteal surfaces of cortical bone, as well as in the marrow space. (B) Macrophages are 

located immediately adjacent to osteoblasts and line the bone formation surface, as shown 

here on the endosteal surface. This image was co-stained with TRAP (red stain) to mark 

osteoclasts and shows that despite sharing same lineage, TRAP+ cells (red arrows) are not 

F4/80+, and vice versa. (C) Similar to cortical bone, macrophages are also present 

throughout the trabecular secondary spongiosa (black arrows highlight examples of several 

positive cells). The distal growth plate is located immediately above the pictured field of 

view. (D–F) The goal of these images are to highlight the efferocytosis process of an 

apoptotic osteoblastic cell from initial apoptotic cell recognition by the macrophage to total 

cell engulfment. Primary murine macrophages were cultured for 7 days with M-CSF and 

stained green with CFSE. Osteoblastic (MC4) cells were stained deep red, and subsequently 

induced to undergo apoptosis with UV light (30 min). Deep red–stained apoptotic 

osteoblast-like cells were then cocultured with green macrophages, which underwent 

efferocytosis of the apoptotic osteoblastic cells over 5 to 10 hours. The efferocytosis process 

is highlighted, showing initial macrophage recognition of an apoptotic osteoblastic cell (D), 
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engulfment (E), and finally an apoptotic osteoblastic cell totally engulfed by a macrophage 

(F). CFSE = carboxyfluorescein succinimidyl ester.
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Fig. 2. 
Osteal macrophages are located on the bone surface and found immediately adjacent to 

osteoblasts and support bone formation. Intermittent PTH (iPTH) treatment has been shown 

to induce osteoblastic expression of factors such as IL-6 and sIL-6r, which support 

expansion of the myeloid cell population (osteal macrophage and osteoclast precursors). The 

question mark indicates the relatively unknown source of osteal macrophages on the bone 

surface. At the end of an osteoblast life cycle it has three fates: (1) ~15% become embedded 

in the bone matrix as osteocytes; (2) ~30% become quiescent bone lining cells; and (3) the 

remaining ~40% to 70% likely die by apoptosis. Apoptotic osteoblasts are efficiently cleared 

by macrophages in a process called efferocytosis. The engulfment process of efferocytosis 

facilitated by expression of “eat-me” signals including PS on apoptotic cells, which are 

attached to macrophage proteins such as αvβ3 or Mer by linking proteins MFG-E8 or Gas6. 

Other efferocytosis signals have been identified but are not depicted here. Moreover, the 

efferocytosis process is generally associated with macrophage production of specific 

proteins such as TGF-β. These factors may facilitate continued bone modeling by 

replenishing the osteoblast population from progenitor cells. OB = osteoblast; OC = 

osteoclast; IL-6 = interleukin-6; sIL-6R = soluble interleukin-6 receptor; M-CSF = 

macrophage colony stimulating factor, RANK(L) = receptor activator of nuclear factor κB 

(ligand); TGF-β = transforming growth factor beta; PS = phosphatidylserine; MFG-8 = milk 

fat globule-EGF factor 8; αvβ3= alpha-V beta-3 integrin; Gas6 = growth arrest-specific 6; 

MER(tk) = receptor tyrosine kinase MerTK; MSCs = mesenchymal stromal cells.
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