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Abstract
Metastasis, especially bone metastasis, is a major cause of cancer-related deaths, which is associated with long-term pain due to
skeletal-related events and poor quality of life. Tumor cells alter the bone microenvironment through aberrant activation of
osteoclasts and osteoblasts which induces bone osteolysis and release of growth factors leading to cancer growth. Though this
phenomenon has been well characterized, bone-targeted therapies have shown little improvement in patient survival. Recent
evidence indicates a growing appreciation for the complex bone environment, in addition to bone-remodeling stromal cells,
which includes an abundance of myeloid immune cells that can either protect against or contribute to the progression of the
disease within the bone cavity. Additionally, myeloid cells are recruited into primary tumor sites, where they promote develop-
ment of the pre-metastatic niche and also can regulate tumor progression within the tumor-bone microenvironment through a
milieu of complex mechanisms and involving heterogeneous myeloid populations. In this review, we have highlighted the
complex roles of myeloid immunity in bone metastasis and hope to bring attention to the potential of novel immunotherapeutic
interventions for the elimination of bone metastasis.
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1 Introduction

Metastasis occurs when cancer cells invade the surrounding
tissue, intravasate into the lymphatics or blood circulation,
successfully extravasate into distant tissues, and proliferate
into secondary lesions. It is a substantially inefficient process
requiring both intrinsic (i.e., genetic alterations) and extrinsic
variables (i.e., stromal and immune cell interactions within the
primary tumor and distant tissue microenvironments) that col-
lectively facilitate tumor metastasis [1]. Due to its rich reser-
voir of growth factors, including insulin-like growth factor-1
(IGF-1) and transforming growth factor beta (TGFβ), the
skeleton is an optimal tissue site for disseminated tumor cells
[2, 3]. Despite its nutrient-rich environment, not all cancers
will metastasize to the skeleton, a phenomenon described by
Stephen Paget in 1918 in the “seed and soil hypothesis”which

emphasizes the importance of specific seeds/cancer types
thriving in select “soil” conditions/tissue environments [4,
5]. Importantly, successful establishment of disseminated cells
and growth into secondary tumor lesions in the bone requires
concerted efforts of the disseminated cells and stromal cells
within the bone environment.

The bone consists of mineralized matrix that gets actively
remodeled by bone-resorbing osteoclasts and bone-forming
osteoblasts, to maintain skeletal integrity [6]. Skeletal micro-
fractures result in the release of sclerostin produced by osteo-
cytes, adult osteoblast cells embedded in the bone, which
starts the resorption process mediated by osteoclasts, giant
multi-nucleated cells derived from macrophages [7–9].
Osteoclasts degrade the bone through the secretion of acids,
matrix-degrading enzymes, and hydrogen ions. TGFβ are re-
leased from the degraded bone matrix, which recruit osteo-
blastic precursor cells that differentiate in adult bone-forming
osteoblasts which act to replace the resorbed bone [10–13].
Disseminated tumor cells promote the formation and, as a
result, the hyperactivation of osteogenesis through secretion
of bone remodeling factors, including parathyroid-related hor-
mone (PthRP), that contributes to excessive bone degradation.
The release of bone-derived factors promotes tumor prolifer-
ation, continued bone resorption, and the propagation of what
has been characterized as a vicious cycle of tumor progression
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[14]. Our group and others have described this phenomenon in
other review articles [14–19], and, for the sake of brevity, we
will refrain from providing further detail on this topic.

Although current bone-targeted therapies, such as zoledro-
nic acid and denosumab, significantly reduce skeletal lesions
and skeletal-related events (SREs), they have little to no im-
pact on patient survival [20, 21], demonstrating a significant
need for novel therapeutic interventions for bone metastasis.
In recent years, there has been an increased appreciation for
the role of other cell types, including myeloid cells in bone
metastasis and the growth of metastatic cells within the bone
microenvironment [14, 22]. Common myeloid progenitors
(CMPs) give rise to all myeloid cells, and each cell type has
an essential role in tissue homeostasis and in bridging the
innate and adaptive immunity response [23]. Myeloid cells
and immature myeloid cells comprise ~ 30–40% of the bone
marrow compartment compared to < 3% CD4 and CD8 lym-
phocytes, and more studies are identifying critical roles for
myeloid cells in the progression of bone metastatic disease
[24]. Tumor cells can promote myeloid cell production of
pro-inflammatory cytokines, such as interleukin-6 (IL-6) and
tumor necrosis factor-α (TNFα), as well as growth factors that
promote proliferation and vessel formation, including TGFβ
and vascular endothelial growth factor (VEGF), respectively
[25]. Cancer cells specifically recruit myeloid cells into the
primary tumor microenvironment where they can suppress
anti-tumoral immunity and promote chronic inflammation
resulting in tumor cell proliferation and dissemination [26].
Importantly, this can occur through cancer-mediated hemato-
poiesis and facilitation of the expansion and mobilization of
tumor-promoting myeloid cells [23]. Pro-tumoral myeloid
cells can contribute to the dissemination of tumor cells, but
there is little evidence of how they contribute to the growth of
secondary tumor lesions within the bone microenvironment.

Although the bone is a reservoir for myeloid cells, their
roles and heterogeneous functions within the tumor-bone mi-
croenvironment are understudied; understanding myeloid cell
contribution in the evolving tumor-bone microenvironment is
necessary for the development of efficacious therapy. In this
review, we have highlighted evidence demonstrating the im-
portance of myeloid immunity in bone metastasis, including
monocytes, macrophages, dendritic cells (DCs), granulocytes,
and other CMP-derived cells (mast cells, platelets, and mega-
karyocytes), with a focus on specific cell populations and
evidence of immunotherapeutic interventions.

2 Monocytes/macrophages
within the tumor-bone microenvironment

Monocytes are generated in the bone marrow from CMPs and
typically circulate in the bloodstream, patrolling for infections
and/or tissue damage, where they are recruited into tissue sites

of inflammation or pathogenic infections and stimulated to
differentiate into macrophages [27]. In the bone microenvi-
ronment, monocytes are able to differentiate into tumor-
associated macrophages (TAMs) as well as osteoclasts, both
of which play vital roles in bonemetastasis [28].Macrophages
are one of the main components of the mononuclear phago-
cyte system which includes blood monocytes and tissue mac-
rophages. Blood monocytes migrate to tissues and differenti-
ate to macrophages. In inflammation, macrophages have three
major roles; phagocytosis, antigen presentation, and
immunomodulation via production of various cytokines and
growth factors [29]. They are activated during inflammation
by multiple signals including cytokines (interferon γ, GM-
CSF, and tumor necrosis factor-α (TNF-α), bacterial lipo-
polysaccharide (LPS), extracellular matrix proteins, and other
chemical mediators. Deactivation is regulated by anti-
inflammatory cytokines such as interleukin-10 (IL-10) and
TGFβ [29–32]. TAMS are able to directly promote tumor
progression, through secretion of inflammation-regulating
molecules, and indirectly through suppression of antitumor
immunity (Fig. 1) [33]. Although classically categorized into
M1 and M2 subtypes, ongoing evidence has demonstrated a
spectrum of macrophage subtypes that contribute to tumor
progression. The M1, or pro-inflammatory macrophages, are
activated by different factors such as interferon gamma (IFN
γ) and LPS [34]. M1 is cytotoxic cells against tumor cells and
intracellular microorganisms and produces nitric oxide, TNF,
and reactive oxygen intermediates [35]. Anti-inflammatory
M2 macrophages can be further classified into M2a, M2b,
and M2c subtypes, depending on the signals from the micro-
environment that determine their activation. M2c is consid-
ered as the most immunosuppressive of these subtypes [36].
M2a-like and M2b-like macrophages secrete chemokine (C-C
motif) ligand 1 (CCL1) and IL-10 to support regulatory cell
recruitment and to further shape a tolerogenic microenviron-
ment [37].

The role of monocytes/macrophages in the tumor-bone mi-
croenvironment is largely attributed to macrophage differen-
tiation into osteoclasts. However, recent studies have identi-
fied monocyte/macrophage function in bone tumors through
chemokine and glycoprotein (colony-stimulating factor) sig-
naling. Monocyte chemo-attractant protein 1 (MCP-1; CCL2)
belongs to the CC chemokine family and is important for
inflammatory cell recruitment, including monocytes and mac-
rophages, via signaling through C-C chemokine receptor type
2 (CCR2) (Figure 1) [38]. The bone marrow is a major source
of CCL2, and increased CCL2 secretion from bone marrow
endothelial cells has been shown to recruit prostate cancer
cells to the bone niche and promote tumor proliferation in
bone [39]. Additionally, CCL2 has been shown to create a
fertile environment for bone metastasis through TAM recruit-
ment and promotion of osteoblast and osteoclast activity [40].
A previous study showed that CCL2 expression by bone
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metastatic PC3 cells resulted in the recruitment of TAMs into
the primary tumor and osteoclast formation within the bone
microenvironment. Specifically, CCL2 was expressed in
luciferase-expressing PC3 cells; CCL2 had no impact on
PC3 proliferation compared to control PC3. Conditioned me-
dium of CCL2-overexpressing PC3 cells was shown to be a
significant chemoattractant for mouse monocytes compared to
control PC3 cells in vitro. This was verified using subcutane-
ous PC3 xenograft models as well, such that antibody treat-
ment against CCL2 inhibited macrophage recruitment into
PC3 primary tumors and, as a result, reduced the growth of
PC3 tumors. Intracardiac bone metastasis models of PC3-
CCL2 cells showed enhanced tumor growth in the bone; sim-
ilar to the subcutaneous model findings, CCL2 inhibition
inhibited tumor growth indirectly through reduced osteoclast
formation and activity within the bone microenvironment.
This study demonstrates that CCL2 increases tumor growth
and bone metastasis through recruitment of macrophages and
osteoclasts to the tumor in the bone [41].

Likewise, another study showed that depletion of monocytes/
macrophages or reducing the infiltration of macrophages can
significantly reduce the occurrence of bone metastasis [42, 43].
Other studies showed that infiltration ofmonocytes/macrophages
facilitated bone metastases via stimulation of colony-stimulating
factor 1 (CSF-1) and CSF-1 receptor [44, 45] supporting the
extensive evidence that monocytes and macrophages can pro-
mote bone metastasis, albeit through different mechanisms.

In a prostate cancer (PCa) skeletal metastasis model, a pre-
vious study found a significant correlation between high
levels of phagocytic CD68+ cells and Gleason score in human
PCa samples [46]. Likewise, high numbers of M2-like mac-
rophages (F4/80+CD206+) were observed in PCa bone tumors
in mice. In in vitro co-culture experiments, soluble factors
produced from efferocytic macrophages significantly in-
creased the number of PC3, bone metastasis–derived prostate
cancer cells. Trabectedin is a marine-derived alkaloid isolated
from the Caribbean tunicateEcteinascidia turbinata, shown to
selectively deplete monocytes and macrophages in the blood
and spleen of 4 different animal models. In vivo exposure to
trabectedin was able to reduce M2-like (F4/80+CD206+) mac-
rophages and reduced skeletal metastatic tumor growth after
PC3 cell intracardiac inoculation. The same study also showed
that trabectedin as a preventative therapy given 7 days
prior to PC3 cell injection significantly reduced both
bone tumor size and M2-like macrophages in the mar-
row. This indicates that M2-like macrophages mediate
prostate cancer bone metastasis and that trabectedin
treatment is able to prevent this process [46].

Finally, although macrophages have an established role in
primary tumors, emerging evidence suggests that macro-
phages in the bone support cancers which preferentially me-
tastasize to the skeleton.

A recent study revealed that CD137, a member of the TNF
receptor superfamily, facilitates migration of monocytes/

Fig. 1 The impact of bone marrow myeloid immune cells on tumors in
the bone. The representative figure shows factors secreted by myeloid-
derived immune cells that can promote tumor progression in the bone.
Osteoclasts (OCs), osteoblasts (OBs), myeloid-derived suppressor cell
(MDSC), interleukins (IL-10, IL-1beta, IL-6), colony-stimulating factor
(CSF), receptor activator of nuclear factor kappa-Β/ligand

(RANK/RANK-L), parathyroid hormone-related protein (PTHrP),
matrix metalloproteinase 9 (MMP9), fibroblast growth factor (bFGF),
C-X-C chemokine receptor type 4 (CXCR4), C-C chemokine receptor
type 2 (CCR2), transforming growth factor beta (TGFb), vascular
endothelial growth factor (VEGF). Created with BioRender.com
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macrophages into the tumor niche through upregulation of
Fra1, a transcriptional factor shown to promote cell migration
and epithelial-mesenchymal transition (EMT) [47]. Further,
CD137 was found to promote the differentiation of
monocytes/macrophages into osteoclasts providing a suitable
niche for colonization and growth of breast cancer cells in the
bone. Using F4/80-targeted liposomal nanoparticles encapsu-
lating the anti-CD137 blocking antibody, bone and lung me-
tastases of breast cancer cells were significantly inhibited [47].
Similarly, in a mouse model of breast cancer, evidence
showed that macrophage-stimulating protein (MSP) mediates
osteolytic bonemetastasis.MSP is a serum protein involved in
macrophage accumulation and activation. MSP was also
shown to stimulate mammary epithelial cells to invade extra-
cellular matrix, indicating that these cells directly respond to
MSP. Overexpression of MSP was associated with increasing
metastatic bone foci in patients with breast cancer demonstrat-
ing a diversity of roles of macrophages in bone metastatic
breast cancer [48].

It has been reported that breast cancer cells prefer the bone
marrow and can remain dormant for decades [49].
Additionally, bone marrow metastasis of breast cancer can
recur decades after the first diagnosis and treatment indicating
the long-term survival of disseminated cancer cells in a dor-
mant state. Although this phenomenon is understudied,
emerging evidence suggests that macrophages can play a role
in the “waking” of dormant breast cancer cells within the bone
marrow. Specifically, a recent study showed that exosomes
from macrophage subtypes showed differential regulation of
breast cancer dormancy in bone [50]. Exosomes from M1
macrophages were able to bring breast cancer cells out of
quiescence via activation of nuclear factor kappa beta
(NFkB), whereas M2macrophages formed gap junctions with
breast cancer stem cells, inducing their quiescence. This sug-
gests that macrophage subtypes within the bone marrow are
critical mediators of the transition of dormant breast cancer to
breast cancer progression into a secondary lesion in the bone
microenvironment [51].

Macrophages have also been shown to contribute to pro-
gression of bone cancers, such as osteosarcoma. It was previ-
ously reported that M2-polarized TAMs were higher in pa-
tient’s tissue with osteosarcoma and facilitated cancer initia-
tion as well as stemness of osteosarcoma cells [52, 53] .
Treatment with all-trans retinoic acid (ATRA), an active me-
tabolite of vitamin A, was able to attenuate TAM-induced
osteosarcoma tumor formation via reduction of M2 polariza-
tion of TAMs, decreased colony formation and sphere-
formation of osteosarcoma cells. Moreover, M2 macrophages
enhanced an osteosarcoma stem cell phenotype through up-
regulation of CD133, CXCR4, Nanog, and Oct4, which was
reversed by ATRA treatment [54]. Although bone cancer (i.e.,
oncogenesis of bone stromal cells) is markedly different from
bone metastasis, it is possible that similarities exist in the

tumor-bonemacrophages that can be interrogated for potential
therapeutic strategies. Collectively, these findings demon-
strate that macrophages and monocytes contribute to metasta-
sis to bone and tumor progression within the tumor-bone
microenvironment.

3 Dendritic cells

Dendritic cells (DCs) are antigen-presenting cells (APCs) that
act as liaison between the innate and adaptive immune sys-
tems [55] and were classically thought to be macrophages
when first discovered by Dr. Ralph Steinman [56].
However, unlike macrophages, DCs show elongated cellular
protrusions and lack phagocytic properties, though they share
other common macrophage surface markers, such as CD68
and F4/80 [57, 58]. In addition to their role in after tissue
injury, immature DCs capture antigen (Ag) and migrate to
the lymphoid organs where they present Ag to CD4+ T helper
cells to regulate Ag-specific immune cells, such as CD8+ cy-
totoxic T cells and B cells, and non-Ag-specific immune cells,
such as macrophages, eosinophils, and natural killer (NK)
cells [59, 60].

Although direct roles for DCs in bone metastasis is
understudied, dendritic cells have been shown to contribute
to bone destruction–associated diseases, including multiple
myeloma. Specifically, it was reported that dendritic cells in
the multiple myeloma bone environment displayed a high
expression of osteoclast-related membrane receptors and were
able to differentiate into osteoclasts which resulted in exces-
sive bone destruction [61]. Additionally, osteoclasts released
from bone destruction sites serve as an essential signal for
activation and differentiation of immature dendritic cells
through RANKL signaling. This suggests that both dendritic
cells and osteoclasts can cooperate together to promote
cancer-associated bone destruction and bone remodeling [62].

Defective dendritic cell (DC) function is dependent on high
level of cytokines and adhesion molecules in bone marrow
that can effect maturation and expansion of DCs; this was also
previously shown in multiple myeloma (MM). Immature DCs
(iDCs) co-cultured with myeloma cells showed clonogenic
growth with osteoclasts-like phenotype. Activation of recep-
tor activator of nuclear factor κB (RANK)–RANKL and
CD47–thrombospondin (TSP)-I axes lead to iDCs undergoing
OC-like trans-differentiation. This suggests that iDCs cooper-
ate with malignant multiple myeloma cells to induce multiple
myeloma osteoclastogenesis [61]. Further investigation is
needed to understand the role of immature vs. mature DCs
in bone metastasis.

Plasmacytoid DCs (pDCs) are a small population derived
from hematopoietic stem cells found in the bone marrow, and
they differentiate into the mature plasmacytic DCs in the mar-
row. However, there is limited information about their role in
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tumor progression [63]. Using metastatic models of breast
cancer, (4T1 and PDCA-1), a study showed that plasmacytoid
DCs can promote breast cancer growth and associated
osteolysis. Upon intracardiac injection of 4T1 breast cancer
cells, dissemination of breast cancer to the bone initiated the
infiltration of macrophages and expansion of pDCs in the
bone, triggering a DC-regulated Th2 immune response due
to inflammatory factors such as, IL-15, CCL5/RANTES,
andmonocyte chemoattractant protein (MCP-1) that increased
osteoclast differentiation and osteolysis [64]. The same study
showed that pDC depletion led to a significant reduction of
pro-inflammatory cytokines and increased CD8 T cell activi-
ty, which was associated with an absence of bone metastasis.
These findings were further verified in IFNAR-/- mice which
lack pDCs and showed reduced 4T1 breast cancer to bone
metastasis. In addition, CXCL10, a member of the CXC che-
mokine family with a role in angiogenesis and tumor growth
in the bone, was upregulated significantly in DCs-depleted
mice [64], suggesting that DCs may control CXCL10 and its
promotion of cancer (Fig. 1).

4 Granulocytes in the tumor-bone
microenvironment

Granulocytes are the most abundant human leukocytes, ac-
counting for ~ 70% of total leukocytes in the blood, and have
a crucial role in the innate immune system. Granulocytes in-
clude neutrophils, eosinophils, and basophils; however, neu-
trophils are the most abundant population and are typically
found in the bone marrow and spleen and in circulation [65].
Granulocytes are characterized by cytosolic granules, which
are secreted into the extracellular space in response to patho-
genic stimulation [66]. Although there is little evidence of
granulocyte roles in bone metastasis, the most abundant find-
ings are of neutrophils in bone metastasis so we have focused
on those studies.

Polymorphonuclear leukocytes/neutrophils Neutrophils are
considered the first line of defense against pathogens [67]. In
response to released chemoattractants, neutrophils are stimu-
lated to mobilize from the bone marrow or circulation to sites
of pathogenic infection where they can eliminate the invaders
through different mechanisms, including: release of ROS in an
oxidative burst, release of antibacterial enzymes, and produc-
tion of neutrophil extracellular traps (NETs). Additionally,
neutrophils will secrete pro-inflammatory cytokines and
chemokines to recruit other myeloid cells, including macro-
phages [68, 69]. In the past decade, several studies have
shown that neutrophils infiltrate tumor microenvironments
(TME), where they can either promote or protect against tu-
mor progression. However, their roles in tumors are still not
fully clear [70, 71].

There are several factors in the tumor microenvironment
which can affect neutrophil function, directing them to be
either antitumor or pro-tumor tumor-associated neutrophils
(TANs), such as TGF-βwhich promotes pro-tumor (N2) neu-
trophil phenotypes while IFN-β favors antitumor (N1) TAN
[72, 73]. The neutrophil transition from anti-tumoral N1 and
pro-tumoral N2 phenotypes is highly dependent on tissue con-
text and microenvironmental stimuli. To date, the conversion
of neutrophil function appears to be predominantly dependent
on tumor type. A previous study inoculated either subcutane-
ous H22 hepatocarcinoma or B16 melanoma tumors with tu-
mor-naïve neutrophils or neutrophils from the bonemarrow of
tumor-bearing mice (isolated 10 days after tumor inoculation).
The tumor-naïve neutrophils suppressed growth of the prima-
ry tumor, whereas neutrophils from tumor-bearing mice pro-
moted tumor growth suggesting that the primary tumor can
regulate the conversion of neutrophil function within the bone
marrow. In support of this idea, it was shown that IL-6
cooperated with G-CSF to modulate murine neutrophil func-
tion in the bone marrow before they entered the tumor milieu
[74]. This led to increased STAT3 activation and resultant
downregulation of interferon beta (IFN-β) expression in bone
marrow macrophages by IL-6. High levels of STAT3 was
important for upregulating the expression of Mmp9 and Bv8
genes and downregulating the expression of Trail and Rab27a
genes in neutrophils, which correlated with attenuated exocy-
tosis of neutrophil azurophilic granules, thus favoring tumor
growth and tumor angiogenesis [74]. This study specifically
demonstrated that neutrophil function was altered in the bone
marrow to a phenotype that was maintained in circulation,
after mobilization from the bone marrow, and after infiltration
of the primary tumor. Further, another study showed similar
results of neutrophil regulation within the bone marrow con-
tributing to infiltration of pro-tumoral neutrophils in a breast
cancer model [75]. However, it is unclear how these changes
would impact growth of disseminated cells within the bone
marrow.

Recently, our group revealed evidence showing that tumor-
associated neutrophils have a role in bone metastatic prostate
cancer and specifically protect against prostate cancer growth
within the bone microenvironment. The majority of prostate
cancer patients receive prostatectomy along with androgen
deprivation therapy such that, in the event of development of
bone metastatic disease, there is typically no longer a primary
tumor present [76]. In a recently published data, we demon-
strated that neutrophils are recruited to soluble factors from
prostate cancer cells and localize to regions of prostate cancer
lesions in patient bone biopsies. Bone marrow neutrophils
were found to be cytotoxic and to induce apoptosis of bone
metastatic prostate cancer (BM-PCa) cells, C42B, in vitro,
such that depletion of neutrophils in in vivo intratibial bone
models enhanced C42B tumor growth, by removing the sup-
pressive neutrophil brake on growth [77]. This phenomenon
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appears to be linked to inhibition of STAT5, a transcription
factor regulated by JAK/STAT activation and found to pro-
mote PCa progression [77]. Knockdown of STAT5 rendered
the prostate cancer cells completely resistant to neutrophil
killing suggesting STAT5 loss is a mechanism for cancer re-
sistance to anti-tumoral neutrophils. Further, using co-culture
killing assays of neutrophils isolated throughout tumor
growth, we found that bone marrow neutrophils isolated from
tumors 4 weeks after tumor inoculation (compared to one and
2 weeks after inoculation) lost their cytotoxicity against
in vitro prostate cancer cells [77]. However, the tumor-
derived neutrophils became less N1-like/anti-tumoral, though
they did not demonstrate a switch to a pro-tumoral/N2-like
response. This data further supports the findings that neutro-
phils within the tumor-bone microenvironment are initially
anti-tumoral but lose their cytotoxic response through un-
known mechanisms elicited by the advancing prostate tumor.

Therapy using neutrophils With the emerging evidence of
neutrophil involvement in cancer progression and metastasis,
there are studies now beginning to investigate methods for
therapeutic modulation of neutrophil function. Recently, it
has been shown that remodeling of tumor microenvironments
is a method used to enhance the delivery of nanoparticles
(NPs). A study showed that direct priming of a tumor tissue
using photosensitization rapidly activates neutrophil infiltra-
tion that mediates delivery of nanotherapeutics into the tumor.
In photosensitization (PS), a photosensitizer absorbs the visi-
ble light in tissue and converts molecular oxygen to ROS,
which induces acute inflammation and infiltration of neutro-
phils [78]. Chu et al. developed a photosensitization drug de-
livery method which consisted of nanoparticles coated with
anti-CD11b antibodies to target activated neutrophils. The
movement of nanoparticles coated with anti-CD11b (NPs-
CD11b) was shown to be mediated by neutrophil infiltration
induced through photosensitization. Neutrophil depletion was
enough to abolish the nanoparticle tumor deposition suggest-
ing that neutrophil tumor infiltration could be utilized to suc-
cessfully deliver drugs using nanoparticle therapy [79].
Another study used nano-size neutrophil-mimicking drug de-
livery system (NM-NP) by coating neutrophil membranes on
the surface with poly (latic-co-glycolic acid) nanoparticles
(NPs). This NM-NP system displayed enhanced cellular asso-
ciation with circulating tumor cells (CTC) and high CTC cap-
ture efficiency in vivo compared with uncoated NP. In addi-
tion, reduced homing to the metastatic niche was noticed in
this NM-NP system; with carfilzomib treatment, a second-
generation proteasome inhibitor, the NM-NP was able to de-
plete circulating tumor cells in the blood which prevented
early metastasis and, potentially, inhibited the progression of
already-formed metastases. These findings suggest that in-
flammatory neutrophils possess both a CTC and niche-
targeting property and this method of treatment may be

important for reducing downstream formation of metastases
[80]. The complexity of neutrophil subphenotypes must be
considered in the development of neutrophil-mediated drug
delivery and targeted neutrophil therapy [81].

5 The role ofmyeloid-derived suppressor cells
(MDSC) in bone metastasis

Myeloid-derived suppressor cells (MDSCs) are immature my-
eloid cells that suppress the activity of cytotoxic T lympho-
cytes (CTLs). Under non-disease conditions, immature mye-
loid cells (IMCs) originate in the bone marrow and can differ-
entiate into granulocytes, macrophages, or dendritic cells.
However, in response to molecular cues, partial blockage of
IMC differentiation results in MDSCs which have been re-
ported to be involved in various pathological conditions in-
cluding cancer, trauma, stress, and chronic inflammatory state
[82, 83]. In cancer, MDSCs have been demonstrated to sup-
press T cells through a number of mechanisms, including (Fig.
1) the following: (1) deprivation of arginine and cysteine ami-
no acid, which are important for T cell function and prolifer-
ation [84] (2) production of ROS and nitric oxide (NO) which
causes nitration of T cell receptors (TCR) and results in T cell
and natural killer (NK) cell apoptosis [85, 86], (3) production
of IL-10 and TGF-β1 to inhibit immune effector and cell
functions [87], and (4) through increased programmed
death-ligand 1 (PD-L1), an inhibitory signal [88].

MDSCs accumulate at primary and metastatic tumor sites,
and this accumulation is associated with inhibition of antitu-
mor immunity as well as tumor metastasis at distant tissue
sites [89, 90]. Using the 4T1 mouse model of breast cancer
bone metastasis, Sawant et al. showed that MDSCs from bone
tumors can differentiate into functional osteoclasts in vitro and
also in vivo when injected into the long bones of 4T1 tumor-
bearing mice. Moreover, nitric oxide signaling was shown to
be critical for differentiation of MDSCs into osteoclasts, sug-
gesting cross-talk between myeloid progenitors and tumor
cells through the process of osteoclast differentiation within
the bone microenvironment [90]. Another study showed that
leukocyte-derived MMP-9 resulted in the expansion of
MDSCs within the bone marrow of MMTV Her2/neu mouse
models. Elimination of MDSC numbers by treatment with
bisphosphonates, standard of care therapy for osteoporo-
sis and bone metastatic breast cancer [91], significantly re-
duced the tumor growth in the bone [92]. Based upon the role
of bisphosphonates in targeting osteoclast function and
survival, this finding is not surprising and demonstrates the
similarities of monocytic myeloid populations and the poten-
tial for pan-myeloid therapies (e.g., against macrophages and
osteoclasts) to target multiple cell populations in the bone
microenvironment.
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In the past decade, there has been more evidence demonstrat-
ing that MDSCs can be a heterogeneous population that can be
further categorized into granulocytic/polymorphonuclear (PMN-
MDSCs) or monocytic (M-MDSCs) and both subtypes suppress
anti-tumor immunity and promote tumor growth [93]. Although
there does not appear to be a specific subtype associated with
bone metastases (in comparison to other metastatic sites), a study
showed that PMN-MDSC recruitment into 4T1 mammary tu-
mors promoted tumor progression to bone metastases [94]. A
recent study showed an additional subtype inwhich granulocytes
appeared to belong to the monocytic lineage and were named
monocyte-like precursors of granulocytes (MLPGs). In contrast
to steady-state conditions, these cells expanded significantly in
tumor-bearing mice and differentiated to polymorphonuclear
myeloid-derived suppressor cells (PMN-MDSCs).
Downregulation of Rb1, tumor suppressor protein, has a role in
the expansion of MLPGs which lead to abnormal myelopoiesis
in cancer [95]. The importance of MDSC subtypes within the
tumor-bone microenvironment is largely unknown despite the
abundance of myeloid populations in the bone. However, more
evidence will likely emerge soon based upon the developing
results showing various subtypes involved in tumor metastasis.

Chemotherapy drugs have been shown to suppress MDSC
expansion and numbers through effect on bone marrow cells
[92]. Previously, the chemotherapeutic drug gemcitabine was
reported to reduce MDSC numbers and, as result, caused re-
jection of established metastatic disease in the 4T1 mouse
mammary model. Additionally, MDSC immunosuppression,
including inhibition of T cell activation and interaction with
macrophages to increase IL-10 and decrease IL-12 production
was reversed by gemcitabine treatment [96]. Another study
showed that gemcitabine-treated mice displayed less
MDSCs and that breast cancer growth in the bone was also
reduced. These studies collectively suggest that gemcitabine
may be used not only as an anti-tumorigenic drug but also for
decreasing bone destruction through regulation of MDSC
populations in bone metastases [90].

6 Mast cells

Mast cells are immune cells found in all vertebrate animals
[97] and are widely distributed in lymphatic vessels, stroma,
epithelia, and blood [98]. Human mast cells originate in the
bone marrow from CD34+, CD117+ (KIT) pluripotent hema-
topoietic stem cells [99]. However, mast cell progenitors mo-
bilize into the bloodstream and complete their maturation in
the tissue, where they participate in physiological and inflam-
matory processes including angiogenesis, lymphangiogenesis,
wound healing, heart function, and tumorigenesis [100].
Additionally, mast cells have the ability to respond to immu-
nologic insults such as injury, allergens, or other toxic

products and starting inflammation process, which can be ac-
tivated by IgE [101].

Mast cells in the tumor or tumor-associated mast cells
(TAMCs) are common in solid and hematologic human tumor
microenvironment [102], and, with regard to the bone envi-
ronment, there is some evidence that TAMCs have a role in
bone metastasis of multiple myeloma (MM). Previously, a
high level of mast cells (MCs) was reported in the bone mar-
row and angiogenesis of 24 patients diagnosed with active
MM compared with 34 patients with non-active MM. This
might indicate that mast cells participate in angiogenesis and
progression ofMM [103]; however, this needs to be examined
more closely. Another study that measured bone marrowmast
cell density (MCD) in 52 patients diagnosed with active MM
foundMCD to be associated with high expression of RANKL
and N-terminal propeptide of procollagen type I (Ntx).
Furthermore, MCD correlated positively with high levels of
immunohistochemical stain for tryptase, serum levels of
MMP-9 and RANKL, along with urine levels of Ntx. This
suggested that mast cells might participate in osteolytic activ-
ity and angiogenesis thereby promoting MM progression in
the bone (Fig. 1) [104]. Further, TAMCs were shown to stim-
ulate RANKL-dependent tumor-induced bone destruction and
tumor growth and also stimulate RANKL-independent meta-
static bone resorption. Therefore, targeting TAMCs could rep-
resent a potential approach to inhibit bonemetastasis in gastric
cancer patients [105, 106].

7 Megakaryocytes

Megakaryocytes (MKs) arise from common myeloid progeni-
tor cells and are generated in the bone marrow from hemato-
poietic stem cell precursor cells and are also produced in the
spleen, kidney, and liver [107]; mature MKs in response to
stromal-derived factor-1 (SDF-1) produce and release platelets
into circulation [108]. There are a small number of studies to
demonstrate the importance ofMKs in bonemetastasis.Within
the bone microenvironment, MKs have been shown to play a
crucial role in bone metabolism and bone modulation and are
able to inhibit osteoclast function and enhance osteoblast pro-
liferation [109]. A study showed that MKs inhibit prostate
cancer cell growth in the bone. Specifically, both K562 (hu-
man MK precursors) and primary MKs derived from mouse
bone marrow was able to inhibit growth of prostate carcinoma
PC3 cells in coculture. Direct growth inhibition occurred
through cell cycle arrest via decreased cyclin D1 expression
and stimulation of apoptosis via induction of apoptosis-
associated specklike protein containing a CARD domain
(ASC) and death-associated protein kinase 1 (DAPK1).
Likewise, mice treated with recombinant thrombopoietin
(TPO), a glycoprotein that promotes the proliferation and dif-
ferentiation of MKs, showed reduced skeletal metastasis after
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intracardiac injection of PC3 cells, demonstration that MKs do
not prevent dissemination into bone but are able to inhibit
metastatic growth in the bone microenvironment [110].
These data suggest a protective role against MKs in bone met-
astatic prostate cancer in bone.

In support of this, increased megakaryopoiesis numbers
were noticed at bone metastatic sites, but not primary tumor
sites, in mice injected with metastatic mouse mammary carci-
noma 4T1.2, (enhanced bone metastatic 4T1 cells) [111].
Similarly, TPO knockout BALB/cJ mice injected
orthotopically with 4T1.2 cells displayedmore aggressiveme-
tastasis to bone demonstrating the inhibitory effects of MKs.
Clinically, the same study observed an increase in MKs in the
bone marrow of 6 of 8 analyzed patient samples of metastatic
breast cancer; however, this may suggest an increase of MK
numbers in response to metastatic cells entering the bone mar-
row [111]. Collectively, these studies support a protective role
of MKs against progression of bone metastatic disease within
the bone compartment.

8 Platelets

Although we have primarily highlighted myeloid cell function
within the tumor-bone microenvironment, we would be re-
miss to not acknowledge the importance of myeloid cells in
dissemination to the bone. Platelets are the only CMP-derived
immune cell shown to impact both dissemination to bone and
growth into metastasis within the bone through interactions
with bone stromal cells. Platelets are generated byMKs, play a
crucial role in hemostasis and maintenance of blood barrier
integrity, and produce a variety of factors that mediate inflam-
mation and cancer progression [112]. Cancer cells have been
shown to activate platelets to induce proteases and bioactive
phospholipids that promote tumor angiogenesis [113]. With
regard to bone metastasis, platelets have been shown to act in
contrast to MKs and have been shown to promote bone me-
tastasis via regulation of osteoclast activity. Beta integrins
have been shown to contribute to tumor progression and me-
tastasis [114, 115]. Platelets (and MKs) solely express αIIbβ3,
whereas αvβ3 integrin is expressed on multiple cell types
including osteoclasts, platelets, MKs, and endothelial cells.
Based on the role of integrins in platelet recruitment, a previ-
ous study examined whether β3 integrins could contribute to
platelet/osteoclast interactions and its role in bone metastasis
[116]. Specifically, Bakewell et al. used a β3 integrin-
depletion mouse model which showed osteolytic bone metas-
tasis in 74% of β3

+/+ mice compared to only 4% in β3
-/- mice

after intracardiac injection of B16 melanoma cells.
Interestingly, β3

-/- mice intratibially inoculated displayed a
marrow replacement by tumor, but there was no associated
trabecular bone resorption as seen in β3

+/+ mice suggesting
that β3 integrin is a critical mediator of bone resorption in the

tumor-bone microenvironment [116]. To see the role of oste-
oclast versus platelet β3 integrin, the same study used
osteoclast-defective Src-/- mice; Src-null mice were protected
from tumor-associated bone destruction. However, metastasis
to bone still occurred. Platelet aggregation inhibitor, a highly
selective small molecule inhibitor of αIIbβ3 platelet function,
prevented B16 melanoma metastasis to bone suggesting that
αIIbβ3 on platelets regulate metastasis to bone and αvβ3 reg-
ulates metastatic growth in the bone through osteoclast activ-
ity and associated bone resorption [116]. Another study sup-
ported this evidence demonstrating that inhibition of platelet
B3 integrin can reduce B16 melanoma metastasis to bone
[117]. In a separate study, platelet-derived bioactive lipid,
lysophosphatidic acid (LPA), enhanced bone metastasis.
Treatment with integrilin, a platelet aggregation inhibitor,
was able to reduce plasma levels of LPA and a decrease in
osteolytic bone lesions from breast cancer [118](Fig. 1).

Autotaxin (ATX) is a lysophospholipase found in platelet
granules and is important for basal levels of LPA in blood.
ATX is elevated in many types of cancer including neuroblas-
toma, beta cell lymphoma, melanoma, and breast carcinomas;
is associated with poor outcomes [119]; and has been shown
to link platelets to cancer progression [120]. A study revealed
high levels of ATX in murine breast carcinoma tissue. Mice
inoculated with human breast cancer cells, MDA-B02, which
do not express ATX, were treated with ATX inhibitor
(BMP22) and showed a reduction in skeletal metastases and
cancer cell colonization of bone [121, 122]. Collectively these
findings demonstrate that platelets predominantly promote
metastasis to bone. It is unclear whether platelets have predi-
lection for promoting cancer metastasis to bone over other
tissue sites though specific platelet integrin interactions with
bone should be investigated for potential therapies.

9 Conclusion

Bone is a preferential site for homing of breast and prostate
cancer disseminated cells but can be seenwith other cancers as
well, including but not limited to thyroid, bladder, and lung;
however, breast and prostate display the most frequent inci-
dent of metastasis to bone compared to other cancers [123]. A
critical component of cancer growth and progression within
the bone marrow requires cancer-induced bone remodeling
which provides a source of nutrients for metastatic cells and
results in the well-characterized “vicious cycle” of tumor pro-
gression in bone [124]. However, the bone environment is
comprised of ~ 5% of bone remodeling osteoblasts and oste-
oclasts whereas myeloid cells comprise about 30–40% of the
marrow and have been emphasized in several studies to be
mediators of tumor progression [125, 126]. Although there
is an extensive evidence of myeloid cell’s roles in tumor pro-
gression and metastasis to the bone, we and others have
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identified that a number of myeloid-tumor interactions can
either protect against or promote tumor growth within the
bone suggesting the potential for myeloid-targeted immuno-
therapies for treating bone metastasis. It appears that specific
myeloid cell types in the bone provide an amenable environ-
ment for cancer; however, it is unclear whether it differs based
upon cancer type. Many of the studies highlighted in this
review utilized preclinical bone metastatic cancers (such as
breast, prostate, and multiple myeloma) and showed direct
roles for myeloid cells in regulation of tumor growth in the
bone, as well as dissemination to the bone. However, these
findings do not explain whether myeloid cell function may
differ in cancers that do not typically metastasize to the bone
or if there are specific mechanisms of myeloid cells in the
bone that may hinder growth or promote growth, for example,
hindrance of a melanoma cell vs. promotion of a prostate
cancer cell, such that there are specific cancer-induced micro-
environmental changes within the bone. Further, it is possible
that specific myeloid-tumor cell interactions regulate metasta-
tic organotropism differently depending on cancer type. These
considerations and additional studies are needed to fully de-
fine the importance of myeloid cells in bonemetastasis and for
the development of novel myeloid-targeted immunotherapy
for treating bone metastatic cancers.
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