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ARTICLE INFO ABSTRACT

Bone metastasis is a fatal consequence of a subset of solid malignancies that fail to respond to conventional
therapies. While a myriad of factors contribute to osteotropism and disseminated cell survival and outgrowth in
bone, efforts to inhibit tumor cell growth in the bone-metastatic niche have largely relied on measures that
disrupt the bi-directional interactions between bone resident and tumor cells. However, the targeting of isolated
stromal interactions has proven ineffective to date in inhibiting bone-metastatic progression and patient mor-
tality. Osteoimmune regulation is now emerging as a critical determinant of metastatic growth in the bone
microenvironment. While this has highlighted the importance of innate immune populations in dictating the
temporal development of overt bone metastases, the osteoimmunological processes that underpin tumor cell
progression in bone remain severely underexplored. Along with tumor-intrinsic alterations that occur specifi-
cally within the bone microenvironment, innate osteoimmunological crosstalk poses an exciting area of future
discovery and therapeutic development. Here we review current knowledge of the unique exchange that occurs
between bone resident cells, innate immune populations and tumor cells that leads to the establishment of a
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tumor-permissive milieu.

1. Introduction

Bone metastasis is a debilitating and ultimately fatal consequence of
a number of malignancies that become treatment refractory, including
breast and prostate cancer. In solid malignancy, early intervention is
largely focused on debulking or eradicating the primary tumor via
surgical, chemical or hormonal means. Yet, inevitably, approximately
8-10% of breast and prostate cancer patients go on to develop bone
metastases despite conventional therapies (Ngrgaard et al., 2010;
Sathiakumar et al., 2012; Wong and Pavlakis, 2011). Once diagnosed,
treatment of bone metastatic lesions relies on chemotherapy, radio-
therapy or blocking interactions between bone resident and tumor cells
to alleviate painful bone destruction and delay tumor progression (El-
Amm and Aragon-Ching, 2013; Gomez-Veiga et al., 2013; Shibata et al.,
2016). However, management is palliative rather than curative, and the
targeting of bone remodeling pathways using agents that promote os-
teoclast dysfunction and apoptosis have not proven adequate to inhibit
metastatic outgrowth (Dearnaley et al., 2009; Rosen et al., 2003; Van
Acker et al., 2016). Combined with the lack of molecular targets and
consensual predictive signatures in high-risk patients, the failure of
conventional therapies to abrogate disease once colonization of bone is
initiated emphasizes the requirement for deeper exploration into
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alternative modalities to predict or preclude bone metastatic events.
Improved awareness of osteoimmunological regulation of metastatic
progression coupled to the recent success of the immunotherapy Ipili-
mumab in extending patient survival in metastatic melanoma has led to
a new wave of immune-based therapies designed to supersede or en-
hance conventional treatments (Hodi et al., 2010; Kaminski et al.,
2003). Yet, the jury is still out on the efficacy of immunomodulatory
agents to negatively regulate tumor progression in bone due to para-
doxical outcomes. As such, continued efforts to deconvolute the tem-
poral development of bone metastasis within the boundaries of host-
tumor interaction, which extends to immune regulation and tumor-
driven events, is requisite to developing more effective means through
which to target bone metastasis.

Establishment of a secondary tumor following the dissemination of
cancer cells from the primary site is a complex and dynamic process
suggested to occur early during tumorigenesis (Eyles et al., 2010; Pantel
and Brakenhoff, 2004; Van der Toom et al., 2016; Wan et al., 2013).
The cascade of events that culminate in metastatic outgrowth in a
distant organ rely on early tumor cell resistance to anoikis during in-
travasation and circulatory migration, stimulation of angiogenesis
within the metastatic niche and competent co-option at the secondary
site to sustain disseminated tumor cell (DTC) growth and persistence
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amid resident cells (Eckhardt et al., 2012; Patel et al., 2012; Sethi and
Kang, 2011a,b). In bone, DTC co-option of the hematopoietic stem cell
(HSC) niche is augmented by factors suggested to both modulate tumor
cell dormancy and drive subsequent outgrowth (Jung et al., 2012; Kim
et al., 2013). Dormancy, in which DTC expansion is restricted by tumor-
driven or microenvironmentally-induced mechanisms, has been pro-
posed to underpin the long latency that often accompanies breast and
prostate cancer recurrence and may confer tumor cell resistance to
conventional therapeutics that target actively mitogenic cells (Aguirre-
Ghiso, 2007; Karrison et al., 1999; Khoon, 2015; Osisami and Keller,
2013). However, poor mechanistic understanding of the signals that
induce, maintain and promote outgrowth from dormancy in bone has
compounded efforts to gain comprehensive insight into the early events
that culminate in the formation of macrometastases. Yet, perhaps the
most critical determining factor in successful metastatic progression is
the ability of tumor cells to exploit and subsequently impede immune
surveillance mechanisms demonstrated to effectively control cancer
initiation and progression (Bidwell et al., 2012; Capietto and Faccio,
2014; Esposito and Kang, 2014a; Rautela et al., 2015; Suva et al., 2011;
Zhang et al., 2011).

One emerging prospect in the treatment and prevention of bone
metastasis stems from our increased understanding of immune cell
regulation of tumor progression. Inmunosurveillance pertains to the
capacity of autologous immune cell populations to mediate or eliminate
transformed cells — a process frequently marred by the acquired or in-
herent capacity of DTCs to evade immune regulatory mechanisms
(Burnet, 1957; Dunn et al., 2006, 2004). The evident success of im-
mune-based therapies to induce durable immune responses in patients
with advanced hormone-refractory disease has sparked initiation of
numerous clinical trials to evaluate the potential of immunotherapies in
a bone metastatic setting (Lu et al., 2017; Maia and Hansen, 2017;
Sharma and Allison, 2015; Spellman and Tang, 2016). The majority of
therapies under scrutiny are T cell activating, such as Ipilimumab and
Sipuleucel-T, and rely on intact and readily mobilized adaptive immune
cell populations coupled to high tumor cell immunogenicity to elicit an
effective antitumor response. To date, results have been under-
whelming, conferring no significant survival benefit or decrease in
tumor burden in patients bearing bone-metastatic lesions, with the
exception of melanoma (Beer et al., 2017; Hodi et al., 2010; Kwon et al.,
2014; Miles et al., 2011; Ylitalo et al., 2016). The inadequacy of modern
immunotherapeutics to abrogate bone metastasis is a likely con-
sequence of tumor-induced tolerance, and the low immunogenicity of
bone metastatic lesions and the primary tumors from which they arise,
however studies that adequately address this in the bone-metastatic
setting are lacking (reviewed in Gajewski et al., 2013a,b; Spranger and
Gajewski, 2015). The contribution of innate immune regulation of
metastasis has also been largely ignored in the development of immune-
based therapies currently in the spotlight. Several elegant studies uti-
lizing immunocompetent animal models of bone metastasis have re-
vealed a crucial role for innate immune populations as key regulators of
metastatic outgrowth in bone (Capietto and Faccio, 2014; Lode et al.,
1998; Pasero et al., 2015; Rautela et al., 2015). Coupled to the fact that
innate immune cells are heavily intertwined in normal bone-homeo-
static processes, there may be a requirement for innate immune sti-
mulation to enhance current therapeutic regimens (Charles and
Nakamura, 2014; Zhao et al., 2012). Additional studies have also im-
plicated direct tumor-intrinsic modulation of immunosurveillance me-
chanisms as a critical driver of bone-specific metastasis, yet this is an
area well underexplored in osteoimmune oncology (Bidwell et al.,
2012; Touati et al., 2017). In this review, we summarize the impact of
the bone microenvironment on metastatic progression, and explore the
influence of innate immune cells on of tumor growth and how tumor-
inherent changes alter the course of tumor progression in bone via
immunomodulatory means — all of which must be taken into con-
sideration to devise more effective and sustainable strategies to treat or
inhibit formation of overt metastases in bone (Fig. 1).
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2. The bone microenvironment: congeniality, attraction and
mutual exchange

Comprised of both perivascular and HSC compartments that sustain
both hematopoiesis and osteoequilibrium, bone is rich repository for
factors that support and enhance cellular growth, survival and func-
tionality (Hauschka et al., 1986; Pluijm et al., 2001). The fertile milieu
bone provides is a critical determinant of persistence and expansion in
arrested DTCs (Roodman, 2004). However, DTC presentation in bone
does not always lead to the formation of macrometastases. This implies
that DTCs that preferentially migrate to bone must exhibit inherent or
acquired biological characteristics that predispose them to successful
engagement and prosperity in this unique secondary system, including
the capacity to overcome dormancy. Indeed it has been demonstrated
that only a percentage of bone-derived DTCs identified as non-pro-
liferative in prostate and breast cancer patients were capable of ex-
pansion in vitro and that the proliferative potential of isolated cells
correlated with disease progression (Solakoglu et al., 2002). Further-
more, it has been evidenced that several osteogenic molecules such as
osteonectin, osteoglycan, biglycan and osteopontin are expressed in
prostate and breast epithelial cells, from which carcinomas arise
(Berquin et al., 2005; Inman and Shore, 2003). Yet, while the specific
molecular and phenotypical traits of certain solid malignancies may
play a role in organ tropism, the remarkable capacity of DTCs to thrive
within the bone microenvironment is largely governed by stromal co-
operation and the propensity for transformed cells to adapt within a
continually evolving niche. In fact, the majority of research into elu-
cidating bone-metastatic mechanisms has focused on the interaction
between tumor and bone resident cells such as endothelial cells, os-
teoblasts, osteoclasts and their stem cell progenitors.

2.1. Adhesion and conveyance

Endothelial cells of the bone perivascular niche that surround si-
nusoidal networks modulate leukocyte trafficking and have been im-
plicated in both DTC adhesion and regulation of dormancy during early
tumor cell colonization. In fact, prostate-derived DTCs have been shown
to preferentially bind to bone endothelial cells rather than endothelium
from other organs or the bone extracellular matrix (Cooper et al., 2000;
Lehr and Pienta, 1998; Romanov et al., 2004). Bone endothelial cells
mediate DTC attachment and conduction via constitutive expression of
adhesion molecules, including VCAM1 and E-selectin, which engage
with ligands such as a4f3; integrin, PSGL1, and CD44, upregulated on
bone-metastatic breast and prostate cancer cells (Dimitroff et al., 2005;
Lehr and Pienta, 1998; McFarlane et al., 2015). Similarly, the interac-
tion between galectin-3 on endothelial cells and Thomsen-Friedenreich
glycoantigen (TF-Ag) on prostate-derived DTC has been demonstrated
to mediate bone metastasis, which could be effectively inhibited using a
TF-Ag mimetic in mice (Glinskii et al., 2012). Beyond adhesion, en-
dothelial cells have also been shown to modulate DTC quiescence fol-
lowing extravasation into bone via thrombospondin-1-induced cell
cycle arrest in a metastatic breast cancer model (Ghajar et al., 2014).
While this suggests a potential role for endothelial cells in regulating
tumor cell proliferation, numerous studies exploring endothelial cell-
mediated dormancy have failed to provide evidence that identified
quiescent cells are capable of reactivation and subsequent formation of
overt metastases (Ghajar et al., 2014; Jung et al., 2012). Yet perhaps the
most intriguing role of endothelial cells as a driver of bone-metastatic
progression is their recently confirmed ability to undergo conversion to
osteoblasts when associated with bone metastatic tumor cells (Lin et al.,
2017).

2.2. Homing and establishment

Descended from mesenchymal stem cells (MSCs), osteoblasts are
perhaps the most well-described population in bone, with the exception
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Fig. 1. Bone offers a unique environment for co-op-
tion by disseminated tumor cells. Homeostatic re-
modeling of the bone extracellular matrix (ECM) to
maintain hematopoietic and structural integrity re-
lies on crosstalk with immune populations that de-
velop within or are recruited to the bone micro-
environment. Competent co-option by tumor cells
that express preferential tropism for bone is initiated
by successful recruitment and attachment, facilitated
in part by chemokine gradients (CXCR4/CXCL12)
and bone endothelial expression of adhesions mole-
cules. Tumor progression is subsequently influenced
by a ‘vicious cycle’ of bone degradation and tumor
growth, facilitated by tumor cell induction of osteo-
blast-mediated osteoclastogenesis that culminates in
bone resorption and release of growth factors and
minerals from the ECM that furthers metastatic
growth. The vicious cycle is the primary target for
therapy  (RANKL inhibitors/bispho-
sphonates) in patients with advanced bone-meta-
static disease. Tumor cells also induce immune sup-
pression through the release of factors that promote
immune suppressive cell expansion and inhibition of
effector cells, that ultimately creates a permissive
milieu that supports metastatic growth. Therapies
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that stimulate immune cells (such as Ipilimumab and Sipuleucel-T) are an alternative therapeutic approach to altering the course of tumor progression in bone.

of their bone remodeling counterparts, osteoclasts (Ren et al., 2015). In
addition to their supporting role in HSC maintenance and expansion,
mature osteoblasts have long been implicated in DTC homing (Calvi
et al., 2003). It is well established that the migration of breast and
prostate DTCs to bone involves the exploitation of stromal cell pro-
duction of trophic factors that establish and maintain a gradient toward
which tumor cells expressing complimentary chemokines are directed
(Patel et al., 2012; Gartrell et al., 2015). One mutual exchange subsists
on tumor cell expression of chemokine (C-X-C motif) receptor 4
(CXCR4), which selectively binds to the ligand CXCL12 (also known as
SDF-1) expressed by osteoblasts and other resident cells of the peri-
vascular niche (Busillo and Benovic, 2007; Gladson and Welch, 2010;
Moll and Ransohoff, 2010). Overexpression of CXCR4 in patient-de-
rived tumors and murine models of prostate and breast cancer has been
observed and increased CXCR4 primary tumor expression has been
described as a predictor of bone relapse in a breast cancer patient co-
hort (Chinni et al., 2006; Gravina et al., 2015; Mukherjee and Zhao,
2013; Sacanna et al., 2011; Sun et al., 2003). While ongoing clinical
trials are currently exploring the effectiveness with which CXCR4 in-
hibitors (such as Plerixafor) impact myeloma, limited pre-clinical stu-
dies have demonstrated that in vivo blockade of the CXCR4/CXCL12
axis using CXCR4 antagonists, including CTCE-9908, is sufficient to
reduce bone metastatic burden in breast and prostate cancer models
(Gravina et al., 2015; Ramsey and McAlpine, 2013; Richert et al., 2009;
Sun et al., 2005). However, a longitudinal study showed that single-
agent CTCE-9908 therapy was only effective in slowing tumor pro-
gression and was not sufficient to decrease prostate-derived bone me-
tastasis, while others have reported that CXCR4 blockade significantly
increased DTCs in bone in prostate cancer, due to the proposed dis-
placement of HSCs into circulation (Gravina et al., 2015; Shiozawa
et al., 2011). Therefore, it remains unclear as to whether targeting this
pathway therapeutically would help or hinder attempts to eschew DTC
colonization. Beyond its potential role in osteotropism, osteoblast-de-
rived CXCL12 has also been implicated in DTC localization, with the
highest expression of CXCL12 observed at the epiphyseal plate of the
metaphysis in long bones — a region densely populated with mature
osteoblasts and one of the most commonly co-opted locations in bone-
metastatic cancers (Schneider et al., 2005; Sun et al., 2005; Wang et al.,
2014). Consequently, stromal CXCL12 expression has been targeted
therapeutically in mice bearing bone metastatic tumors with promising
results, however the impact of CXCL12 blockade on bone physiology
independent of DTC colonization in immunocompetent systems has not
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been examined (Roccaro et al., 2014; Sun et al., 2005).

Perhaps the most well explored function of osteoblasts is the de-
position of bone, vital to the maintenance of cytoskeletal architecture
and structural integrity. Bone remodeling is a tightly regulated yet
asynchronous process mediated by both osteoblasts, which drive bone
formation, and osteoclasts that induce resorption through the lysis of
mineralized bone (Croucher et al., 2016). Osteoblast activity is reliant
on a multitude of local and systemic stimulatory factors, many of which
are also produced at high levels by DTCs. Endothelin-1 (ET-1), over-
expressed in bone-metastatic tumor cells, has been shown to skew bone
remodeling toward unregulated bone production by stimulating os-
teoblast mitogenesis through stromal cell suppression of Dickkoph-1
(DKK-1) and promoting osteoclast apoptosis (Guise et al., 2003).
However targeting ET-1 as a single agent has yielded conflicting out-
comes in xenograft models, and a phase III clinical trial investigating
the efficacy of the ET-1 antagonist Atrasentan in metastatic prostate
cancer reported no difference in bone-metastatic progression between
treated and untreated groups (Carducci et al., 2007; Guise et al., 2003;
Keller and Brown, 2004). Yet, underscoring the importance of strategic
delivery, ET-1 inhibition may hold promise in patients at risk of re-
currence, as DKK-1 expression has been associated with DTC quiescence
in bone (Casimiro et al., 2009; Linde et al., 2016). Several bone mor-
phogenic proteins (BMPs) have also been implicated in increased bone
growth adjacent to metastatic lesions through their induction of os-
teoblast differentiation (Jin et al., 2011). Multiple reports of altered
BMP expression and activity, particularly BMP4 and 7, across different
prostate and breast bone-metastatic cell lines and clinically derived
patient samples during progression to bone highlight the potential role
of BMPs in the temporal development of bone metastases (Jin et al.,
2011; Keller and Brown, 2004; Morrissey et al., 2010a; Mundy, 2002).
In fact, Cao et al. (2014) reported that overexpression of BMP4 in a
metastatic breast cancer model significantly decreased tumor burden
through modulation of innate immune suppressive mechanisms. Yet, a
lack of consensus on the effect of specific BMPs, of which 13 have been
classified, has undermined efforts to establish BMPs as a clinically re-
levant target (Cho et al., 2016; Morrissey et al., 2010b; Suva et al.,
2011; Ye et al., 2009).

2.3. Beyond the vicious cycle

Structurally related to BMPs, transforming growth factor (TGF)-f is
perhaps one of the important mediators of osteogenesis and one of the
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Fig. 2. Transforming growth factor (TGF)-$ has emerged as a central cytokine in bone-
metastatic progression and high serum levels have been associated with poor prognosis in
bone-metastatic patients. Produced ubiquitously in the co-opted niche, TGF- is a chief
regulator of osteoimmunity, increasing both osteolytic and osteoblastic activity that de-
stabilizes homeostatic bone remodeling while simultaneously enhancing tumor cell
growth. This, in turn, promotes immunosuppression, further augmented by direct im-
mune modulation by TGF- on plastic populations, such as neutrophils. Therapeutic
blockade of TGF-B has been effective in reducing tumor burden in bone by promoting
antitumor immune activity and inhibiting errant bone destruction.

only identified bone mitogenic cytokines known to induce both osteo-
blastic and osteoclastic genes, thus regulating bone formation as well as
resorption (Kveiborg et al., 2001; Suva et al., 2011; Yin et al., 2003;
Fig. 2). TGF-B promotes osteoblast proliferation and differentiation by
inducing ET-1 transcription and upregulating stromal insulin growth
factor (IGF)-1 (Jin et al., 2011). The latter is reported to be highly ex-
pressed in bone metastases derived from both prostate and breast
cancers, along with its respective receptor, suggesting possible para-
crine and endocrine promotion of tumor cell growth concurrent to os-
teoblast activation (Christopoulos et al., 2015; Hiraga et al., 2012). The
opposing function of TGF-f to promote osteoclastogenesis is regulated
by the induction of Jaggedl, involved in Notch signaling — a pathway
heavily linked to bone metastasis and patient relapse in breast cancer —
as well as parathyroid hormone-related protein (PTHrP) and several
stromal-derived cytokines, including interleukin(IL)-11 (Esposito and
Kang, 2014; Sethi and Kang, 2011a,b). In a somewhat convoluted
process, TGF- mediates bone resorption via the upregulation of tumor-
derived or stromal PTHrP, which in turn induces osteoblast production
of RANKL (receptor activator of nuclear factor kB ligand) that binds to
its respective receptor RANK, expressed on hematopoietic osteoclast
precursors (Jin et al., 2011; Roodman, 2004). Binding initiates a sig-
naling cascade that culminates in osteoclast maturation. Mature os-
teoclasts then facilitate bone degradation. Tumor-derived TGF-P is
central to the proposed concept of a vicious cycle, in which active
tumor cells in the HSC niche induce PTHrP-mediated production of
RANKL to promote osteoclast activation and subsequent bone resorp-
tion, consequently releasing an abundance of bone-stored growth fac-
tors that enhance tumor cell proliferation and further promote osteo-
lytic activity (Abe et al., 2004; Mundy, 2002). Yet other endogenous
and tumor-derived factors in the co-opted bone metastatic niche, in-
cluding cathepsin K, IL-8 and IKKP, have been shown to stimulate
RANKL-independent osteolysis (Bendre et al., 2005; Clarke, 2008;
D’Amico and Roato, 2015; Otero et al., 2010). The ability of tumor cells
to circumvent RANKL-dependent osteolysis likely contributes to the
failure of RANKL inhibitors, including Denosumab, to increase pro-
gression-free survival in advanced breast and prostate cancer patients,
despite the effectiveness with which they have been shown to delay
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onset of skeletal-related events (Aragon-Ching, 2011; Fizazi et al., 2011;
Gnant et al., 2015; Smith et al., 2015; Snedecor et al., 2013). Similar
findings have been reported from clinical trials investigating the benefit
of bisphosphonates, such as Zoledronic acid, which specifically target
osteoclast progenitor development, to treat and prevent bone metas-
tases (Simos et al., 2013; Wirth et al., 2015).

Taken together, the targeting of isolated interactions between tumor
and bone resident cells to deter the establishment or progression of
DTCs in bone has not proven adequate to reverse or inhibit bone me-
tastasis in advanced disease, however identification of predictive mar-
kers for disease progression that may facilitate more timely delivery of
therapies targeting bone resident populations may increase the efficacy
of theses agents. While this underlines the relevance of exploring
combinatorial approaches to better manage such a dynamic and mul-
tifaceted disease, it has also prompted investigators to look beyond the
skeletal system.

3. Innate osteoimmunity and automimicry: shaping metastatic
progression in the co-opted niche

The last decade has seen a surge in interest in the link between bone
and the immune system — a logical progression given that the HSC niche
provides a common point of origin for both bone and immune cells.
Multiple lines of evidence support the contribution of immune cells to
bone homeostasis and have exposed critical mechanisms of crosstalk
between skeletal and immune systems that may be exploited by DTCs to
gain a foothold in bone and progress. It is well-established that adaptive
immune cells, including CD4* and CD8™ T cell subsets, play a crucial
role in mediating antitumor immunity in both primary and metastatic
disease (Galon et al., 2013, 2006; Qin and Blankenstein, 2000; Roato,
2013; Slaney et al., 2013). In fact, CD8* T cells in bone have been
evidenced to modulate tumor progression independent of the functional
and biological status of osteoclasts in the co-opted niche, which sup-
ports the requirement for targeting multiple pathways to combat bone
metastasis over osteoclast-targeted therapies alone (Zhang et al., 2011).
Innate immune populations, including natural killer (NK) cells, have
also been exposed as key contributors to tumor-directed immune sur-
veillance however, as is the case for many immune cell lineages, their
specific role in bone physiology and in the bone metastatic niche has
been understudied and has therefore not translated into the develop-
ment of robust innate-immune targeted therapies (Smyth et al., 2000;
Zhao et al., 2012). Unfortunately, the field of osteoimmunology in the
context of bone metastasis has been marred by a lack of syngeneic
murine models that reliably metastasize to bone (Rosol et al., 2011).
Therefore, much of what we know about tumor and innate immune cell
interactions in bone has come to light using in vitro systems that fail to
recapitulate the complexity of the bone microenvironment, or has been
extrapolated from immunocompromised models. Despite this, accu-
mulating evidence has revealed a critical role for innate immune cells in
the regulation of DTCs in the bone microenvironment.

3.1. Tumor suppression

Involved in nonspecific elimination of DTCs via the production of
interferon (IFN)- vy, release of cytolytic granules or TRAIL/FASL-in-
duced apoptosis, mature NK cells represent approximately 12% of cir-
culating lymphocytes, yet comprise as little as 1% of the lymphocyte
population in bone — the primary site of NK cell development (Farag
and Caligiuri, 2006). The effector function exerted by mature NK cells is
contingent on a fine balance between inhibitory (including NKG2A and
Ly49A in mice or KIR-L and CECAM-1 in humans) and activating re-
ceptors (including NKG2D, NKp46, NKp30 in mice and humans) present
on NK cells, and their total engagement with respective ligands ex-
pressed on targeted or transformed cells (Waldhauer and Steinle, 2008).
The nonspecific nature of NK cell immunosurveillance permits elim-
ination of DTCs that have evaded adaptive immune recognition by
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downregulating expression of membrane major histocompatibility
complex class I (MHC-I), which normally serves to engage CD8™ T cell
receptors to induce cytolytic activity — a fundamental feature of the
missing self paradigm (Desbois et al., 2012; Kérre, 2002). Additional
stimuli critical to NK cell detection of tumor cells independent of MHC
dysregulation is tumor cell upregulation of stress ligands, which are
recognized by NK cell activating receptors (Pende et al., 2002). Stress
ligands have been shown to be highly expressed during the early stages
breast and prostate cancer in both the primary tumor and circulating
cells, and have been associated with decreased patient relapse in breast
cancer (de Kruijf et al., 2012; Liu et al., 2013; Pasero et al., 2015;
Roberti et al., 2012). Differentiation of common lymphoid progenitors
into functional NK cells in vivo relies on bone endothelial and monocyte
production of IL-15, which interacts with the IL-2 receptor on NK cell
precursors in the absence of its cognate ligand IL-2, reportedly absent in
bone marrow, while NK cell expansion requires priming by co-stimu-
latory tyrosine kinases ligands flt-3 and c-kit supplementary to IL-15
(Farag and Caligiuri, 2006; Mrozek et al., 1996; Saeed and Revell,
2001). Interestingly IL-15 has also been shown to directly induce os-
teoclastogenesis in normal bone and has been implicated in non-cancer
related pathological bone loss (Ogata et al., 1999). However, TGF-f3, in
addition to it’s contribution to RANKL-dependent bone remodeling and
suppression of CD8™ T cell expansion and effector function, has been
demonstrated to downregulate both IL-15R and IL-2R expression, which
may negate IL-15 mediated osteoclast activation in favor of other os-
teolytic pathways (Lucas et al., 2006; Sanjabi et al., 2009). Conversely,
TGF-f3 has been evidenced to inhibit NK cell activation and proliferation
by antagonizing IL-15-dependent NK cell maturation and expression of
both NKp30 and NKG2D, which may have major implications for NK
cell-mediated tumor cell elimination in bone (Richards et al., 2006;
Wilson et al., 2011). In fact, high serum TGF-( in cancer patients, which
correlates with systemic immunosuppression, has been associated with
poor patient outcome (Lee et al., 2004). We have previously demon-
strated that NK cells are essential to the suppression of breast cancer
metastasis to bone using the 4T1.2 immunocompetent model, when
tumor-intrinsic type I IFN signaling is intact — type I IFN being a critical
mediator of NK cell activation and effector function (Bidwell et al.,
2012; Heidemann et al., 1986; Swann et al., 2007). Furthermore, in
type I IFN deficient hosts, we have shown that adoptive transfer of
activated NK cells reduced tumor burden in the spines of mice bearing
4T1 orthotopic tumors (Rautela et al., 2015). Expression of NKp30 and
NKp46 on circulating NK cells has also been associated with sig-
nificantly increased patient survival in metastatic-prostate cancer and
therapeutically activated NK cells were shown to exclusively abrogate
bone metastasis in a neuroblastoma model (Lode et al., 1998; Pasero
et al., 2015). While the immunosuppressive action of TGF-p, frequently
elevated in bone-metastatic cancer patients, has been strongly attrib-
uted to the phenotypical and functional alterations that diminish the
potential antitumor activity of NK cells, it has been evidenced that TGF-
B does not impact IL-15 mediated NK cell survival (Lee et al., 2004;
Wilson et al., 2011). Furthermore, inhibition of TGF- has been de-
monstrated to restore NK cell dependent antitumor activity (Wilson
et al., 2011). That NK cell suppression in the tumor microenvironment
is reversible offers therapeutic opportunity to target TGF-f3 signaling to
enhance innate antitumor immunity. In fact, numerous clinical trials
utilizing TGF-f inhibitors in various cancer settings have reported fa-
vourable patient outcomes, lending further weight to TGF-f3 antagonism
as a feasible therapeutic adjuvant (Neuzillet et al., 2015). It has also
been demonstrated that targeted disruption of TGF-$ signaling can
deter the development of breast-derived bone metastases in 4T1 tumor
bearing mice, however the impact of TGF-3 blockade on osteoimmu-
nological regulation was not reported (Biswas et al., 2011). While little
remains known about the direct effect of TGF-f} inhibition on NK cell
mediation of bone metastasis, it presents a promising area of future
investigation, particularly in conjunction with alternative therapeutic
strategies demonstrated to enhance NK cell functionality, such as type I
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IFN-inducers.
3.2. Tumor progression and automimicry

Interestingly, NK cells derived from tumor-bearing mice and trans-
ferred into immunocompetent animals have been shown to take on the
phenotypical and functional characteristics of myeloid derived sup-
pressor cells (MDSCs) in the presence of MDSC stimulating factors, such
as granulocyte macrophage colony stimulating factor (GM-CSF) — a
phenomenon that was suppressed in the presence of exogenous IL-2, a
potent activator of NK cells, or in NK cells derived from naive animals
(Park et al., 2013). While this adds a further level of complexity to an
already furtive innate population, it also emphasizes how cell plasticity
in the tumor microenvironment can be exploited by DTCs to create a
milieu that supports progression through reciprocation.

More traditionally, however, MDSCs encompass a heterogeneous
population of distinctly immunosuppressive immature myeloid cells
(iMC) that comprise up to 30% of bone marrow cells (Sawant et al.,
2013). In the absence of malignancy, inflammation or infection, iMCs
leave the bone marrow and undergo differentiation into macrophages,
dendritic cells (DCs) and granulocytes in peripheral organs, however
interaction with tumor cells drives iMC conversion to MDSCs and
tumor-associated macrophages (TAMs) (Goedegebuure, 2013). Macro-
phages have been shown to influence both tumorigenesis and visceral
metastasis, as well as bone homeostatic processes in non-pathological
states however, their role in bone-specific metastatic progression is
both conflicting and poorly defined (Ruffell and Coussens, 2015; Sinder
et al., 2015; Sousa and M#attd, 2016). While MDSCs have also been
underexplored in the context of bone metastasis, they have been de-
monstrated to be inextricably linked to osteoimmunological bi-regula-
tion of tumor growth. Tumor secreted factors, including tumor necrosis
factor (TNF)-a, GM-CSF, IL-6 and nitric oxide synthase (iNOS), have
been shown to facilitate MDSC expansion and accumulation in the
bone-metastatic niche (Capietto and Faccio, 2014; Cook et al., 2014;
Law et al., 2017). In turn, MDSCs have been evidenced to drive meta-
static progression both directly, via the secretion of pro-tumorigenic
factors, including vascular endothelial growth factor (VEGF) and TGF-f3
(Fig. 2), and indirectly, through Arginase (Arg)-1 and iNOS-mediated
impairment of NK and T cell reactivity, expansion of regulatory T cells
(Treg), stimulation of TGF-B-induced innate immune suppression and
induction of TGF-B3/PTHrP-mediated RANKL-dependent bone resorp-
tion that accelerates the vicious cycle (OuYang et al., 2015; Sawant
et al., 2013). Furthermore, MDSC are central contributors to IL-17
production in bone, which has recently been evidenced to induce
RANKL-dependent osteoclastogenesis independent of PTHrP (Lee,
2013). Upregulation of circulating MDSCs has been reported in ad-
vanced metastatic prostate cancer patients, in addition to several other
cancers (Condamine et al., 2015; Mehra et al., 2016). We have pre-
viously demonstrated elevated MDSC accumulation in
munocompetent mice bearing 4T1.2 bone-metastatic lesions, while
MDSCs were significantly decreased in mice inoculated with bone-me-
tastatic 4T1.2 cells with constitutive interferon regulatory factor (IRF) 7
expression — a key driver of type I IFN signaling, previously associated
with decreased MDSC immunosuppressive function (Bidwell et al.,
2012; Parker et al., 2016). In support of this, Cao et al. (2014) reported
a significant decrease in peripheral MDSCs in mice bearing bone-me-
tastatic tumors that constitutively expressed BMP4, a demonstrated
inhibitor of protumorigenic cytokines, which correlated with decreased
tumor burden in bone. Interestingly, it has been demonstrated that
MDSCs derived from bone metastases in both 4T1 and 4T1.2 tumor-
bearing mice are capable of differentiation into functional osteoclasts
both in vitro and in vivo (Edgington-Mitchell et al., 2015; Sawant et al.,
2013). While this appears logical, given that MDSCs are osteoclast
progenitors, Sawant et al. (2013) reported that this observation was
restricted to MDSCs isolated from bone-metastatic lesions compared to
visceral metastases, which underscores the importance of

im-



K.L. Owen, B.S. Parker

osteoimmunological crosstalk with tumor cells as a critical regulator of
MDSC conversion. Moreover, it highlights the capacity of tumor cells to
modulate the differentiation potential of cells in bone — an observation
that underpins the concept of osteomimicry.

Given the perceived importance of bone marrow MDSCs in tumor
progression, numerous pre-clinical studies and clinical trials have ex-
plored therapeutic modulation of MDSC immunosuppression and ex-
pansion to inhibit tumor growth (Najjar and Finke, 2013; Umansky and
Sevko, 2013). To date, the chemotherapeutic Gemcitabine has been
shown to decrease both circulating MDSCs and tumor burden in bone in
the 4T1 model, while Cox-2 inhibitors, which counter the suppressive
function of MDSCs by blocking iNOS signaling and production of Arg-1,
have been associated with decreased risk of bone metastasis in breast
cancer (Sawant et al., 2013; Valsecchi et al., 2009). While few studies
have explored the impact of MDSC-targeted agents in metastatic dis-
ease, one stimulating avenue of investigation is the utilization of all-
trans-retinoic acid (ATRA), a nuclear retinoid receptor agonist and
metabolite of vitamin A. ATRA promotes MDSC differentiation into
mature myeloid cells, including DCs, ultimately exchanging their im-
munosuppressive function for one that may be manipulated to promote
immunoreactivity in the metastatic niche, and has been demonstrated
to restore the cytotoxic function of CD8™* T cells in metastatic renal cell
carcinoma by driving MDSCs into a differentiated state (Kusmartsev
et al., 2008; Wesolowski et al., 2013).

Dendritic cells provide as a critical link between innate and adaptive
immunity due to their capacity as antigen-presenting cells (APCs) to
induce T cell activation and prime CD8* T cell subsets through batf3-
dependent signaling, and ability to modulate NK cell cytotoxic re-
sponses through IL-12 delivery (Borg et al., 2004; Capietto and Faccio,
2014; Spranger et al., 2017). Divided into both myeloid DCs (mDCs)
and plasmacytoid DCs (pDCs) subsets, oncoimmunological research has
chiefly focused on delineating the role of pDCs in the tumor micro-
environment. Recent identification of third CD11c *B220"NK1.1" Gr~
DC subset in both the spleen and bone marrow of mice, characterized as
IFN-y producing killer dendritic cells (IKDC) and shown to lyse tumor
cells through both NKG2D and TRAIL-dependent pathways, has also
generated considerable interest in the oncoimmunology field given that
it is the first population of cells discovered to possess killing, CD8* T
cell priming and classical APC abilities (Chan et al., 2006; Himoudi
et al., 2008; Taieb et al., 2006). However IKDC have been relatively
underexplored in the context of metastatic disease and as yet no human
homolog, with the possible exception of y8 T cells, has been reliably
identified (Anderson et al., 2012). Numerous studies have observed a
positive correlation between mature pDC infiltration and overall pa-
tient survival, as well as metastasis-free survival, in several im-
munogenic cancers with reduced or absent affinity for bone, which has
been largely attributed to the intrinsic ability of mature pDCs to sti-
mulate T cell responses (Ma et al., 2013). However in bone-metastatic
disease derived from low-immunogenic tumors, such as breast and
prostate, infiltrating pDCs are largely immature, lacking antigen-pro-
cessing machinery and susceptible to factors prevalent in the bone-
metastatic niche that engender an immune suppressive phenotype (Ma
et al., 2013). Interestingly, human bone-metastatic prostate cancer cells
have been demonstrated to actively inhibit the maturation of DC pre-
cursors (Aalamian et al., 2001). In line with this observation, increases
in infiltrating pDCs have been detected in bone metastatic lesions in
breast cancer, where they have been proposed to promote tumor pro-
gression through the release of TGF-f, Arg-1, indoleamine-2,3-dioxge-
nase (IDO) and IL-6 and induce a Th2-skewed immunosuppressive re-
sponse (Sawant and Ponnazhagan, 2013). Bone marrow pDCs have also
been demonstrated to express high levels of RANKL and programmed
death receptor ligand 1 (PD-L1) to stimulate osteoclastogenesis and
deactivate CD8* T cells respectively, reinforcing their role as os-
teoimmune regulators central to bone-metastatic progression
(Anjubault et al., 2012; Gajewski et al., 2013a,b). Moreover, while DCs
are capable of producing type I IFNs at high concentrations,
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intratumoral pDCs derived from triple-negative breast cancer patients
were shown to exhibit impaired IFN-a production, which may further
the suppressive function of pDCs in bone (Sisirak et al., 2012). While
limited studies have investigated the impact of pDCs on bone metas-
tasis, depletion of pDCs in mice bearing 4T1 tumors was demonstrated
to significantly reduce tumor burden in bone as well as osteoclast
density, which was associated with decreased bone destruction (Sawant
et al., 2012). Inhibition of pDC was also associated with polarization
toward a Th1 immune response and restoration of CD8* T cell function
and IFN-y production, previously suppressed in the presence of bone
marrow pDC (Sawant et al., 2012). Cumulative evidence supporting the
role of DCs in tumor progression initiated the development the first FDA
approved DC targeted therapy for metastatic prostate cancer patients,
Sipuleucil-T, in which autologous DCs from the patient are pulsed with
prostatic acid phosphatase antigen, ubiquitously expressed in prostate
cancer cells, and activated to become mature APCs ex vivo then re-
introduced to the patient as a vaccine to induce a specific antitumor
immune response (Kang et al., 2016). To date, Sipuleucil-T remains the
only autologous DC targeted therapy to provide significant survival
benefit to patients with advanced castrate-resistant prostate cancer,
however numerous other agents are undergoing clinical trial to combat
metastasis and tumor recurrence, and as such DC-targeted therapies
represent an exciting area of immunotherapeutic development (Ahmed
and Bae, 2014).

Like pDCs, the function of neutrophils may be subject to im-
munosculpting by tumor cells in the co-opted niche. Controversy sur-
rounding the contribution of neutrophils to tumor progression and
metastasis lies in their ability to both promote and inhibit DTC ex-
pansion, depending on the environmental cues they receive and further
compounded by their ability to switch between states of polarization.
Granot et al. (2011) demonstrated that neutrophil depletion sig-
nificantly increased pulmonary metastases in mice bearing 4T1 tumors
and that neutrophils from breast and melanoma tumor-bearing animals
displayed greater cytotoxic activity against tumors cells through a
process of entrainment that directed them toward an antitumor N1
phenotype. It has also been evidenced that differential tumor cell ex-
pression of FAS ligand was a critical determinant in the generation of
N1 neutrophils that could effectively mediate lung metastatic out-
growth in a melanoma model (Chen et al., 2003). In contrast, en-
dogenous TGF-f and prolonged exposure to G-CSF, both highly acces-
sible in bone, have been evidenced to commit neutrophils to an
immunosuppressive, protumorigenic N2 phenotype, while TGF-$ in-
hibition was shown to adequately potentiate neutrophil activation and
subsequent antitumor activity by converting neutrophils back to N1
status (Casbon et al., 2015; Fridlender and Albelda, 2012). Given the
association between TGF-3 and cancer progression, it is not surprising
that in numerous cancers, including breast and prostate, increased
neutrophil to lymphocyte ratios have been associated with both poor
patient outcome and impaired therapeutic response (Treffers et al.,
2016). Moreover, in bone-metastatic patients, high circulating neu-
trophils significantly correlated with decreased patient survival and
were suggested to be an independent predictor of postoperative re-
currence and progression (Wang et al., 2011). Interestingly, high serum
IL-17 has also been reported in bone-metastatic patients as well as bone
metastatic lesions, which is central to neutrophil expansion and egress
from bone marrow into circulation — as such, high circulating numbers
of neutrophils may more adequately reflect increasing tumor burden
and immunosuppression in bone, as both MDSC and tumor cells are
significant producers of IL-17 (Coffelt et al., 2016; D’Amico and Roato,
2015). In bone, neutrophils have been shown to induce bone resorption
through RANKL-dependent osteoclastogenesis and osteoblast retrac-
tion, which may contribute to the expansion of bone-metastatic DTCs
(Allaeys et al., 2011; Mori et al., 2013). Additionally, tumor-infiltrating
neutrophils (TANs) have been associated with enhanced angiogenesis
and invasive potential through secretion of matrix metalloproteinase 9
(MMP9), cathepsin-G and VEGF and play a central role in mediating
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tumor cell—cell interaction through the establishment and maintenance
of CXCR2/IL-8 gradients (Bekes et al., 2011; Treffers et al., 2016). N2
neutrophils have also been shown capable of exerting immune sup-
pression through the production of Arg-1 and reactive oxygen species
(ROS) to inhibit T cell receptor expression, function and survival, si-
milar to both MDSCs and pDCc (reviewed in Kalyan and Kabelitz, 2014;
Pillay et al., 2013). However the precise mechanisms that underpin
neutrophil modulation of metastatic progression are complex, highly
transmutational and remain relatively unmapped. As such, neutrophil
targeted therapies are lacking and those under investigation are cur-
rently restricted to mediating neutrophil trafficking via CXCR2 inhibi-
tion and facilitated adhesion of tumor cells in the metastatic niche, in
addition to IL-17 blockade (Coffelt et al., 2016).

A wide body of evidence supports the role of other innate immune
cells along with adaptive cells in regulating tumor progression and
metastasis. However, with the exception of Ogiya et al. (2016) who
found that metastatic bone-infiltrating CD8* and CD4™ T cells are
significantly lower than in matched primary tumors in breast cancer
patients and Bidwell et al. (2012), who reported a significant increase
in MDSCs in the bone metastases of 4T1.2 tumor-bearing mice com-
pared to matched primary tumors, few studies have profiled the im-
mune infiltrate in bone metastatic lesions during the different stages of
DTC colonization and outgrowth. As such, the immune landscape of
bone metastases is still poorly understood, which has compromised our
ability to effectively manipulate the immune system in a targeted and
effective manner to overcome tumor progression in bone. One feature
common to many innate immune populations is their capacity to as-
sume either anti- or protumorigenic roles, depending on the micro-
environmental signals they receive, which further compounds popula-
tion-targeted therapies. The tumor-inherent changes that contribute to
osteoimmune sculpting have only recently begun to be explored,
however striking evidence has underlined the importance of bone-
specific tumor cell alterations that may significantly impact the tem-
poral development of bone metastasis. Consequently, further explora-
tion of tumor-intrinsic modulation in the co-opted niche is also required
to provide a more complete understanding of metastatic outgrowth in
bone.

4. Tumor-intrinsic modulation of osteoimmunity: how tumor cells
make their bed and thrive in it

Bone has largely been acknowledged as an immune-privileged site,
therefore the skew toward a pro-tumorigenic phenotype may be aug-
mented by a fundamental subdual of immune activation and in-
flammatory mediators, which functions to maintain resident stem cells
— a state exploited by DTCs to promote immune exclusion and further
suppression (Fujisaki et al., 2011; Mercier et al., 2014). One tumor-
inherent mechanism proposed to modulate the osteoimmune milieu is
differential production of type I IFN (Fig. 3). Type I IFNs, including IFN-
a and -B, are a family of tightly regulated cytokines known to exert a
range of immunomodulatory effects across many different cells types
that contribute to immune moderation by promoting priming, activa-
tion and subsequent repression of innate and adaptive immune cell
populations (Edwards et al., 1985; Fuertes et al., 2013; Thornley et al.,
2007, Parker et al., 2016). Type I IFNs have also been shown to nega-
tively regulate osteoclastogenesis by suppressing RANKL-dependent
activation of c-FOS signaling, to prevent errant bone resorption
(Takayanagi et al., 2002). Production of type I IFN in response to type I
IFN-dependent activation of a JAK-STAT signaling cascade, is primarily
mediated by cytoplasmic IRF9, which binds to a STAT1/STAT2 het-
erodimer to form the IFN-stimulated gene (ISG) factor 3 (ISGF3) com-
plex that undergoes subsequent nuclear translocation to bind the IFN-
stimulated response element (ISRE). Binding induces a multitude of
IFN-stimulated genes (ISGs), one of which is IRF7 that drives tran-
scription of type I IFN genes (Fu et al., 1990; Varedi, 2005). Early
studies demonstrated that constitutive tumor cell expression of IFN-f
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Fig. 3. Dysregulation of type I IFN is a critical mediator of bone-specific tumor pro-
gression. A known regulator of antitumor immunosurveillance and bone homeostasis, the
loss of type I IFN signaling in overt metastatic lesions has widespread implications. These
include downregulation of immune cell activation, inhibition of innate-immune priming
of cytotoxic cells, increased angiogenesis and degradation of bone and ineffective homing
of circulating immune cells (immune exclusion), all of which facilitate metastatic pro-
gression.

could inhibit growth and metastasis in vivo through increased activa-
tion of NK cells and enhanced clearance by macrophages (Dong et al.,
1999). It was also demonstrated that IFN-a was critical to NK-mediated
activation and early elimination of melanoma and Lewis lung cell car-
cinoma cells and could prevent outgrowth in a murine model of sar-
coma via hematopoietic cell activation (Dunn et al., 2005; Swann et al.,
2007). More recently, type I IFNs were shown to be required for DC-
mediated rejection of transplanted tumors via enhanced cross-pre-
sentation of antigen to CD8* T cells and that impaired IFN-a signaling
by intratumoral pDCs promoted breast cancer progression through the
expansion of immunosuppressive Foxp3™ Tregs in the tumor micro-
environment (Diamond et al., 2011; Sisirak et al., 2013). Loss of sys-
temic type I IFN signaling (IFNAR — /- mice) has also been associated
with a significant increase in metastasis to bone in 66¢l4 and 4T1 breast
cancers models, with decreased tumor burden in bone in wild type
animals with intact type IFN signaling associated with significant in-
creases in NK cell activation and IFN-y production (Rautela et al.,
2015). However, perhaps most importantly, dysfunctional tumor-in-
trinsic type I IFN signaling has been shown to mediate metastasis to
bone. Bidwell et al. (2012) demonstrated that Irf7, along with 208
prospective Irf7 targeted genes, were significantly downregulated in
tumor cells derived from spine metastases of 4T1.2 tumor-bearing mice
compared to primary tumors. Furthermore, constitutive expression of
Irf7 in 4T1.2 tumor cells significantly decreased metastasis to bone
compared to controls and significantly prolonged survival, suggesting
that enforced type I IFN expression in tumor cells could suppress the
formation of overt metastases (Bidwell et al., 2012). Furthermore, this
observation only pertained to the formation of bone-metastatic lesions,
as primary tumor growth was unaffected by Irf7 expression, suggesting
that the mechanisms regulating tumor cell expansion are site-specific.
The clinical relevance of this finding was demonstrated through the
analysis of Irf7 signatures in breast cancer patient cohort, in which it
was evidenced that Irf7 expression was suppressed in bone metastases
relative to the primary tumor (Bidwell et al., 2012). Moreover, low Irf7
signature expression in the primary tumor was shown to correlate with
decreased bone-metastasis-free survival time, indicating that Irf7 could
be further explored as a predictive marker of breast cancer progression
(Bidwell et al., 2012). Such an association was also reported in an in-
dependent study by Touati et al. (2017), in which a high Irf7 signature
prior to neo-adjuvant chemotherapy was associated with reduced in-
cidence of bone as the initial site of recurrence in invasive breast cancer
patients. In bone, the consequences of suppressed tumor-intrinsic type I
IFN signaling are potentially vast. Loss of IFN-B has been demonstrated
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to drive TAN-mediated angiogenesis during early metastatic coloniza-
tion — a critical determinant of DTC expansion (Fridlender and Albelda,
2012). Loss of type I IFN signaling in the bone metastatic niche may
also impact the survival and function of effector immune cells and
promote the expansion of immunosuppressive populations. Moreover, it
may indirectly inhibit the recruitment and infiltration of activated ef-
fector cells to bone-metastatic lesions and suppress priming of resident
effector cells tumor site, which has major implications for im-
munotherapies aimed at T cell activation. To put it simply, if activated
effector cells are localized to the tumor site at a critical window of time,
activation becomes redundant. Furthermore, tumor-intrinsic down-
regulation of type I IFN may encourage bone resorption by destabilizing
bone homeostatic mechanisms that moderate osteoclast activation,
thereby directly contributing to the vicious cycle of bone destruction
and tumor cell growth. Such findings have divulged the importance of
further investigating tumor-intrinsic alterations that occur within the
bone microenvironment and how these changes shape osteoimmune
responses during the temporal development of bone metastases to
better stratify patient selection and immunotherapeutic practices. It
also highlights the potential of application of type I IFN inducers to
overcome the consequences of tumor-intrinsic suppression of type I IFN
signaling in bone to enhance the effectiveness of both conventional and
immune-based therapeutics.

5. Conclusion

Homeostatic mechanisms dictate that bone undergoes a continual
remodeling process that results in the mobilization of factors and nu-
trients to create a fertile ‘soil’ that not only supports the survival and
growth of DTCs that preferentially ‘seed’ within regions rich in pro-
tumorigenic factors — a concept first proposed Steven Paget (1889) over
a century ago — but also contributes to osteoimmune modulation. Co-
option of the bone to create a unique metastatic niche relies on a
continually evolving exchange between tumor and host cells that drives
tumor cell adaption, encourages osteomimicry and exploits the plasti-
city of both skeletal and immune cells to maintain a favourable and
ultimately fatal cascade of events. Increased understanding of both
endogenous and tumor-intrinsic mechanisms that underpin tumor
progression in bone, from dormancy to the evolution of overt metas-
tases, and the acknowledgement that progression must be explored in
an open system permissive of the osteoimmune relationship with DTCs,
is critical to devising more effective therapeutic strategies that target
the interplay between bone co-option and immune suppression to
prevent formation of overt metastases. Critical to such prevention will
be the validation of biomarkers that can accurately predict the risk of
bone metastasis or allow for very early detection of micrometastases
that have reached a congenial soil. Improvements in such studies will
no doubt be accelerated by multidisciplinary studies combining osteo-
biology and osteommunology.

Funding

This work was supported by grant funding from the Prostate Cancer
Foundation Australia (BSP) and fellowship support from Australian
Research Council and Victorian Cancer Agency (BSP). Funders had no
involvement in writing this review.

References

Aalamian, M., Pirtskhalaishvili, G., Nunez, A., Esche, C., Shurin, G., V Huland, E., Huland,
H., Shurin, M.R., 2001. Human prostate cancer regulates generation and maturation
of monocyte- derived dendritic cells. Prostate 46, 68-75. http://dx.doi.org/10.1002/
1097-0045(200101)46.

Abe, M., Hiura, K., Wilde, J., Shioyasono, A., Moriyama, K., Hashimoto, T., Kido, S.,
Oshima, T., Shibata, H., Ozaki, S., Inoue, D., Abe, M., Hiura, K., Wilde, J.,
Shioyasono, A., Moriyama, K., Hashimoto, T., Kido, S., Oshima, T., 2004. Osteoclasts
enhance myeloma cell growth and survival via cell—cell contact: a vicious cycle

64

Molecular Immunology 110 (2019) 57-68

between bone destruction and myeloma expansion. Blood 104, 2484-2491. http://
dx.doi.org/10.1182/blood-2003-11-3839.

Aguirre-Ghiso, J.A., 2007. Models, mechanisms and clinical evidence for cancer dor-
mancy. Nat. Rev. Cancer 7, 834-846. http://dx.doi.org/10.1038/nrc2256.

Ahmed, M.S., Bae, Y.-S., 2014. Dendritic cell-based therapeutic cancer vaccines: past,
present and future. Clin. Exp. Vaccine Res. 3, 113-116. http://dx.doi.org/10.7774/
cevr.2014.3.2.113.

Allaeys, L., Rusu, D., Picard, S., Pouliot, M., Borgeat, P., Poubelle, P.E., 2011. Osteoblast
retraction induced by adherent neutrophils promotes osteoclast bone resorption:
implication for altered bone remodeling in chronic gout. Lab. Investig. 91, 905-920.
http://dx.doi.org/10.1038/labinvest.2011.46.

Anderson, J., Gustafsson, K., Himoudi, N., 2012. Licensing of killer dendritic cells in
mouse and humans: functional similarities between IKDC and human blood v8 T-
lymphocytes. J. Immunotoxicol. 9, 259-266. http://dx.doi.org/10.3109/1547691X.
2012.685528.

Anjubault, T., Martin, J., Hubert, F.X., Chauvin, C., Heymann, D., Josien, R., 2012.
Constitutive expression of TNF-related activation-induced cytokine (TRANCE)/re-
ceptor activating NF-kB ligand (RANK)-L by rat plasmacytoid dendritic cells. PLoS
One 7, €33713. http://dx.doi.org/10.1371/journal.pone.0033713.

Aragon-Ching, J.B., 2011. Unravelling the role of denosumab in prostate cancer. Lancet
377, 785-786. http://dx.doi.org/10.1016/5S0140-6736(11)60100-1.

Beer, T.M., Kwon, E.D., Drake, C.G., Fizazi, K., Logothetis, C., Gravis, G., Ganju, V.,
Polikoff, J., Saad, F., Humanski, P., Piulats, J.M., Mella, P.G., Ng, S.S., Jaeger, D.,
Parnis, F.X., Franke, F.A,, Puente, J., Carvajal, R., Sengelgv, L., McHenry, M.B.,
Varma, A., Van Den Eertwegh, A.J., Gerritsen, W., 2017. Randomized, double-blind,
phase III trial of ipilimumab versus placebo in asymptomatic or minimally sympto-
matic patients with metastatic chemotherapy-naive castration-resistant prostate
cancer. J. Clin. Oncol. 35, 40-47. http://dx.doi.org/10.1200/JC0.2016.69.1584.

Bekes, E.M., Schweighofer, B., Kupriyanova, T.A., Zajac, E., Ardi, V.C., Quigley, J.P.,
Deryugina, E.I., 2011. Tumor-recruited neutrophils and neutrophil TIMP-free MMP-9
regulate coordinately the levels of tumor angiogenesis and efficiency of malignant
cell intravasation. Am. J. Pathol. 179, 1455-1470. http://dx.doi.org/10.1016/j.
ajpath.2011.05.031.

Bendre, M.S., Margulies, A.G., Walser, B., Akel, N.S., Bhattacharrya, S., Skinner, R.A.,
Swain, F., Ramani, V., Mohammad, K.S., Wessner, L.L., Martinez, A., Guise, T.A.,
Chirgwin, J.M., Gaddy, D., Suva, L.J., 2005. Tumor-derived interleukin-8 stimulates
osteolysis independent of the receptor activator of nuclear factor-kB ligand pathway.
Cancer Res. 65, 11001-11009. http://dx.doi.org/10.1158/0008-5472. (CAN-05-
2630).

Berquin, .M., Min, Y., Wu, R., Wu, H., Chen, Y.Q., 2005. Expression signature of the
mouse prostate. J. Biol. Chem. 280, 36442-36451. http://dx.doi.org/10.1074/jbc.
M504945200.

Bidwell, B.N., Slaney, C.Y., Withana, N.P., Forster, S., Cao, Y., Loi, S., Andrews, D.,
Mikeska, T., Mangan, N.E., Samarajiwa, S.A., de Weerd, N.A., Gould, J., Argani, P.,
Moller, A., Smyth, M.J., Anderson, R.L., Hertzog, P.J., Parker, B.S., 2012. Silencing of
Irf7 pathways in breast cancer cells promotes bone metastasis through immune es-
cape. Nat. Med. 18, 1224-1231. http://dx.doi.org/10.1038/nm.2830.

Biswas, S., Nyman, J.S., Alvarez, J., Chakrabarti, A., Ayres, A., Sterling, J., Edwards, J.,
Rana, T., Johnson, R., Perrien, D.S., Lonning, S., Shyr, Y., Matrisian, L.M., Mundy,
G.R., 2011. Anti-transforming growth factor 8 antibody treatment rescues bone loss
and prevents breast cancer metastasis to bone. PLoS One 6. http://dx.doi.org/10.
1371/journal.pone.0027090.

Borg, C., Abdelali, J., Laderach, D., Maruyama, K., Wakasugi, H., Charrier, S., Ryffel, B.,
Vainchenker, W., Galy, a, Caignard, a, Zitvogel, L., Cambi, a, Figdor, C., 2004. NK cell
activation by dendritic cells (DC) require the formation of a synapse leading to IL-12
polarization in DC. Blood 104, 3267-3276. http://dx.doi.org/10.1182/blood-2004-
01-0380. (Supported).

Burnet, M., 1957. Cancer- A biological approach Iii. Viruses associated with neoplastic
conditions. Br. Med. J. 1, 841-847. http://dx.doi.org/10.1136,/bm;j.1.5023.841.

Busillo, J., Benovic, J., 2007. Regulation of CXCR4 signaling. Biochim. Biophys. Acta
1768, 952-963. http://dx.doi.org/10.1016/j.immuni.2010.12.017.

Calvi, L., Adams, G., Weibrecht, K., Weber, J., Olson, D., Knight, M., Martin, R., Schipani,
E., Divieti, P., Bringhurst, F., 2003. Osteoblastic cells regulate the haematopoietic
stem cell niche. Nature 425, 841-846. http://dx.doi.org/10.1038/nature02041.1.
(Others).

Cao, Y., Slaney, C.Y., Bidwell, B.N., Parker, B.S., Johnstone, C.N., Rautela, J., Eckhardt,
B.L., Anderson, R.L., 2014. BMP4 inhibits breast cancer metastasis by blocking
myeloid-derived suppressor cell activity. Cancer Res. 74, 5091-5102. http://dx.doi.
org/10.1158/0008-5472.CAN-13-3171.

Capietto, A.-H., Faccio, R., 2014. Inmune regulation of bone metastasis. Bonekey. Rep. 3,
1-6. http://dx.doi.org/10.1038/bonekey.2014.95.

Carducci, M.A., Saad, F., Abrahamsson, P.-A., Dearnaley, D.P., Schulman, C.C., North,
S.A., Sleep, D.J., Isaacson, J.D., Nelson, J.B., 2007. A phase 3 randomized controlled
trial of the efficacy and safety of atrasentan in men with metastatic hormone-re-
fractory prostate cancer. Cancer 110, 1959-1966. http://dx.doi.org/10.1002/cncr.
22996.

Casbon, A.-J., Reynaud, D., Park, C., Khuc, E., Gan, D.D., Schepers, K., Passegué, E., Werb,
Z., 2015. Invasive breast cancer reprograms early myeloid differentiation in the bone
marrow to generate immunosuppressive neutrophils. Proc. Natl. Acad. Sci. 112,
E566-E575. http://dx.doi.org/10.1073/pnas.1424927112.

Casimiro, S., Guise, T.A., Chirgwin, J., 2009. The critical role of the bone micro-
environment in cancer metastases. Mol. Cell. Endocrinol. 310, 71-81. http://dx.doi.
org/10.1016/j.mce.2009.07.004.

Chan, C.W., Crafton, E., Fan, H.-N., Flook, J., Yoshimura, K., Skarica, M., Brockstedt, D.,
Dubensky, T.W., Stins, M.F., Lanier, L.L., Pardoll, D.M., Housseau, F., 2006.
Interferon-producing killer dendritic cells provide a link between innate and adaptive


http://dx.doi.org/10.1002/1097-0045(200101)46
http://dx.doi.org/10.1002/1097-0045(200101)46
http://dx.doi.org/10.1182/blood-2003-11-3839
http://dx.doi.org/10.1182/blood-2003-11-3839
http://dx.doi.org/10.1038/nrc2256
http://dx.doi.org/10.7774/cevr.2014.3.2.113
http://dx.doi.org/10.7774/cevr.2014.3.2.113
http://dx.doi.org/10.1038/labinvest.2011.46
http://dx.doi.org/10.3109/1547691X.2012.685528
http://dx.doi.org/10.3109/1547691X.2012.685528
http://dx.doi.org/10.1371/journal.pone.0033713
http://dx.doi.org/10.1016/S0140-6736(11)60100-1
http://dx.doi.org/10.1200/JCO.2016.69.1584
http://dx.doi.org/10.1016/j.ajpath.2011.05.031
http://dx.doi.org/10.1016/j.ajpath.2011.05.031
http://dx.doi.org/10.1158/0008-5472
http://dx.doi.org/10.1158/0008-5472
http://dx.doi.org/10.1074/jbc.M504945200
http://dx.doi.org/10.1074/jbc.M504945200
http://dx.doi.org/10.1038/nm.2830
http://dx.doi.org/10.1371/journal.pone.0027090
http://dx.doi.org/10.1371/journal.pone.0027090
http://dx.doi.org/10.1182/blood-2004-01-0380
http://dx.doi.org/10.1182/blood-2004-01-0380
http://dx.doi.org/10.1136/bmj.1.5023.841
http://dx.doi.org/10.1016/j.immuni.2010.12.017
http://dx.doi.org/10.1038/nature02041.1
http://dx.doi.org/10.1038/nature02041.1
http://dx.doi.org/10.1158/0008-5472.CAN-13-3171
http://dx.doi.org/10.1158/0008-5472.CAN-13-3171
http://dx.doi.org/10.1038/bonekey.2014.95
http://dx.doi.org/10.1002/cncr.22996
http://dx.doi.org/10.1002/cncr.22996
http://dx.doi.org/10.1073/pnas.1424927112
http://dx.doi.org/10.1016/j.mce.2009.07.004
http://dx.doi.org/10.1016/j.mce.2009.07.004

K.L. Owen, B.S. Parker

immunity. Nat. Med. 12, 207-213. http://dx.doi.org/10.1038/nm1352.

Charles, J., Nakamura, N., 2014. Bone and the innate immune system. Curr. Osteoporos.
Rep. 12, 1-7. http://dx.doi.org/10.1038/jid.2014.371.

Chen, Y.-L., Chen, S.-H., Wang, J.-Y., Yang, B.-C., 2003. Fas ligand on tumor cells med-
iates inactivation of neutrophils. J. Immunol. 171, 1183-1191. http://dx.doi.org/10.
4049/jimmunol.171.3.1183.

Chinni, S.R., Sivalogan, S., Dong, Z., Trindade Filho, J.C., Deng, X., Bonfil, R.D., Cher,
M.L., 2006. CXCL12/CXCR4 signaling activates Akt-1 and MMP-9 expression in
prostate cancer cells: the role of bone microenvironment-associated CXCL12. Prostate
66, 32-48. http://dx.doi.org/10.1002/pros.20318.

Cho, W.J., Oliveira, D.S.M., Najy, A.J., Mainetti, L.E., Aoun, H.D., Cher, M.L., Heath, E.,
Kim, H.-R.C., Bonfil, R.D., 2016. Gene expression analysis of bone metastasis and
circulating tumor cells from metastatic castrate-resistant prostate cancer patients. J.
Transl. Med. 14, 72. http://dx.doi.org/10.1186/512967-016-0829-5.

Christopoulos, P.F., Msaouel, P., Koutsilieris, M., 2015. The role of the insulin-like growth
factor-1 system in breast cancer. Mol. Cancer 14, 43. http://dx.doi.org/10.1186/
$12943-015-0291-7.

Clarke, B., 2008. Normal bone anatomy and physiology. Clin. J. Am. Soc. Nephrol. 3
(Suppl. 3), 131-139. http://dx.doi.org/10.2215/CJN.04151206.

Coffelt, S.B., Wellenstein, M.D., de Visser, K.E., 2016. Neutrophils in cancer: neutral no
more. Nat. Rev. Cancer 16, 431-446. http://dx.doi.org/10.1038/nrc.2016.52.

Condamine, T., Ramachandran, I., Youn, J.-I., Gabrilovich, D.I., 2015. Regulation of
tumor metastasis by myeloid-derived suppressor cells. Annu. Rev. Med. 66, 97-110.
http://dx.doi.org/10.1146/annurev-med-051013-052304.Regulation.

Cook, L.M., Shay, G., Aruajo, A., Lynch, C.C., 2014. Integrating new discoveries into the
vicious cycle paradigm of prostate to bone metastases. Cancer Metastasis Rev. 33,
511-525. http://dx.doi.org/10.1007/s10555-014-9494-4.

Cooper, C.R., Mclean, L., Walsh, M., Taylor, J., Hayasaka, S., Bhatia, J., Pienta, K.J., 2000.
Preferential adhesion of prostate cancer cells to bone is mediated by binding to bone
marrow endothelial cells as compared to extracellular matrix components in vitro.
Clin. Cancer Res. 6, 4839-4847.

Croucher, P.I.,, McDonald, M.M., Martin, T.J., 2016. Bone metastasis: the importance of
the neighbourhood. Nat. Rev. Cancer 16, 373-386. http://dx.doi.org/10.1038/nrc.
2016.44.

D’Amico, L., Roato, L., 2015. The impact of immune system in regulating bone metastasis
formation by osteotropic tumors. J. Immunol. Res. 2015. http://dx.doi.org/10.1155/
2015/143526.

Dearnaley, D.P., Mason, M.D., Parmar, M.K., Sanders, K., Sydes, M.R., 2009. Adjuvant
therapy with oral sodium clodronate in locally advanced and metastatic prostate
cancer: long-term overall survival results from the MRC PR04 and PRO5 randomised
controlled trials. Lancet Oncol. 10, 872-876. http://dx.doi.org/10.1016/51470-
2045(09)70201-3.

Desbois, M., Rusakiewicz, S., Locher, C., Zitvogel, L., Chaput, N., 2012. Natural killer cells
in non-hematopoietic malignancies. Front. Immunol. 3, 395. http://dx.doi.org/10.
3389/fimmu.2012.00395.

Diamond, M.S., Kinder, M., Matsushita, H., Mashayekhi, M., Dunn, G.P., Archambault,
J.M., Lee, H., Arthur, C.D., White, J.M., Kalinke, U., Murphy, K.M., Schreiber, R.D.,
2011. Type I interferon is selectively required by dendritic cells for immune rejection
of tumors. J. Exp. Med. 208, 1989-2003. http://dx.doi.org/10.1084/jem.20101158.

Dimitroff, C.J., Descheny, L., Trujillo, N., Kim, R., Nguyen, V., Huang, W., Pienta, K.J.,
Kutok, J.L., Rubin, M.A., 2005. Identification of leukocyte E-selectin ligands P-se-
lectin glycoprotein ligand-1 and E-selectin ligand-1, on human metastatic prostate
tumor cells. Cancer Res. 65, 5750-5760. http://dx.doi.org/10.1158/0008-5472.
CAN-04-4653.

Dong, Z., Greene, G., Pettaway, C., Dinney, C.P., Eue, 1., Lu, W., Bucana, C.D., Balbay,
M.D., Bielenberg, D., Fidler, 1.J., 1999. Suppression of angiogenesis, tumorigenicity,
and metastasis by human prostate cancer cells engineered to produce interferon-beta.
Cancer Res. 59, 872-879.

Dunn, G.P., Old, L.J., Schreiber, R.D., Louis, S., Burnet, F.M., Thomas, L., 2004. The
immunobiology of cancer immunosurveillance and immunoediting. Immunity 21,
137-148.

Dunn, G.P., Bruce, A.T., Sheehan, K.C.F., Shankaran, V., Uppaluri, R., Bui, J.D., Diamond,
M.S., Koebel, C.M., Arthur, C., White, J.M., Schreiber, R.D., 2005. A critical function
for type I interferons in cancer immunoediting. Nat. Immunol. 6, 722-729. http://dx.
doi.org/10.1038/ni1213.

Dunn, G.P., Koebel, C.M., Schreiber, R.D., 2006. Interferons, immunity and cancer im-
munoediting. Nat. Rev. Immunol. 6, 836-848. http://dx.doi.org/10.1038/nri1961.

Eckhardt, B.L., Francis, P.A., Parker, B.S., Anderson, R.L., 2012. Strategies for the dis-
covery and development of therapies for metastatic breast cancer. Nat. Rev. Drug
Discov. 11, 479-497. http://dx.doi.org/10.1038/nrd2372.

Edgington-Mitchell, L.E., Rautela, J., Duivenvoorden, H.M., Jayatilleke, K.M., van der
Linden, W.A., Verdoes, M., Bogyo, M., Parker, B.S., 2015. Cysteine cathepsin activity
suppresses osteoclastogenesis of myeloid-derived suppressor cells in breast cancer.
Oncotarget 6, 8-10. http://dx.doi.org/10.18632/oncotarget.4714.

Edwards, B.S., Merritt, J.a., Fuhlbrigge, R.C., Borden, E.C., 1985. Low doses of interferon
alpha result in more effective clinical natural killer cell activation. J. Clin. Invest. 75,
1908-1913. http://dx.doi.org/10.1172/JCI111905.

El-Amm, J., Aragon-Ching, J.B., 2013. The changing landscape in the treatment of me-
tastatic castration-resistant prostate cancer. Ther. Adv. Med. Oncol. 5, 25-40. http://
dx.doi.org/10.1177/1758834012458137.

Esposito, M., Kang, Y., 2014. Targeting tumor-stromal interactions in bone metastasis.
Pharmacol. Ther. 141, 222-233. http://dx.doi.org/10.1016/j.pharmthera.2013.10.
006.

Eyles, J., Puaux, A.L., Wang, X., Toh, B., Prakash, C., Hong, M., Tan, T.G., Zheng, L., Ong,
L.C., Jin, Y., Kato, M., Prgvost-Blondel, A., Chow, P., Yang, H., Abastado, J.P., 2010.
Tumor cells disseminate early, but immunosurveillance limits metastatic outgrowth,

65

Molecular Immunology 110 (2019) 57-68

in a mouse model of melanoma. J. Clin. Invest. 120, 2030-2039. http://dx.doi.org/
10.1172/JC142002.

Farag, S.S., Caligiuri, M.A., 2006. Human natural killer cell development and biology.
Blood Rev. 20, 123-137. http://dx.doi.org/10.1016/].blre.2005.10.001.

Fizazi, K., Carducci, M., Smith, M., Damiao, R., Brown, J., Karsh, L., Milecki, P., Shore, N.,
Rader, M., Wang, H., Jiang, Q., Tadros, S., Dansey, R., Goessl, C., 2011. Denosumab
versus zoledronic acid for treatment of bone metastases in men with castration-re-
sistant prostate cancer: a randomised, double-blind study. Lancet 377, 813-822.
http://dx.doi.org/10.1016/50140-6736(10)62344-6.

Fridlender, Z.G., Albelda, S.M., 2012. Tumor-associated neutrophils: friend or foe?
Carcinogenesis 33, 949-955. http://dx.doi.org/10.1093/carcin/bgs123.

Fu, X.Y., Kessler, D.S., Veals, S.A., Levy, D.E., Darnell, J.E., 1990. ISGF3, the transcrip-
tional activator induced by interferon alpha, consists of multiple interacting poly-
peptide chains. Proc. Natl. Acad. Sci. U. S. A. 87, 8555-8559. http://dx.doi.org/10.
1073/pnas.87.21.8555.

Fuertes, M.B., Woo, S.-R., Burnett, B., Fu, Y.-X., Gajewski, T.F., 2013. Type I interferon
response and innate immune sensing of cancer. Trends Immunol. 34, 67-73. http://
dx.doi.org/10.1016/j.it.2012.10.004.

Fujisaki, J., Wu, J., Carlson, A., Silberstein, L., 2011. In vivo imaging of Tregs providing
immune privilege to the hematopoietic stem cell niche. Nature 474, 216-219. http://
dx.doi.org/10.1038/nature10160.In.

Gajewski, T.F., Schreiber, H., Fu, Y.-X., 2013a. Innate and adaptive immune cells in the
tumor microenvironment. Nat. Immunol. 14, 1014-1022. http://dx.doi.org/10.
1038/ni.2703.

Gajewski, T.F., Woo, S.-R., Zha, Y., Spaapen, R., Zheng, Y., Corrales, L., Spranger, S.,
2013b. Cancer immunotherapy strategies based on overcoming barriers within the
tumor microenvironment. Curr. Opin. Immunol. 25, 268-276. http://dx.doi.org/10.
1016/j.c0i.2013.02.009.

Galon, J., Costes, A., Sanchez-Cabo, F., Kirilovsky, A., Mlecnik, B., Lagorce-Pages, C.,
Tosolini, M., Camus, M., Berger, A., Wind, P., Zinzindohoué, F., Bruneval, P.,
Cugnenc, P.-H., Trajanoski, Z., Fridman, W.-H., Pages, F., 2006. Type, density, and
location of immune cells within human colorectal tumors predict clinical outcome.
Science 313, 1960-1964. http://dx.doi.org/10.1126/science.1129139.

Galon, J., Angell, H., Bedognetti, D., Marincola, F., 2013. The continuum of cancer im-
munosurveillance: prognostic, predictive, and mechanistic signatures. Immunity 39,
11-26. http://dx.doi.org/10.1016/j.immuni.2013.07.008.

Gartrell, B.A., Coleman, R., Efstathiou, E., Fizazi, K., Logothetis, C.J., Smith, M.R.,
Sonpavde, G., Sartor, O., Saad, F., 2015. Metastatic prostate cancer and the bone:
significance and therapeutic options. Eur. Urol. 68, 850-858. http://dx.doi.org/10.
1016/j.eururo.2015.06.039.

Ghajar, C., Peinado, H., Mori, H., Matei, L., Evason, K., Brazier, H., Almeida, D., Koller, A.,
Hajjar, K., Stainier, Y., CHen, E., Lyden, D., Bissell, M., 2014. The perivascular niche
regulates breast tumor dormancy. Nat. Cell Biol. 15, 1-19. http://dx.doi.org/10.
1038/ncb2767.The.

Gladson, C.L., Welch, D.R., 2010. New Insights into the role of CXCR4 in prostate cancer
metastasis. Cancer Biol. Ther. 7, 1849-1851.

Glinskii, O.V., Sud, S., Mossine, V.V., Mawhinney, T.P., Anthony, D.C., Glinsky, G.V.,
Pienta, K.J., Glinsky, V.V., 2012. Inhibition of prostate cancer bone metastasis by
synthetic TF antigen mimic/galectin-3 inhibitor lactulose-l-leucine. Neoplasia 14,
65-73. http://dx.doi.org/10.1593/ne0.111544.

Gnant, M., Pfeiler, G., Dubsky, P.C., Hubalek, M., Greil, R., Jakesz, R., Wette, V., Balic, M.,
Haslbauer, F., Melbinger, E., Bjelic-Radisic, V., Artner-Matuschek, S., Fitzal, F.,
Marth, C., Sevelda, P., Mlineritsch, B., Steger, G.G., Manfreda, D., Exner, R., Egle, D.,
Bergh, J., Kainberger, F., Talbot, S., Warner, D., Fesl, C., Singer, C.F., 2015. Adjuvant
denosumab in breast cancer (ABCSG-18): a multicentre, randomised, double-blind,
placebo-controlled trial. Lancet 386, 433-443. http://dx.doi.org/10.1016,/50140-
6736(15)60995-3.

Goedegebuure, M., 2013. Myeloid-derived suppressor cells: general characteristics and
relevance to clinical management of pancreatic cancer. Curr. Cancer Drug Targets 11,
734-751.

Gomez-Veiga, F., Ponce-Reixa, J., Martinez-Breijo, S., Planas, J., Morote, J., 2013.
Advances in prevention and treatment of bone metastases in prostate cancer. Role of
RANK/RANKL inhibition. Actas Urol. Esp. 37, 292-304. http://dx.doi.org/10.1016/j.
acuro.2012.09.001.

Granot, Z., Henke, E., Comen, E., King, T., Norton, L., Benezra, R., 2011. Tumor entrained
neutrophils inhibit seeding in the premetastatic lung. Cancer Cell 20, 300-314.
http://dx.doi.org/10.1016/j.ccr.2011.08.012.

Gravina, G.L., Mancini, A., Muzi, P., Ventura, L., Biordi, L., Ricevuto, E., Pompili, S.,
Mattei, C., Di Cesare, E., Jannini, E.A., Festuccia, C., 2015. CXCR4 pharmacogical
inhibition reduces bone and soft tissue metastatic burden by affecting tumor growth
and tumorigenic potential in prostate cancer preclinical models. Prostate 75,
1227-1246. http://dx.doi.org/10.1002/pros.23007.

Guise, T.A., Yin, J.J., Mohammad, K.S., 2003. Role of endothelin-1 in osteoblastic bone
metastases. Cancer 97, 779-784. http://dx.doi.org/10.1002/cner.11129.

Hauschka, P., Chen, T., Mavrakos, A., 1986. Polypeptide growth factors in bone matrix. J.
Biol. Chem. 261, 12665-12674.

Heidemann, E., Weber, J., Schmidt, H., Reichmann, U., 1986. Recombinant interferon
alpha 2 stimulation of target-binding by natural killer cells. Klin. Wochenschr. 64,
1036-1040.

Himoudi, N., Nabarro, S., Buddle, J., Eddaoudi, A., Thrasher, A.J., Anderson, J., 2008.
Bone marrow-derived IFN-producing killer dendritic cells account for the tumoricidal
activity of unpulsed dendritic cells. J. Immunol. 181, 6654-6663. http://dx.doi.org/
10.4049/jimmunol.181.9.6654.

Hiraga, T., Myoui, A., Hashimoto, N., Sasaki, A., Hata, K., Morita, Y., Yoshikawa, H.,
Rosen, C.J., Mundy, G.R., Yoneda, T., 2012. Bone-derived IGF mediates crosstalk
between bone and breast cancer cells in bony metastases. Cancer Res. 72, 4238-4249.


http://dx.doi.org/10.1038/nm1352
http://dx.doi.org/10.1038/jid.2014.371
http://dx.doi.org/10.4049/jimmunol.171.3.1183
http://dx.doi.org/10.4049/jimmunol.171.3.1183
http://dx.doi.org/10.1002/pros.20318
http://dx.doi.org/10.1186/s12967-016-0829-5
http://dx.doi.org/10.1186/s12943-015-0291-7
http://dx.doi.org/10.1186/s12943-015-0291-7
http://dx.doi.org/10.2215/CJN.04151206
http://dx.doi.org/10.1038/nrc.2016.52
http://dx.doi.org/10.1146/annurev-med-051013-052304.Regulation
http://dx.doi.org/10.1007/s10555-014-9494-4
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0170
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0170
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0170
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0170
http://dx.doi.org/10.1038/nrc.2016.44
http://dx.doi.org/10.1038/nrc.2016.44
http://dx.doi.org/10.1155/2015/143526
http://dx.doi.org/10.1155/2015/143526
http://dx.doi.org/10.1016/S1470-2045(09)70201-3
http://dx.doi.org/10.1016/S1470-2045(09)70201-3
http://dx.doi.org/10.3389/fimmu.2012.00395
http://dx.doi.org/10.3389/fimmu.2012.00395
http://dx.doi.org/10.1084/jem.20101158
http://dx.doi.org/10.1158/0008-5472.CAN-04-4653
http://dx.doi.org/10.1158/0008-5472.CAN-04-4653
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0205
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0205
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0205
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0205
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0210
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0210
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0210
http://dx.doi.org/10.1038/ni1213
http://dx.doi.org/10.1038/ni1213
http://dx.doi.org/10.1038/nri1961
http://dx.doi.org/10.1038/nrd2372
http://dx.doi.org/10.18632/oncotarget.4714
http://dx.doi.org/10.1172/JCI111905
http://dx.doi.org/10.1177/1758834012458137
http://dx.doi.org/10.1177/1758834012458137
http://dx.doi.org/10.1016/j.pharmthera.2013.10.006
http://dx.doi.org/10.1016/j.pharmthera.2013.10.006
http://dx.doi.org/10.1172/JCI42002
http://dx.doi.org/10.1172/JCI42002
http://dx.doi.org/10.1016/j.blre.2005.10.001
http://dx.doi.org/10.1016/S0140-6736(10)62344-6
http://dx.doi.org/10.1093/carcin/bgs123
http://dx.doi.org/10.1073/pnas.87.21.8555
http://dx.doi.org/10.1073/pnas.87.21.8555
http://dx.doi.org/10.1016/j.it.2012.10.004
http://dx.doi.org/10.1016/j.it.2012.10.004
http://dx.doi.org/10.1038/nature10160.In
http://dx.doi.org/10.1038/nature10160.In
http://dx.doi.org/10.1038/ni.2703
http://dx.doi.org/10.1038/ni.2703
http://dx.doi.org/10.1016/j.coi.2013.02.009
http://dx.doi.org/10.1016/j.coi.2013.02.009
http://dx.doi.org/10.1126/science.1129139
http://dx.doi.org/10.1016/j.immuni.2013.07.008
http://dx.doi.org/10.1016/j.eururo.2015.06.039
http://dx.doi.org/10.1016/j.eururo.2015.06.039
http://dx.doi.org/10.1038/ncb2767.The
http://dx.doi.org/10.1038/ncb2767.The
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0315
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0315
http://dx.doi.org/10.1593/neo.111544
http://dx.doi.org/10.1016/S0140-6736(15)60995-3
http://dx.doi.org/10.1016/S0140-6736(15)60995-3
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0330
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0330
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0330
http://dx.doi.org/10.1016/j.acuro.2012.09.001
http://dx.doi.org/10.1016/j.acuro.2012.09.001
http://dx.doi.org/10.1016/j.ccr.2011.08.012
http://dx.doi.org/10.1002/pros.23007
http://dx.doi.org/10.1002/cncr.11129
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0355
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0355
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0360
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0360
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0360
http://dx.doi.org/10.4049/jimmunol.181.9.6654
http://dx.doi.org/10.4049/jimmunol.181.9.6654

K.L. Owen, B.S. Parker

http://dx.doi.org/10.1158/0008-5472.CAN-11-3061.

Hodi, F.S., Day, S.J.0., Mcdermott, D.F., Weber, R.W., Sosman, J.A., Haanen, J.B.,
Gonzalez, R., Ph, D., Schadendorf, D., Hassel, J.C., Akerley, W., Eertwegh Van Den,
A.J.M., Lutzky, J., Lorigan, P., Lebbé, C., Peschel, C., Quirt, I., 2010. Improved sur-
vival with ipilimumab in patients with metastatic melanoma. N. Engl. J. Med. 363,
711-723. http://dx.doi.org/10.1056/NEJMoal003466. (Improved).

Inman, C.K., Shore, P., 2003. The osteoblast transcription factor Runx2 is expressed in
mammary epithelial cells and mediates osteopontin expression. J. Biol. Chem. 278,
48684-48689. http://dx.doi.org/10.1074/jbc.M308001200.

Jin, J.K., Dayyani, F., Gallick, G.E., 2011. Steps in prostate cancer progression that lead to
bone metastasis. Int. J. Cancer 128, 2545-2561. http://dx.doi.org/10.1002/ijc.
26024.

Jung, Y., Shiozawa, Y., Wang, J., McGregor, N., Dai, J., Park, S.I., Berry, J.E., Havens,
AM., Joseph, J., Kim, J.K., Patel, L., Carmeliet, P., Daignault, S., Keller, E.T.,
McCauley, L.K., Pienta, K.J., Taichman, R.S., 2012. Prevalence of prostate cancer
metastases after intravenous inoculation provides clues into the molecular basis of
dormancy in the bone marrow microenvironment. Neoplasia 14, 429-439. http://dx.
doi.org/10.1596/neo0.111740.

Kérre, K., 2002. NK cells, MHC class I molecules and the missing self. Scand. J. Immunol.
55, 221-228. http://dx.doi.org/10.1046/j.1365-3083.2002.01053.x.

Kalyan, S., Kabelitz, D., 2014. When neutrophils meet T cells: beginnings of a tumultuous
relationship with underappreciated potential. Eur. J. Inmunol. 44, 627-633. http://
dx.doi.org/10.1002/€ji.201344195.

Kaminski, J.M., Summers, J.B., Ward, M.B., Huber, M.R., Minev, B., 2003.
Immunotherapy and prostate cancer. Cancer Treat. Rev. 29, 199-209. http://dx.doi.
org/10.1016/50305-7372(03)00005-7.

Kang, J., Demaria, S., Formenti, S., 2016. Current clinical trials testing the combination of
immunotherapy with radiotherapy. J. Inmunother. Cancer 4, 51. http://dx.doi.org/
10.1186/540425-016-0156-7.

Karrison, T.G., Donald, J., Meier, P., 1999. Dormancy of mammary carcinoma after
mastectomy. J. Natl. Cancer Inst. 91, 1-6.

Keller, E.T., Brown, J., 2004. Prostate cancer bone metastases promote both osteolytic
and osteoblastic activity. J. Cell. Biochem. 91, 718-729. http://dx.doi.org/10.1002/
jcb.10662.

Khoon, M.C., 2015. Experimental models of bone metastasis: opportunities for the study
of cancer dormancy. Adv. Drug Deliv. Rev. 94, 141-150. http://dx.doi.org/10.1016/
j.addr.2014.12.007.

Kim, J.K., Jung, Y., Wang, J., Joseph, J., Mishra, A., Hill, E.E., Krebsbach, P.H., Pienta,
K.J., Shiozawa, Y., Taichman, R.S., 2013. TBK1 regulates prostate cancer dormancy
through mTOR inhibition. Neoplasia 15, 1064-1074. http://dx.doi.org/10.1593/
neo.13402.

Kusmartsev, S., Su, Z., Heiser, A., Dannull, J., Eruslanov, E., Kiibler, H., Yancey, D., Dahm,
P., Vieweg, J., 2008. Reversal of myeloid cell — mediated immunosuppression in
patients with metastatic renal cell carcinoma. Clin. Cancer Res. 14, 8270-8278.
http://dx.doi.org/10.1158/1078-0432. CCR-08-0165.

Kveiborg, M., Flyvbjerg, A., Eriksen, E.F., Kassem, M., 2001. Transforming growth factor-
betal stimulates the production of insulin-like growth factor-I and insulin-like growth
factor-binding protein-3 in human bone marrow stromal osteoblast progenitors. J.
Endocrinol. 169, 549-561 (JOE04070 [pii]).

Kwon, E.D., Drake, C.G., Scher, H.L, Fizazi, K., Bossi, A., Alfons, J.M., Eertwegh, V.,
Krainer, Den, Houede, M., Santos, N., Mahammedji, R., Ng, H., Maio, S., Franke, M.,
Sundar, F.A., Agarwal, S., Andries, N., Ciuleanu, M., Korbenfeld, T.E., Sengelgv, L.,
Hansen, L., Logothetis, S., Beer, C., Mchenry, T.M., Gagnier, M.B., Liu, P., 2014.
Ipilimumab versus placebo after radiotherapy in patients with metastatic castration-
resistant prostate cancer that had progressed after docetaxel chemotherapy (CA184-
043): a multicentre, randomised, double-blind, phase 3 trial. Lancet 15, 700-712.
http://dx.doi.org/10.1016/51470-2045(14)70189-5. (Ipilimumab).

Law, A.M.K., Lim, E., Ormandy, C.J., Gallego-Ortega, D., 2017. The innate and adaptive
infiltrating immune systems as targets for breast cancer immunotherapy. Endocr.
Relat. Cancer 24, R123-R144. http://dx.doi.org/10.1530/ERC-16-0404.

Lee, J.C., Lee, K.M., Kim, D.W., Heo, D.S., 2004. Elevated TGF-beta 1 secretion and down-
modulation of NKG2D underlies impaired NK cytotoxicity in cancer patients. J.
Immunol. 172, 7335-7340. http://dx.doi.org/10.4049/jimmunol.172.12.7335.

Lee, Y., 2013. The role of interleukin-17 in bone metabolism and inflammatory skeletal
diseases. BMB Rep. 46, 479-483.

Lehr, J.E., Pienta, K.J., 1998. Preferential adhesion of prostate cancer cells to a human
bone marrow endothelial cell line. J. Natl. Cancer Inst. 90, 118-123. http://dx.doi.
0rg/10.1093/jnci/90.2.118.

Lin, S.-C., Lee, Y.-C., Yu, G., Cheng, C.-J., Zhou, X., Chu, K., Murshed, M., Le, N.-T.,
Baseler, L., Abe, J., Fujiwara, K., deCrombrugghe, B., Logothetis, C.J., Gallick, G.E.,
Yu-Lee, L.-Y., Maity, S.N., Lin, S.-H., 2017. Endothelial-to-osteoblast conversion
generates osteoblastic metastasis of prostate cancer. Dev. Cell 41, 467-480. http://
dx.doi.org/10.1016/j.devcel.2017.05.005. (e3).

Linde, N., Fluegen, G., Aguirre-Ghiso, J.A., 2016. The relationship between dormant
cancer cells and their microenvironment. Adv. Cancer Res. 132, 45-71. http://dx.doi.
0rg/10.1016/bs.acr.2016.07.002.

Liu, G., Lu, S., Wang, X., Page, S.T., Higano, C.S., Plymate, S.R., Greenberg, N.M., Sun, S.,
Li, Z., Wu, J.D., 2013. Perturbation of NK cell peripheral homeostasis accelerates
prostate carcinoma metastasis. J. Clin. Invest. 123, 4410-4422. http://dx.doi.org/10.
1172/JCI69369.

Lode, H.N., Xiang, R., Dreier, T., Varki, N.M., Gillies, S.D., Reisfeld, R.A., 1998. Natural
killer cell-mediated eradication of neuroblastoma metastases to bone marrow by
targeted interleukin-2 therapy. Blood 91, 1706-1715.

Lu, X., Horner, J.W., Paul, E., Shang, X., Troncoso, P., Deng, P., Jiang, S., Chang, Q.,
Spring, D.J., Sharma, P., Zebala, J.A., Maeda, D.Y., Wang, Y.A., DePinho, R.A., 2017.
Effective combinatorial immunotherapy for castration-resistant prostate cancer.

66

Molecular Immunology 110 (2019) 57-68

Nature 543, 728-732. http://dx.doi.org/10.1038/nature21676.

Lucas, P.J., Kim, S.J., Mackall, C.L., Telford, W.G., Chu, Y.W., Hakim, F.T., Gress, R.E.,
2006. Dysregulation of IL-15-mediated T-cell homeostasis in TGF-B dominant-nega-
tive receptor transgenic mice. Blood 108, 2789-2795. http://dx.doi.org/10.1182/
blood-2006-05-025676.

Ma, Y., Shurin, G.V., Peiyuan, Z., Shurin, M.R., 2013. Dendritic cells in the cancer mi-
croenvironment. J. Cancer 4, 36—44. http://dx.doi.org/10.7150/jca.5046.

Maia, M.C., Hansen, A.R., 2017. A comprehensive review of immunotherapies in prostate
cancer. Crit. Rev. Oncol. Hematol. 113, 292-303. http://dx.doi.org/10.1016/j.
critrevonc.2017.02.026.

McFarlane, S., Coulter, J.A., Tibbits, P., O’Grady, A., McFarlane, C., Montgomery, N., Hill,
A., McCarthy, H.O., Young, L.S., Kay, E.W., Isacke, C.M., Waugh, D.J.J., 2015. CD44
increases the efficiency of distant metastasis of breast cancer. Oncotarget 6,
11465-11476. http://dx.doi.org/10.18632/oncotarget.3410.

Mehra, N., Seed, G., Lambros, M., Sharp, A., Fontes, M.S., Crespo, M., Sumanasuriya, S.,
Yuan, W., Boysen, G., Riisnaes, R., Calcinotto, A., Carreira, S., Goodall, J., Zafeiriou,
Z., Bianchini, D., Morilla, A., Morilla, R., Alimonti, A., de Bono, J.S., 2016. Myeloid-
derived suppressor cells (MDSCs) in metastatic castration-resistant prostate cancer
(CRPC) patients (PTS). Ann. Oncol. 27, 243-265. http://dx.doi.org/10.1093/
annonc/mdw372.41.

Mercier, F.E., Ragu, C., Scadden, D.T., 2014. The bone marrow at the crossroads of blood
and immunity. Nat. Rev. Immunol. 12, 49-60. http://dx.doi.org/10.1038/nri3132.

Miles, D., Roche, H., Martin, M., Perren, T.J., Cameron, D.A., Glaspy, J., Dodwell, D.,
Parker, J., Mayordomo, J., Tres, A., Murray, J.L., Ibrahim, N.K., 2011. Phase III
multicenter clinical trial of the sialyl-TN (STn)-keyhole limpet hemocyanin (KLH)
vaccine for metastatic breast cancer. Oncologist 16, 1092-1100. http://dx.doi.org/
10.1634/theoncologist.2010-0307.

Moll, N.M., Ransohoff, R.M., 2010. CXCL12 and CXCR4 in bone marrow physiology.
Expert Rev. Hematol. 3, 315-322. http://dx.doi.org/10.1586/ehm.10.16.

Mori, G., D’Amelio, P., Faccio, R., Brunetti, G., 2013. The crosstalk between the bone and
the immune system: osteoimmunology. Clin. Dev. Immunol. 2013, 1-16. http://dx.
doi.org/10.1155/2013/617319.

Morrissey, C., Brown, L.G., Pitts, T.E.M., Vessella, R.L., Corey, E., 2010a. Bone morpho-
genetic protein 7 is expressed in prostate cancer metastases and its effects on prostate
tumor cells depend on cell phenotype and the tumor microenvironment. Neoplasia
12, 192-205. http://dx.doi.org/10.1593/ne0.91836.

Morrissey, C., Brown, L.G., Pitts, T.E.M., Vessella, R.L., Corey, E., 2010b. Bone morpho-
genetic protein 7 Is expressed in prostate cancer metastases and Its effects on prostate
tumor cells depend on cell phenotype and the tumor microenvironment. Neoplasia
12, 192-205. http://dx.doi.org/10.1593/ne0.91836.

Mrozek, B.E., Anderson, P., Caligiuri, M.A., 1996. Role of interleukin-15 in the devel-
opment of human cd56 + natural killer cells from cd34 + hematopoietic progenitor
cells. Blood 87, 2632-2640.

Mukherjee, D., Zhao, J., 2013. The Role of chemokine receptor CXCR4 in breast cancer
metastasis. Am. J. Cancer Res. 3, 46-57.

Mundy, G.R., 2002. Metastasis: metastasis to bone: causes, consequences and therapeutic
opportunities. Nat. Rev. Cancer 2, 584-593. http://dx.doi.org/10.1038/nrc867.
Ngrgaard, M., Jensen, A.O., Jacobsen, J.B., Cetin, K., Fryzek, J.P., Sorensen, H.T., 2010.
Skeletal related events, bone metastasis and survival of prostate cancer: a population
based cohort study in Denmark (1999-2007). J. Urol. 184, 162-167. http://dx.doi.

org/10.1016/j.juro.2010.03.034.

Najjar, Y.G., Finke, J.H., 2013. Clinical perspectives on targeting of myeloid derived
suppressor cells in the treatment of cancer. Front. Oncol. 3, 1-9. http://dx.doi.org/
10.3389/fonc.2013.00049.

Neuzillet, C., Tijeras-Raballand, A., Cohen, R., Cros, J., Faivre, S., Raymond, E., De
Gramont, A., 2015. Targeting the TGFf pathway for cancer therapy. Pharmacol.
Ther. 147, 22-31. http://dx.doi.org/10.1016/j.pharmthera.2014.11.001.

Ogata, Y., Kukita, A., Kukita, T., Komine, M., Miyahara, A., Miyazaki, S., Kohashi, O.,
1999. A novel role of IL-15 in the development of osteoclasts: inability to replace its
activity with IL-2. J. Immunol. 162, 2754-2760.

Ogiya, R., Niikura, N., Kumaki, N., Bianchini, G., Kitano, S., Iwamoto, T., Hayashi, N.,
Yokoyama, K., Oshitanai, R., Terao, M., Morioka, T., Tsuda, B., Okamura, T., Saito,
Y., Suzuki, Y., Tokuda, Y., 2016. Comparison of tumor-infiltrating lymphocytes be-
tween primary and metastatic tumors in breast cancer patients. Cancer Sci. 107,
1730-1735. http://dx.doi.org/10.1111/cas.13101.

Osisami, M., Keller, E., 2013. Mechanisms of metastatic tumor dormancy. J. Clin. Med. 2,
136-150. http://dx.doi.org/10.3390/jcm2030136.

Otero, J.E., Dai, S., Alhawagri, M.A., Darwech, L., Abu-Amer, Y., 2010. IKKp activation is
sufficient for RANK-independent osteoclast differentiation and osteolysis. J. Bone
Miner. Res. 25, 1282-1294. http://dx.doi.org/10.1002/jbmr.4.

OuYang, L.-Y., Wu, X.-J., Ye, S.-B., Zhang, R., Li, Z.-L., Liao, W., Pan, Z.-Z., Zheng, L.-M.,
Zhang, X.-S., Wang, Z., Li, Q., Ma, G., Li, J., 2015. Tumor-induced myeloid-derived
suppressor cells promote tumor progression through oxidative metabolism in human
colorectal cancer. J. Transl. Med. 13, 47. http://dx.doi.org/10.1186/512967-015-
0410-7.

Pantel, K., Brakenhoff, R.H., 2004. Dissecting the metastatic cascade. Nat. Rev. Cancer 4,
448-456. http://dx.doi.org/10.1038/nrc1370.

Park, Y.-J., Song, B., Kim, Y.-S., Kim, E.-K., Lee, J.-M., Lee, G.-E., Kim, J.-O., Kim, Y.-J.,
Chang, W.-S., Kang, C.-Y., 2013. Tumor microenvironmental conversion of natural
killer cells into myeloid-derived suppressor cells. Cancer Res. 73, 5669-5681. http://
dx.doi.org/10.1158/0008-5472.CAN-13-0545.

Parker, B.S., Rautela, J., Hertzog, P.J., 2016. Antitumour actions of interferons: im-
plications for cancer therapy. Nat. Rev. Cancer 16, 131-144. http://dx.doi.org/10.
1038/nrc.2016.14.

Pasero, C., Gravis, G., Granjeaud, S., Guerin, M., Thomassin-Piana, J., Rocchi, P., Salem,
N., Walz, J., Moretta, A., Olive, D., 2015. Highly effective NK cells are associated with


http://dx.doi.org/10.1158/0008-5472.CAN-11-3061
http://dx.doi.org/10.1056/NEJMoa1003466
http://dx.doi.org/10.1074/jbc.M308001200
http://dx.doi.org/10.1002/ijc.26024
http://dx.doi.org/10.1002/ijc.26024
http://dx.doi.org/10.1596/neo.111740
http://dx.doi.org/10.1596/neo.111740
http://dx.doi.org/10.1046/j.1365-3083.2002.01053.x
http://dx.doi.org/10.1002/eji.201344195
http://dx.doi.org/10.1002/eji.201344195
http://dx.doi.org/10.1016/S0305-7372(03)00005-7
http://dx.doi.org/10.1016/S0305-7372(03)00005-7
http://dx.doi.org/10.1186/s40425-016-0156-7
http://dx.doi.org/10.1186/s40425-016-0156-7
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0415
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0415
http://dx.doi.org/10.1002/jcb.10662
http://dx.doi.org/10.1002/jcb.10662
http://dx.doi.org/10.1016/j.addr.2014.12.007
http://dx.doi.org/10.1016/j.addr.2014.12.007
http://dx.doi.org/10.1593/neo.13402
http://dx.doi.org/10.1593/neo.13402
http://dx.doi.org/10.1158/1078-0432. CCR-08-0165
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0440
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0440
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0440
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0440
http://dx.doi.org/10.1016/S1470-2045(14)70189-5
http://dx.doi.org/10.1530/ERC-16-0404
http://dx.doi.org/10.4049/jimmunol.172.12.7335
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0460
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0460
http://dx.doi.org/10.1093/jnci/90.2.118
http://dx.doi.org/10.1093/jnci/90.2.118
http://dx.doi.org/10.1016/j.devcel.2017.05.005
http://dx.doi.org/10.1016/j.devcel.2017.05.005
http://dx.doi.org/10.1016/bs.acr.2016.07.002
http://dx.doi.org/10.1016/bs.acr.2016.07.002
http://dx.doi.org/10.1172/JCI69369
http://dx.doi.org/10.1172/JCI69369
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0485
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0485
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0485
http://dx.doi.org/10.1038/nature21676
http://dx.doi.org/10.1182/blood-2006-05-025676
http://dx.doi.org/10.1182/blood-2006-05-025676
http://dx.doi.org/10.7150/jca.5046
http://dx.doi.org/10.1016/j.critrevonc.2017.02.026
http://dx.doi.org/10.1016/j.critrevonc.2017.02.026
http://dx.doi.org/10.18632/oncotarget.3410
http://dx.doi.org/10.1093/annonc/mdw372.41
http://dx.doi.org/10.1093/annonc/mdw372.41
http://dx.doi.org/10.1038/nri3132
http://dx.doi.org/10.1634/theoncologist.2010-0307
http://dx.doi.org/10.1634/theoncologist.2010-0307
http://dx.doi.org/10.1586/ehm.10.16
http://dx.doi.org/10.1155/2013/617319
http://dx.doi.org/10.1155/2013/617319
http://dx.doi.org/10.1593/neo.91836
http://dx.doi.org/10.1593/neo.91836
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0550
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0550
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0550
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0555
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0555
http://dx.doi.org/10.1038/nrc867
http://dx.doi.org/10.1016/j.juro.2010.03.034
http://dx.doi.org/10.1016/j.juro.2010.03.034
http://dx.doi.org/10.3389/fonc.2013.00049
http://dx.doi.org/10.3389/fonc.2013.00049
http://dx.doi.org/10.1016/j.pharmthera.2014.11.001
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0580
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0580
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0580
http://dx.doi.org/10.1111/cas.13101
http://dx.doi.org/10.3390/jcm2030136
http://dx.doi.org/10.1002/jbmr.4
http://dx.doi.org/10.1186/s12967-015-0410-7
http://dx.doi.org/10.1186/s12967-015-0410-7
http://dx.doi.org/10.1038/nrc1370
http://dx.doi.org/10.1158/0008-5472.CAN-13-0545
http://dx.doi.org/10.1158/0008-5472.CAN-13-0545
http://dx.doi.org/10.1038/nrc.2016.14
http://dx.doi.org/10.1038/nrc.2016.14

K.L. Owen, B.S. Parker

good prognosis in patients with metastatic prostate cancer. Oncotarget 6,
14360-14373. http://dx.doi.org/10.18632/0oncotarget.3965.

Patel, L., Camacho, D., Shiozawa, Y., Pienta, Kenneth, Taichman, R., 2012. Mechanisms
of cancer cell metastasis to bone: a multistep process. Futur. Oncol. 7, 1285-1297.
http://dx.doi.org/10.2217/fon.11.112. (Mechanisms).

Pende, D., Rivera, P., Marcenaro, S., Chang, C.C., Biassoni, R., Conte, R., Kubin, M.,
Cosman, D., Ferrone, S., Moretta, L., Moretta, A., 2002. Major histocompatibility
complex class I-related chain A and UL16-binding protein expression on tumor cell
lines of different histotypes: analysis of tumor susceptibility to NKG2D-dependent
natural killer cell cytotoxicity. Cancer Res. 62, 6178-6186. http://dx.doi.org/10.
1016/50952-7915(97)80155-0.

Pillay, J., Tak, T., Kamp, V.M., Koenderman, L., 2013. Immune suppression by neu-
trophils and granulocytic myeloid-derived suppressor cells: similarities and differ-
ences. Cell. Mol. Life Sci. 70, 3813-3827. http://dx.doi.org/10.1007/s00018-013-
1286-4.

Pluijm, G., Sijmons, B., Vloedgraven, H., Deckers, M., Papapoulos, S., Lowik, C., 2001.
Monitoring metastatic behavior of human tumor cells in mice with species-specific
polymerase chain reaction: elevated expression of angiogenesis and bone resorption
stimulators by breast cancer in bone metastases. J. Bone Miner. Res. 16, 1077-1091.
http://dx.doi.org/10.1359/jbmr.2001.16.6.1077.

Qin, Z., Blankenstein, T., 2000. CD4+ T cell-mediated tumor rejection involves inhibi-
tion of angiogenesis that is dependent on IFN gamma receptor expression by non-
hematopoietic cells. Immunity 12, 677-686. http://dx.doi.org/10.1016/51074-
7613(00)80218-6.

Ramsey, D.M., McAlpine, S.R., 2013. Halting metastasis through CXCR4 inhibition.
Bioorg. Med. Chem. Lett. 23, 20-25. http://dx.doi.org/10.1016/j.bmcl.2012.10.138.

Rautela, J., Baschuk, N., Slaney, C.Y., Jayatilleke, K.M., Xiao, K., Bidwell, B.N., Lucas,
E.C., Hawkins, E.D., Lock, P., Wong, C.S., Chen, W., Anderson, R.L., Hertzog, P.J.,
Andrews, D.M., Moller, A., Parker, B.S., 2015. Loss of host type-I IFN signaling ac-
celerates metastasis and impairs NK-cell antitumor function in multiple models of
breast cancer. Cancer Immunol. Res. 3, 1207-1217. http://dx.doi.org/10.1158/
2326-6066.CIR-15-0065.

Ren, G., Esposito, M., Kang, Y., 2015. Bone metastasis and the metastatic niche. J. Mol.
Med. http://dx.doi.org/10.1007/s00109-015-1329-4.

Richards, J.O., Chang, X., Blaser, B.W., Caligiuri, M.A., Zheng, P., Liu, Y., 2006. Tumor
growth impedes natural-killer —cell maturation in the bone marrow. Blood 108,
246-252. http://dx.doi.org/10.1182/blood-2005-11-4535. (Supported).

Richert, M., Vaidya, K., Mills, C., Wong, D., Korz, D., Hurst, D., Welch, D., 2009.
Inhibition of CXCR4 by CTCE-9908 inhibits breast cancer metastasis to lung and
bone. Oncol. Rep. 21, 761-767. http://dx.doi.org/10.3892/0r 00000282.

Roato, 1., 2013. Interaction among cells of bone, immune system, and solid tumors leads
to bone metastases. Clin. Dev. Immunol. 2013. http://dx.doi.org/10.1155/2013/
315024.

Roberti, M.P., Mordoh, J., Levy, E.M., 2012. Biological role of NK cells and im-
munotherapeutic approaches in breast cancer. Front. Immunol. 3. http://dx.doi.org/
10.3389/fimmu.2012.00375.

Roccaro, A.M., Sacco, A., Purschke, W.G., Moschetta, M., Maasch, C., Zboralski, D.,
Zollner, S., Vonhoff, S., Maiso, P., Reagan, M.R., Lonardi, S., Ungari, M., Eulberg, D.,
Kruschinski, A., Vater, A., Rossi, G., Ghobrial, I.M., 2014. SD-1 inhibition targets the
bone marrow niche for cancer therapy. Cell Rep. 9, 118-128. http://dx.doi.org/10.
1016/j.celrep.2014.08.042.SDF-1.

Romanov, V.I., Whyard, T., Adler, H.L., Waltzer, W.C., Zucker, S., 2004. Prostate cancer
cell adhesion to bone marrow endothelium: the role of prostate-specific antigen.
Cancer Res. 64, 2083-2089.

Roodman, G.D., 2004. Mechanisms of bone metastasis. N. Engl. J. Med. 360, 1655-1664.
http://dx.doi.org/10.1056/NEJMra030831.

Rosen, L.S., Gordon, D., Kaminski, M., Howell, A., Belch, A., Mackey, J., Apffelstaedt, J.,
Hussein, M.A., Coleman, R.E., Reitsma, D.J., Chen, B.L., Seaman, J.J., 2003. Long-
term efficacy and safety of zoledronic acid compared with pamidronate disodium in
the treatment of skeletal complications in patients with advanced multiple myeloma
or breast carcinoma: a randomized, double-blind, multicenter, comparative trial.
Cancer 98, 1735-1744. http://dx.doi.org/10.1002/cncr.11701.

Rosol, T.J., Tannehill-Gregg, S.H., LeRoy, B.E., Mand]l, S., Contag, C.H., 2011. Animal
model of bone metastasis. Cancer Treat. Res. 118, 1-17.

Ruffell, B., Coussens, L.M., 2015. Macrophages and therapeutic resistance in cancer.
Cancer Cell 27, 462-472. http://dx.doi.org/10.1016/j.ccell.2015.02.015.

Sacanna, E., Ibrahim, T., Gaudio, M., Mercatali, L., Scarpi, E., Zoli, W., Serra, P.,
Bravaccini, S., Ricci, R., Serra, L., Amadori, D., 2011. The role of CXCR4 in the
prediction of bone metastases from breast cancer: a pilot study. Oncology 80,
225-231. http://dx.doi.org/10.1159/000327585.

Saeed, S., Revell, P.A., 2001. Production and distribution of interleukin 15 and its re-
ceptors (IL-15R and IL-R2) in the implant interface tissues obtained during revision of
failed total joint replacement. Int. J. Exp. Pathol. 82, 201-209. http://dx.doi.org/10.
1046/§.1365-2613.2001.00185.x.

Sanjabi, S., Mosaheb, M.M., Flavell, R.A., 2009. Opposing effects of TGF-beta and IL-15
cytokines control the number of short-lived effector CD8+ T cells. Immunity 31,
131-144. http://dx.doi.org/10.1016/j.immuni.2009.04.020.

Sathiakumar, N., Delzell, E., Morrisey, M.A., Falkson, C., Yong, M., Chia, V., Blackburn,
J., Arora, T., Brill, 1., Kilgore, M.L., 2012. Mortality following bone metastasis and
skeletal-related events among women with breast cancer: a population-based analysis
of U.S. medicare beneficiaries, 1999-2006. Breast Cancer Res. Treat. 131, 231-238.
http://dx.doi.org/10.1007/5s10549-011-1721-x.

Sawant, A., Ponnazhagan, S., 2013. Role of plasmacytoid dendritic cells in cancer.
Oncoimmunology 2, 1-3. http://dx.doi.org/10.1007/978-3-662-44006-3_11.

Sawant, A., Hensel, J.A., Chanda, D., Harris, B.A., Siegal, G.P., Maheshwari, A.,
Ponnazhagan, S., 2012. Depletion of plasmacytoid dendritic cells inhibits tumor

67

Molecular Immunology 110 (2019) 57-68

growth and prevents bone metastasis of breast cancer cells. J. Immunol. 189,
4258-4265. http://dx.doi.org/10.4049/jimmunol.1101855.

Sawant, A., Deshane, J., Jules, J., Lee, C.M., Harris, B.A., Feng, X., Ponnazhagan, S., 2013.
Myeloid-derived suppressor cells function as novel osteoclast progenitors enhancing
bone loss in breast cancer. Cancer Res. 73, 672-682. http://dx.doi.org/10.1016/j.
humov.2008.02.015. (Changes).

Schneider, A., Kalikin, L.M., Mattos, A.C., Keller, E.T., Allen, M.J., Pienta, K.J., McCauley,
L.K., 2005. Bone turnover mediates preferential localization of prostate cancer in the
skeleton. Endocrinology 146, 1727-1736. http://dx.doi.org/10.1210/en.2004-1211.

Sethi, N., Kang, Y., 2011a. Dysregulation of developmental pathways in bone metastasis.
Bone. http://dx.doi.org/10.1016/j.bone.2010.07.005.

Sethi, N., Kang, Y., 2011b. Notch signalling in cancer progression and bone metastasis. Br.
J. Cancer 105, 1805-1810. http://dx.doi.org/10.1038/bjc.2011.497.

Sharma, P., Allison, J.P., 2015. Immune checkpoint targeting in cancer therapy: toward
combination strategies with curative potential. Cell 161, 205-214. http://dx.doi.org/
10.1016/j.cell.2015.03.030.

Shibata, H., Kato, S., Sekine, 1., Abe, K., Araki, N., Iguchi, H., Izumi, T., Inaba, Y., Osaka,
1., Kato, S., Kawai, A., Kinuya, S., Kodaira, M., Kobayashi, E., Kobayashi, T., Sato, J.,
Shinohara, N., Takahashi, S., Takamatsu, Y., Takayama, K., Takayama, K., Tateishi,
U., Nagakura, H., Hosaka, M., Morioka, H., Moriya, T., Yuasa, T., Yurikusa, T.,
Yomiya, K., Yoshida, M., 2016. Diagnosis and treatment of bone metastasis: com-
prehensive guideline of the japanese society of medical oncology, japanese ortho-
pedic association japanese urological association, and japanese society for radiation
oncology. ESMO Open 1, e000037. http://dx.doi.org/10.1136/esmoopen-2016-
000037.

Shiozawa, Y., Pedersen, E. a., Havens, a. M., Jung, Y., Mishra, A., Joseph, J., Kim, J.K.,
Patel, L.R., Ying, C., Ziegler, a. M., 2011. Human prostate cancer metastases target
the hematopoietic stem cell niche to establish footholds in mouse bone marrow. J.
Clin. Invest. 121, 1298-1312. http://dx.doi.org/10.1172/JCI43414DS1. (Others).

Simos, D., Addison, C., Kuchuk, I., Hutton, B., Mazzarello, S., Clemons, M., 2013. Bone-
targeted agents for the management of breast cancer patients with bone metastases.
J. Clin. Med.. 2, 67-88. http://dx.doi.org/10.3390/jcm2030067.

Sinder, B.P., Pettit, A.R., McCauley, L.K., 2015. Macrophages: their emerging roles in
bone. J. Bone Miner. Res. 30, 2140-2149. http://dx.doi.org/10.1002/jbmr.2735.

Sisirak, V., Faget, J., Gobert, M., Goutagny, N., Vey, N., Treilleux, I., Renaudineau, S.,
Poyet, G., Labidi-Galy, S.I., Goddard-Leon, S., Durand, I., Le Mercier, 1., Bajard, A.,
Bachelot, T., Puisieux, A., Puisieux, 1., Blay, J.Y., Ménétrier-Caux, C., Caux, C.,
Bendriss-Vermare, N., 2012. Impaired IFN-a production by plasmacytoid dendritic
cells favors regulatory T-cell expansion that may contribute to breast cancer pro-
gression. Cancer Res. 72, 5188-5197. http://dx.doi.org/10.1158/0008-5472.CAN-
11-3468.

Sisirak, V., Faget, J., Vey, N., Blay, J.-Y., Ménétrier-Caux, C., Caux, C., Bendriss-Vermare,
N., 2013. Plasmacytoid dendritic cells deficient in IFNa production promote the
amplification of FOXP3(+) regulatory T cells and are associated with poor prognosis
in breast cancer patients. Oncoimmunology 2, €22338. http://dx.doi.org/10.4161/
onci.22338.

Slaney, C.Y., Rautela, J., Parker, B.S., 2013. The emerging role of immunosurveillance in
dictating metastatic spread in breast cancer. Cancer Res. 73, 5852-5857. http://dx.
doi.org/10.1158/0008-5472.CAN-13-1642.

Smith, M.R., Coleman, R.E., Klotz, L., Pittman, K., Milecki, P., Ng, S., Chi, K.N.,
Balakumaran, A., Wei, R., Wang, H., Braun, A., Fizazi, K., 2015. Denosumab for the
prevention of skeletal complications in metastatic castration-resistant prostate
cancer: comparison of skeletal-related events and symptomatic skeletal events. Ann.
Oncol. 26, 368-374. http://dx.doi.org/10.1093/annonc/mdu519.

Smyth, M.J., Thia, K.Y.T., Street, S.E. a., Cretney, E., Trapani, J. a., Taniguchi, M.,
Kawano, T., Pelikan, S.B., Crowe, N.Y., Godfrey, D.I., 2000. Differential tumor sur-
veillance by natural killer (Nk) and nkt cells. J. Exp. Med. 191, 661-668. http://dx.
doi.org/10.1084/jem.191.4.661.

Snedecor, S., Carter, J., Kaura, S., Botteman, M., 2013. Denosumab versus zoledronic acid
for treatment of bone metastases in men with castration-resistant prostate cancer: a
cost-effectiveness analysis. J. Med. Econ. 16, 19-29. http://dx.doi.org/10.3111/
13696998.2012.719054.

Solakoglu, O., Maierhofer, C., Lahr, G., Breit, E., Scheunemann, P., Heumos, I.,
Pichlmeier, U., Schlimok, G., Oberneder, R., Kollermann, M.W., Kollermann, J.,
Speicher, M.R., Pantel, K., 2002. Heterogeneous proliferative potential of occult
metastatic cells in bone marrow of patients with solid epithelial tumors. Proc. Natl.
Acad. Sci. U. S. A. 99, 2246-2251. http://dx.doi.org/10.1073/pnas.042372199.

Sousa, S., Maattd, J., 2016. The role of tumour-associated macrophages in bone metas-
tasis. J. Bone. Oncol. 5 135-138.

Spellman, A., Tang, S.-C., 2016. Immunotherapy for breast cancer: past, present, and
future. Cancer Metastasis Rev. 35, 525-546. http://dx.doi.org/10.1007/s10555-016-
9654-9.

Spranger, S., Gajewski, T.F., 2015. A new paradigm for tumor immune escape: (-catenin-
driven immune exclusion. J. Inmunother. Cancer 3, 43. http://dx.doi.org/10.1186/
540425-015-0089-6.

Spranger, S., Dai, D., Horton, B., Gajewski, T.F., 2017. Tumor-residing Batf3 dendritic
cells are required for effector T cell trafficking and adoptive T cell therapy. Cancer
Cell 31, 711-723. http://dx.doi.org/10.1016/j.ccell.2017.04.003. (e4).

Sun, Y.X., Wang, J., Shelburne, C.E., Lopatin, D.E., Chinnaiyan, A.M., Rubin, M.A., Pienta,
K.J., Taichman, R.S., 2003. Expression of CXCR4 and CXCL12 (SDF-1) in human
prostate cancers (PCa) in vivo. J. Cell. Biochem. 89, 462-473. http://dx.doi.org/10.
1002/jcb.10522.

Sun, Y.-X., Schneider, A., Jung, Y., Wang, J., Dai, J., Wang, J., Cook, K., Osman, N.I., Koh-
Paige, A.J., Shim, H., Pienta, K.J., Keller, E.T., McCauley, L.K., Taichman, R.S., 2005.
Skeletal localization and neutralization of the SDF-1(CXCL12)/CXCR4 axis blocks
prostate cancer metastasis and growth in osseous sites in vivo. J. Bone Miner. Res. 20,



http://dx.doi.org/10.18632/oncotarget.3965
http://dx.doi.org/10.2217/fon.11.112
http://dx.doi.org/10.1016/s0952-7915(97)80155-0
http://dx.doi.org/10.1016/s0952-7915(97)80155-0
http://dx.doi.org/10.1007/s00018-013-1286-4
http://dx.doi.org/10.1007/s00018-013-1286-4
http://dx.doi.org/10.1359/jbmr.2001.16.6.1077
http://dx.doi.org/10.1016/S1074-7613(00)80218-6
http://dx.doi.org/10.1016/S1074-7613(00)80218-6
http://dx.doi.org/10.1016/j.bmcl.2012.10.138
http://dx.doi.org/10.1158/2326-6066.CIR-15-0065
http://dx.doi.org/10.1158/2326-6066.CIR-15-0065
http://dx.doi.org/10.1007/s00109-015-1329-4
http://dx.doi.org/10.1182/blood-2005-11-4535
http://dx.doi.org/10.3892/or_00000282
http://dx.doi.org/10.1155/2013/315024
http://dx.doi.org/10.1155/2013/315024
http://dx.doi.org/10.3389/fimmu.2012.00375
http://dx.doi.org/10.3389/fimmu.2012.00375
http://dx.doi.org/10.1016/j.celrep.2014.08.042.SDF-1
http://dx.doi.org/10.1016/j.celrep.2014.08.042.SDF-1
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0690
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0690
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0690
http://dx.doi.org/10.1056/NEJMra030831
http://dx.doi.org/10.1002/cncr.11701
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0705
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0705
http://dx.doi.org/10.1016/j.ccell.2015.02.015
http://dx.doi.org/10.1159/000327585
http://dx.doi.org/10.1046/j.1365-2613.2001.00185.x
http://dx.doi.org/10.1046/j.1365-2613.2001.00185.x
http://dx.doi.org/10.1016/j.immuni.2009.04.020
http://dx.doi.org/10.1007/s10549-011-1721-x
http://dx.doi.org/10.1007/978-3-662-44006-3_11
http://dx.doi.org/10.4049/jimmunol.1101855
http://dx.doi.org/10.1016/j.humov.2008.02.015
http://dx.doi.org/10.1016/j.humov.2008.02.015
http://dx.doi.org/10.1210/en.2004-1211
http://dx.doi.org/10.1016/j.bone.2010.07.005
http://dx.doi.org/10.1038/bjc.2011.497
http://dx.doi.org/10.1016/j.cell.2015.03.030
http://dx.doi.org/10.1016/j.cell.2015.03.030
http://dx.doi.org/10.1136/esmoopen-2016-000037
http://dx.doi.org/10.1136/esmoopen-2016-000037
http://dx.doi.org/10.1172/JCI43414DS1
http://dx.doi.org/10.3390/jcm2030067
http://dx.doi.org/10.1002/jbmr.2735
http://dx.doi.org/10.1158/0008-5472.CAN-11-3468
http://dx.doi.org/10.1158/0008-5472.CAN-11-3468
http://dx.doi.org/10.4161/onci.22338
http://dx.doi.org/10.4161/onci.22338
http://dx.doi.org/10.1158/0008-5472.CAN-13-1642
http://dx.doi.org/10.1158/0008-5472.CAN-13-1642
http://dx.doi.org/10.1093/annonc/mdu519
http://dx.doi.org/10.1084/jem.191.4.661
http://dx.doi.org/10.1084/jem.191.4.661
http://dx.doi.org/10.3111/13696998.2012.719054
http://dx.doi.org/10.3111/13696998.2012.719054
http://dx.doi.org/10.1073/pnas.042372199
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0825
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0825
http://dx.doi.org/10.1007/s10555-016-9654-9
http://dx.doi.org/10.1007/s10555-016-9654-9
http://dx.doi.org/10.1186/s40425-015-0089-6
http://dx.doi.org/10.1186/s40425-015-0089-6
http://dx.doi.org/10.1016/j.ccell.2017.04.003
http://dx.doi.org/10.1002/jcb.10522
http://dx.doi.org/10.1002/jcb.10522

K.L. Owen, B.S. Parker

318-329. http://dx.doi.org/10.1359/JBMR.041109.

Suva, L.J., Washam, C., Nicholas, R.W., Griffin, R.J., 2011. Bone metastasis: mechanisms
and therapeutic opportunities. Nat. Rev. Endocrinol. 7, 208-218. http://dx.doi.org/
10.1038/nrendo.2010.227.

Swann, J.B., Hayakawa, Y., Zerafa, N., Sheehan, K.C.F., Scott, B., Schreiber, R.D.,
Hertzog, P., Smyth, M.J., 2007. Type I IFN contributes to NK cell homeostasis, acti-
vation, and antitumor function. J. Immunol. 178, 7540-7549. http://dx.doi.org/10.
4049/jimmunol.178.12.7540.

Taieb, J., Chaput, N., Ménard, C., Apetoh, L., Ullrich, E., Bonmort, M., Péquignot, M.,
Casares, N., Terme, M., Flament, C., Opolon, P., Lecluse, Y., Métivier, D., Tomasello,
E., Vivier, E., Ghiringhelli, F., Martin, F., Klatzmann, D., Poynard, T., Tursz, T.,
Raposo, G., Yagita, H., Ryffel, B., Kroemer, G., Zitvogel, L., 2006. A novel dendritic
cell subset involved in tumor immunosurveillance. Nat. Med. 12, 214-219. http://dx.
doi.org/10.1038/nm1356.

Takayanagi, H., Kim, S., Taniguchi, T., 2002. Signaling crosstalk between RANKL and
interferons in osteoclast differentiation. Arthritis Res. 4 (Suppl 3), S227-32. http://
dx.doi.org/10.1186/ar581.

Thornley, T.B., Phillips, N.E., Beaudette-Zlatanova, B.C., Markees, T.G., Bahl, K., Brehm,
M.A., Shultz, L.D., Kurt-Jones, E.A., Mordes, J.P., Welsh, R.M., Rossini, A.A., Greiner,
D.L., 2007. Type 1 IFN mediates cross-talk between innate and adaptive immunity
that abrogates transplantation tolerance. J. Immunol. 179, 6620-6629. http://dx.doi.
0rg/10.4049/jimmunol.179.10.6620.

Touati, N., Tryfonidis, K., Caramia, F., Bonnefoi, H., Cameron, D., Slaets, L., Parker, B.S.,
Loi, S., 2017. Correlation between severe infection and breast cancer metastases in
the EORTC 10994/BIG 1-00 trial: investigating innate immunity as a tumour sup-
pressor in breast cancer. Eur. J. Cancer 72, 78-83. http://dx.doi.org/10.1016/j.ejca.
2016.11.015.

Treffers, L.W., Hiemstra, I.H., Kuijpers, T.W., van den Berg, T.K., Matlung, H.L., 2016.
Neutrophils in cancer. Immunol. Rev. 273, 312-328. http://dx.doi.org/10.1111/imr.
12444,

Umansky, V., Sevko, A., 2013. Tumor microenvironment and myeloid-derived suppressor
cells. Cancer Microenviron. 6, 169-177. http://dx.doi.org/10.1007/s12307-012-
0126-7.

Valsecchi, M.E., Pomerantz, S.C., Jaslow, R., Tester, W., 2009. Reduced risk of bone
metastasis for patients with breast cancer who use COX-2 inhibitors. Clin. Breast
Cancer 9, 225-230. http://dx.doi.org/10.3816/CBC.2009.n.038.

Van Acker, H.H., Anguille, S., Willemen, Y., Smits, E.L., Van Tendeloo, V.F., 2016.
Bisphosphonates for cancer treatment: mechanisms of action and lessons from clinical
trials. Pharmacol. Ther. 158, 24-40. http://dx.doi.org/10.1016/j.pharmthera.2015.
11.008.

Van der Toom, E.E., Verdone, J.E., Pienta, K.J., 2016. Disseminated tumor cells and
dormancy in prostate cancer metastasis. Curr. Opin. Biotechnol. 40, 9-15. http://dx.
doi.org/10.1016/j.copbio.2016.02.002.

Varedi, M., 2005. The jak-stat signaling pathway of interferons system: snapshots. Iran. J.
Immunol. 2, 67-77.

Waldhauer, 1., Steinle, a, 2008. NK cells and cancer immunosurveillance. Oncogene 27,
5932-5943. http://dx.doi.org/10.1038/0nc.2008.267.

Wan, L., Pantel, K., Kang, Y., 2013. Tumor metastasis: moving new biological insights into

68

Molecular Immunology 110 (2019) 57-68

the clinic. Nat. Med. 19, 1450-1464. http://dx.doi.org/10.1038/nm.3391.

Wang, S., Zhang, Z., Fang, F., Gao, X., Sun, W, Liu, H., 2011. The neutrophil/lymphocyte
ratio is an independent prognostic indicator in patients with bone metastasis. Oncol.
Lett. 2, 735-740. http://dx.doi.org/10.3892/01.2011.304.

Wang, N., Docherty, F.E., Brown, H.K., Reeves, K.J., Fowles, A.C.M., Ottewell, P.D., Dear,
T.N., Holen, I, Croucher, P.I., Eaton, C.L., 2014. Prostate cancer cells preferentially
home to osteoblast-rich areas in the early stages of bone metastasis: evidence from in
vivo models. J. Bone Miner. Res. 29, 2688-2696. http://dx.doi.org/10.1002/jbmr.
2300.

Wesolowski, R., Markowitz, J., Carson, W.E., 2013. Myeloid derived suppressor cells —a
new therapeutic target in the treatment of cancer. J. Inmunother. Cancer 1, 10.
http://dx.doi.org/10.1186,/2051-1426-1-10.

Wilson, E.B., El-Jawhari, J.J., Neilson, A.L., Hall, G.D., Melcher, A.A., Meade, J.L., Cook,
G.P., 2011. Human tumour immune evasion via TGF-f blocks NK cell activation but
not survival allowing therapeutic restoration of anti-tumour activity. PLoS One 6.
http://dx.doi.org/10.1371/journal.pone.0022842.

Wirth, M., Tammela, T., Cicalese, V., Gomez Veiga, F., Delaere, K., Miller, K., Tubaro, A.,
Schulze, M., Debruyne, F., Huland, H., Patel, A., Lecouvet, F., Caris, C., Witjes, W.,
2015. Prevention of bone metastases in patients with high-risk nonmetastatic pros-
tate cancer treated with zoledronic acid: efficacy and safety results of the zometa
european study (ZEUS). Eur. Urol. 67, 482-491. http://dx.doi.org/10.1016/j.eururo.
2014.02.014.

Wong, M., Pavlakis, N., 2011. Optimal management of bone metastases in breast cancer
patients. Dovepress 3, 35-60. http://dx.doi.org/10.2147/BCTT.S6655.

Ye, L., Bokobza, S., Jiang, W., 2009. Bone morphogenetic proteins in development and
progression of breast cancer and therapeutic potential (review). Int. J. Mol. Med. 24,
591-597. http://dx.doi.org/10.3892/ijmm_00000269.

Yin, J.J., Mohammad, K.S., Kakonen, S.M., Harris, S., Wu-Wong, J.R., Wessale, J.L.,
Padley, R.J., Garrett, LR., Chirgwin, J.M., Guise, T.A., 2003. A causal role for en-
dothelin-1 in the pathogenesis of osteoblastic bone metastases. Proc. Natl. Acad. Sci.
100, 10954-10959. http://dx.doi.org/10.1073/pnas.1830978100.

Ylitalo, E.B., Thysell, E., Jernberg, E., Lundholm, M., Crnalic, S., Egevad, L., Stattin, P.,
Widmark, A., Bergh, A., Wikstrém, P., 2016. Subgroups of castration-resistant pros-
tate cancer bone metastases defined through an inverse relationship between an-
drogen receptor activity and immune response. Eur. Urol. 71, 1-12. http://dx.doi.
org/10.1016/j.eururo.2016.07.033.

Zhang, K., Kim, S., Cremasco, V., Hirbe, A.C., Novack, D.V., Weilbaecher, K., Faccio, R.,
2011. CD8+ T cells regulate bone tumor burden independent of osteoclast resorp-
tion. Cancer Res. 71, 4799-4808. http://dx.doi.org/10.1158/0008-5472.CAN-10-
3922.

Zhao, E., Xu, H., Wang, L., Kryczek, I., Wu, K., Hu, Y., Wang, G., Zou, W., 2012. Bone
marrow and the control of immunity. Cell. Mol. Immunol. 9, 11-19. http://dx.doi.
org/10.1038/cmi.2011.47.

de Kruijf, E.M., Sajet, A., van Nes, J.G.H., Putter, H., Smit, V.T.H.B.M., Eagle, R.A.,
Jafferji, I., Trowsdale, J., Liefers, G.J., van de Velde, C.J.H., Kuppen, P.J.K., 2012.
NKG2D ligand tumor expression and association with clinical outcome in early breast
cancer patients: an observational study. BMC Cancer 12, 24. http://dx.doi.org/10.

1186/1471-2407-12-24.


http://dx.doi.org/10.1359/JBMR.041109
http://dx.doi.org/10.1038/nrendo.2010.227
http://dx.doi.org/10.1038/nrendo.2010.227
http://dx.doi.org/10.4049/jimmunol.178.12.7540
http://dx.doi.org/10.4049/jimmunol.178.12.7540
http://dx.doi.org/10.1038/nm1356
http://dx.doi.org/10.1038/nm1356
http://dx.doi.org/10.1186/ar581
http://dx.doi.org/10.1186/ar581
http://dx.doi.org/10.4049/jimmunol.179.10.6620
http://dx.doi.org/10.4049/jimmunol.179.10.6620
http://dx.doi.org/10.1016/j.ejca.2016.11.015
http://dx.doi.org/10.1016/j.ejca.2016.11.015
http://dx.doi.org/10.1111/imr.12444
http://dx.doi.org/10.1111/imr.12444
http://dx.doi.org/10.1007/s12307-012-0126-7
http://dx.doi.org/10.1007/s12307-012-0126-7
http://dx.doi.org/10.3816/CBC.2009.n.038
http://dx.doi.org/10.1016/j.pharmthera.2015.11.008
http://dx.doi.org/10.1016/j.pharmthera.2015.11.008
http://dx.doi.org/10.1016/j.copbio.2016.02.002
http://dx.doi.org/10.1016/j.copbio.2016.02.002
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0910
http://refhub.elsevier.com/S0161-5890(17)30586-2/sbref0910
http://dx.doi.org/10.1038/onc.2008.267
http://dx.doi.org/10.1038/nm.3391
http://dx.doi.org/10.3892/ol.2011.304
http://dx.doi.org/10.1002/jbmr.2300
http://dx.doi.org/10.1002/jbmr.2300
http://dx.doi.org/10.1186/2051-1426-1-10
http://dx.doi.org/10.1371/journal.pone.0022842
http://dx.doi.org/10.1016/j.eururo.2014.02.014
http://dx.doi.org/10.1016/j.eururo.2014.02.014
http://dx.doi.org/10.2147/BCTT.S6655
http://dx.doi.org/10.3892/ijmm_00000269
http://dx.doi.org/10.1073/pnas.1830978100
http://dx.doi.org/10.1016/j.eururo.2016.07.033
http://dx.doi.org/10.1016/j.eururo.2016.07.033
http://dx.doi.org/10.1158/0008-5472.CAN-10-3922
http://dx.doi.org/10.1158/0008-5472.CAN-10-3922
http://dx.doi.org/10.1038/cmi.2011.47
http://dx.doi.org/10.1038/cmi.2011.47
http://dx.doi.org/10.1186/1471-2407-12-24
http://dx.doi.org/10.1186/1471-2407-12-24

	Beyond the vicious cycle: The role of innate osteoimmunity, automimicry and tumor-inherent changes in dictating bone metastasis
	Introduction
	The bone microenvironment: congeniality, attraction and mutual exchange
	Adhesion and conveyance
	Homing and establishment
	Beyond the vicious cycle

	Innate osteoimmunity and automimicry: shaping metastatic progression in the co-opted niche
	Tumor suppression
	Tumor progression and automimicry

	Tumor-intrinsic modulation of osteoimmunity: how tumor cells make their bed and thrive in it
	Conclusion
	Funding
	References




