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ARTICLE INFO ABSTRACT
Keywords: During disease progression from primary towards metastatic prostate cancer (PCa), and in particular bone me-
Extracellular matrix tastases, the tumor microenvironment (TME) evolves in parallel with the cancer clones, altering extracellular

Bone metastasis

> matrix composition (ECM), vasculature architecture, and recruiting specialized tumor-supporting cells that favor
Genetically engineered mouse models

o tumor spread and colonization at distant sites. We introduce the clinical profile of advanced metastatic PCa in
Premetastatic niche . . L. .
Stroma terms of common genetic alterations. Findings from recently developed models of PCa metastatic spread are
PET/CT-imaging discussed, focusing mainly on the role of the TME (mainly matrix and fibroblast cell types), at distinct stages:
Nuclear medicine therapy premetastatic niche orchestrated by the primary tumor towards the metastatic site and bone metastasis. We
report evidence of premetastatic niche formation, such as the mechanisms of distant site conditioning by
extracellular vesicles, chemokines and other tumor-derived mechanisms, including altered cancer cell-ECM in-
teractions. Furthermore, evidence supporting the similarities of stroma alterations among the primary PCa and
bone metastasis, and contribution of TME to androgen deprivation therapy resistance are also discussed. We
summarize the available bone metastasis transgenic mouse models of PCa from a perspective of pro-metastatic
TME alterations during disease progression and give an update on the current diagnostic and therapeutic
radiological strategies for bone metastasis clinical management.

Anti-androgen therapies remain standard-of-care in the clinical
management of advanced PCa patients, since most PCa cells, like normal
prostate tissue, depend on androgen receptor (AR) signaling for devel-
opment and survival. Despite the initial effectiveness of this approach, a
large number of patients with advanced PCa receiving anti-androgen
therapies will develop castration-resistant PCa (CRPC) or treatment-
induced neuroendocrine PCa (tNEPC), leading to poorer prognosis [7].

In addition, a large proportion of advanced PCa patients is diagnosed
with multiple metastases, most frequently occurring to the lymph nodes
adjacent to the prostate, but also to distant organs such as the axial
bones (detected in 84% of metastatic patients), distant lymph nodes
(11%), liver (10%), lungs (7%) and brain (3%) [8,9]. Visceral metastases
were found predominantly in patients with CRPC and are associated
with the transition to neuroendocrine phenotypes as well as an overall
poorer outcome. The most prevalent locations of visceral metastases are
the liver and lungs. However, no clear pattern of visceral metastatic
spread emerges when histopathological or molecular features of the

1. Introduction

Prostate cancer (PCa) is the second most common type of cancer
among men worldwide and one of the leading causes of cancer-related
death [1]. While most PCa patients will receive a curative therapy,
approximately one third of cases progress to advanced metastatic PCa,
which represents a life-limiting stage of disease [2-4]. Although the
overall incidence of PCa has declined, the percentage of patients with
metastatic disease at diagnosis has increased over the last decade [5]. A
number of complex factors may explain this finding, including decreased
rates of screening as a result of the U.S. Preventive Services Task Force
(USPSTF) recommendation against prostate specific antigen (PSA)
screening for PCa, as well as improvements in imaging modalities and
the detection of metastatic disease [6]. Metastatic spread is a complex
biological phenomenon, that is associated with advanced stage disease,
especially when PCa has become hormone independent.
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List of abbreviations: full name

a-SMA  a- smooth muscle actin

ADT Androgen-deprivation therapy

AR Androgen Receptor

BSP Bone sialoprotein

CAFs Cancer-associated fibroblasts
CNAs Copy number alterations

CRPC Castration-resistant prostate cancer
CTGF Connective tissue growth factor
CXCL Chemokine (C-X-C motif) ligand
CXCR Chemokine (C-X-C motif) receptor
ECM Extracellular matrix

ECs Endothelial cells

ETS E26 transformation specific

EVs Extracellular vesicles

FGFs Fibroblast growth factors

FN Fibronectin

FSP-1 (also known as S100A4) Fibroblast-specific protein-1

GEMMs Genetically engineered mouse models
HGF Hepatocyte growth factor

IGF Insulin-like growth factor

ILs Interleukins

MCP-1 Monocyte chemoattractant protein-1
M-CSF  Macrophage- colony-stimulating factor

MFBs Myofibroblasts

MMPs  Matrix metalloproteinases

NEPC Neuroendocrine PCa

OB-BMST Osteoblastic bone metastasis-associated stroma
transcriptome

OPN Osteopontin

PCa Prostate cancer

PDGF Platelet-derived growth factor

PET/CT Positron emission and computed tomography

PGE, Prostaglandin E,

PIN Prostatic intraepithelial neoplasia

PSA Prostate-specific antigen

PSMA  Prostate specific membrane antigen

RANK (L) Receptor activator of nuclear factor kappa-B (ligand)
scRNA-seq Single-cell RNA sequencing

SPECT  Single photon emission computed tomography
TAMs Tumor-associated macrophages

TGF-p  Transforming growth factor -

TGFBRII TGF-p receptor type II

TME Tumor microenvironment

TNC Tenascin C

TNF-«  Tumor necrosis factor- a

TRAMP Transgenic adenocarcinoma mouse model
tNEPC  treatment-induced neuroendocrine PCa

VEGF Vascular endothelial growth factor

primary cancer are considered [10,11]. Whilst PCa rarely metastasizes
to the brain, the incidence of brain metastases has increased recently,
particularly in NEPC patients [12,13].

Among PCa distant metastases, bone is the most common site of
colonization with approximately 70% of patients with advanced PCa
diagnosed with bone metastases [14]. In contrast to the prevalence of
osteolytic lesions in breast or lung cancers, the majority of PCa-related
bone metastases comprise osteoblastic lesions that are characterized
by excessive bone formation. In NEPC, where bone metastases are less
common than visceral metastases, mixed lytic and blastic phenotypes
are observed [15].

The diagnosis and treatment of bone metastases in PCa has been
revolutionized in recent years with the advent of positron emission to-
mography/computed tomography (PET/CT), first with non-specific
tracers such as Na[18F]F and choline, and recently with prostate spe-
cific membrane antigen (PSMA)-radioligands [16]. The early and pre-
cise identification of metastatic disease with PSMA-radioligands in both
primary PCa and in biochemical recurrence allows for more accurate
staging of disease and may be of assistance in the management of oli-
gometastatic disease. The latter approach affords a theragnostic treat-
ment strategy, where therapeutic PSMA-radioligands can also be used,
providing a therapeutic option to patients who have exhausted all other
treatment strategies. The high propensity of PCa to metastasize to the
bone has been attributed to several factors, however the molecular
mechanisms of bone metastasis formation have not been fully eluci-
dated. Exosomes and microRNAs secreted by the primary tumor have
been shown to exert stimulatory effects on the establishment of pre-
metastatic niches and on bone remodeling, a finding further confirmed
in PCa by recent studies [17].

In this review, we outline the role of the bone microenvironment and
extracellular matrix (ECM) in bone metastasis, as well as the properties
that facilitate tumor spread, colonization at distant sites, and prepara-
tion of the premetastatic bone niches (Fig. 1). We critically discuss the
available diagnostic and therapeutic radiological strategies and the
microenvironment-directed treatment options for PCa bone metastasis.
Furthermore, the landscape of genetic alterations of advanced human
PCa are discussed and an overview of the available transgenic mouse

157

Bone
extracellular
matrix

Primary tumor
microenvironment

Genetic
aberrations

Premetastatic
niche

Primary prostate cancer

Transgenic
mouse models

Clinical
management

Fig. 1. Outline of tumor microenvironment implications in PCa bone metas-
tasis progression, available models and clinical management.

Following the evolution of primary prostate cancer (PCa) to advanced meta-
static progression (blue), the commonalities in tumor-promoting mechanisms
provided by the microenvironment among primary, premetastatic niche and the
bone extracellular matrix are compared. The most frequent genetic aberrations
in advanced disease and in particular bone metastatic stage, along with the
current-state-of-the-art imaging based clinical management of PCa bone
metastasis are presented. The available bone metastasis transgenic mouse
models are summarized from the perspective of progressive stroma alterations
that occur within the orthotopic prostate tumor prior to metastasis.
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models of bone metastatic PCa is provided, with particular focus on
tumor microenvironment (TME) alterations.

2. Genetic alterations in advanced PCa and bone metastasis

Genetic alterations in PCa progression and metastasis have been
widely recognized. Germline mutations in DNA damage repair genes
(such as BRCA2, CHEK2 and ATM) and in DNA mismatch repair genes
(such as MLH1, MSH2 and PMS2) have been noted to drive the devel-
opment of PCa, but also somatic mutations are generally related to high
incidence of metastatic disease and differential treatment response [18,
30]. However, in contrast to most tumors that accumulate genomic
changes through point mutations and short insertions/deletions, the
primary oncogenic drivers of PCa are chromosomal rearrangements and
extensive copy number alterations (CNAs) [19-21].

Compared to cancer cells in the primary tumor, metastatic cancer
cells frequently show a higher degree of genomic plasticity, as reflected
by an overall higher rate of mutation accumulation [22,23]. Overall
aneuploidy and CNAs were shown to correlate with progression and
with a more aggressive disease and recurrent genomic lesions have been
found at the metastatic sites, supporting the notion of
metastasis-enabling genetic hits. In particular, subclonal events are
frequently associated with the acquisition of additional malignant fea-
tures and can be traced to metastatic lesions [24,25]. The evolution of
PCa to metastatic CRPC (mCRPC) can be associated with genomic
changes that are traceable in most cases, to a few defined molecular
clusters that include mutations in SPOP, FOXA1, and TP53 as well as
CNAs in genomic loci that include genes such as BRCA2, PTEN, and
CHD1, interestingly, mutations in AR, CDK12, ZFHX3, RB1, GNAS and
OR5L1 were found exclusively in metastatic sites [21,26,27] (Table 1).
Key mutations at this stage of the disease involve mechanisms to resist
androgen deprivation and drug treatments [21,28]. Other common
clonal, metastasis-enabling genomic lesions include mutations in MYC
and FOXA1 loci [28-30]. In fact, the genomic alterations most
commonly observed in adenomatous CRPC (Adeno-CRPC) are associ-
ated with treatment resistance to AR-directed therapies [21,23,31].
However, no correlation has emerged so far between specific subsets of
clonal or subclonal genomic alterations and metastasis tropism or
resistance to chemotherapy [32-34].

The spectrum of genomic alterations is similar between adeno-CRPC
and NEPC, with over 30% of the genome displaying aberrations and a
higher mutation rate compared to localized PCa. However, the AR locus
and AR signaling are less affected in NEPC compared to adeno-CRPC.
Evidence suggests that decreased AR signaling is associated with new
genomic and epigenomic drivers that support the evolution of CRPC to

Table 1
Genetic alterations related to advanced metastatic PCa.
Gene Alteration Stages Reference
AR Amplification, point mCRPC [21]
mutations
SPOP Point mutations mCRPC [21]
FOXA1 Point mutations mCRPC [21]
TP53 Deletion, point mutations mCRPC, NEPC [21,31]
PTEN Deletion, point mutations mCRPC [21,23]
CHD1 Deletion, point mutations mCRPC [21]
RBI1 Deletion mCRPC, NEPC [23,31,
35]
BRCA2 Deletion, point mutations mCRPC [271
ZFHX3 Deletion mCRPC [26]
GNAS Point mutations mCRPC [21]
ORS5L1 CNAs mCRPC [26]
CDK12 CNAs mCRPC [26]
MYC Amplification mCRPC [27]
TMPRSS2- Gene fusions mCRPC, Bone [42]
ERG metastasis

KRas Point mutations Bone metastasis [43]
FBXL4 Deletion Bone metastasis [44]
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NEPC [31]. Genomic alterations directly associated to NEPC are RB1 loss
and NMYC amplification. RB1 loss is highly enriched in NEPC and is
frequently associated with TP53 loss or loss-of-function mutations (RB1
and TP53 loss are detected in about 53% of NEPC [31,35]). Loss of TP53
and, mostly, of RB1 can shift the tumor from AR-dependent to
AR-indifferent state, which is reflected by decreased expression of
prostate epithelial markers such as PSA and NKX3.1 [36,37].

Notably, genetic alterations also act in concert with the TME
response, leading to the development of PCa to a highly aggressive stage.
For instance, depletion of PTEN is associated with stromogenic carci-
noma [38] and with enhanced expression of CXCL molecules, followed
by migration of monocytes/macrophages and myeloid cells to TME via
CXCR1/2-mediated chemotaxis, which subsequently promotes tumor
progression [39]. SPOP mutations are associated with limited CD3" and
CD8™ T cell infiltration, thus promoting immunosuppressive TME [40].
Loss of tumor suppressor genes BRCA2, CHDI1 and RBI leads to an
immunogenic microenvironment indicative by elevated PD-L1 expres-
sion and highly T cell-infiltrated regions [41].

In the process of PCa bone metastasis, mutations in the E26 trans-
formation specific (ETS) family (ERG, ETV1, ETV4 or ETV5) are com-
mon, and one of the most frequent and well- characterized alterations in
PCa; TMPRSS2-ERG gene fusions have been shown to increase bone
tropism and metastatic development in PCa by regulating the tran-
scription of cell migration/adhesion related genes, which is also related
to bone physiology [42]. Evidence also suggests that KRas mutations in
PCa increase the susceptibility to bone metastasis through CD24a
expression, and that loss of FBXL4 is a genetic driver event in PCa pro-
gression to bone metastasis, making these genes potential biomarkers for
predicting PCa progression and outcome [43,44]. Although there is no
clear evidence that aberrations of AR, TP53, PTEN and FOXA1 could
drive PCa bone metastasis, since they have been detected in a large
number of bone metastatic biopsies, we can still speculate that they play
a driving role in the process of bone metastasis, and deserve further
study [45].

3. Role of the tumor microenvironment during PCa progression
to bone metastasis

Several studies have shown that the TME (also termed reactive
stroma) surrounding the tumor plays a key role in the pathogenesis and
progression of PCa [48]. The TME consists of different non-epithelial cell
types including fibroblasts, immune cells, and endothelial cells (ECs), as
well as ECM proteins such as collagen, laminin, fibronectin and hya-
luronate. All these elements interact with tumor cells through a complex
network of cell membrane receptors, cytokines, chemokines, growth
factors and matrix remodeling enzymes [49] (Fig. 2A).
Cancer-associated fibroblasts (CAFs) are the most abundant component
of primary PCa TME [50], differently from the normal prostate stroma,
where smooth muscle cells are predominant [51]. Multiple studies have
demonstrated the PCa-promoting properties of CAFs, e.g. increasing
tumorigenic potential, promoting androgen insensitivity and favoring
the metastatic process [52,53]. During prostate tumorigenesis, CAFs
undergo molecular and phenotypic changes such as transition from
fibroblast to myofibroblast (MFBs) [51], which are characterized by
acquisition of a contractile phenotype and co-expression of vimentin and
a-smooth muscle actin (a-SMA), and this differs from normal prostate
fibroblasts which only express vimentin [54]. These ‘MFB-like’ CAFs
induce ECM remodeling that promotes PCa cell invasiveness and induces
the release of ECM-bound growth factors (e.g. TGF-f, FGFs and HGF),
thereby sustaining tumor cell proliferation [55].

Normal prostate fibroblasts are generally thought to confer anti-
tumorigenic effects [56], or even subtypes of smooth muscle cells and
fibroblasts within tumors may decrease tumor progression, (e.g. those
with active Hedgehog signaling) [57]. Thus, a high degree of fibroblast
heterogeneity and plasticity exists that is now starting to be elucidated
by recent studies. For instance, single cell RNA-sequencing (scRNA-seq)
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Fig. 2. Cellular and molecular interactions of prostate tumor in primary, pre-metastatic and bone metastasis microenvironment.

A. During primary PCa tumorigenesis and progression, the crosstalk among the TME components promotes tumor cell spread and colonization to distant sites. Cancer
cells establish paracrine signaling interactions with cancer associated fibroblasts (CAFs), endothelial cells (ECs), and immune cells, by means of immune-modulatory
cytokines (e.g. CCL2, CXCL12), growth factors (e.g. TGF-B, VEGF, GDF15), and other signaling molecules (e.g. NRG1).

In addition, TGF- signaling promotes myo-fibroblastic features in CAFs, inducing ECM remodeling, and contributing to the recruitment of additional tumor-
infiltrating cells. ECM components bind ap-integrins on PCa cells, influencing cell adhesion and motility, and modulating intracellular signaling mechanisms.

B. PCa tumor cells and possibly also TME-derived components affect the activity of the bone microenvironment and other distant sites for metastatic colonization.
PCa cells in the blood circulation interact with surface proteins on ECs (for instance through E-selectin ligand-receptor interaction), extravasating in the bone
microenvironment. Afterwards, they adhere to bone ECM proteins (e.g. collagen, fibronectin, TNC), through the expression of af-integrins on their cell surface. In the
bone microenvironment, PCa cells influence the crosstalk between osteoblasts and osteoclasts mediated by RANK-RANKL interaction through the secretion of PTHrP,
and alter osteoclast activity through the secretion of cytokines such as IL-6, IL-1p and TNF-a. This results in bone matrix resorption, which leads to the release of ECM-
bound growth factors that support tumor cell growth in the metastatic site. C. The formation of a ‘pre-metastatic niche’ in secondary organs is a long-term process
that is initiated prior to the arrival of tumor cells and aims to induce tumor permissive changes such as vascular leakiness, ECM remodeling, and immune suppression.
The formation of the ‘pre-metastatic-niche’ might be caused by signaling factors (such as interleukins, VEGFs and TGF-$) and extracellular vesicles (such as exo-

somes) secreted from the primary tumor. Scheme created with BioRender.com.

studies on normal and cancerous human prostate revealed heterogeneity
among immune components, CAFs and endothelial cells in terms of
genes involved in cell adhesion, ECM production and immune system
regulation [58]. Three main CAF clusters have been identified that are
characterized by a universal vimentin expression and unique expression
patterns of MFB markers as a-SMA, FSP-1 and FAP [58].

The pro-tumorigenic properties of the TME result from a co-
evolution process with cancer: the growth-limiting conditions associ-
ated with the TME (e.g. hypoxia, inflammation or exposure to carcino-
gens or chemotherapeutic drugs [59]) induce selective pressure that
favors survival of tumor cells with more aggressive traits and stromal
components that support their growth and distant spread [60-62].
Relying on the observation that the skeleton has an affinity for PCa cells,
studies have shown that the microenvironment provided by bone is at
least as important as the proliferating tumor cells [63] in promoting
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metastatic colonization and progression.
3.1. Extracellular matrix in the bone metastasis microenvironment

Bone microenvironment consists of a complex system of hemato-
poietic and mesenchymal cell types, vascular network, and bone ECM.
As an important component of TME in the primary tumor (Fig. 2A), as
well as in the in bone (Fig. 2B), ECM provides solid support for the
growth and colonization of tumor cells. The bone ECM consists of
multiple, highly organized proteins whose function is to generate and
coordinate the maintenance of the structural function of the bone. The
most abundant of these proteins are collagens and in particular collagen-
I, which accounts for up to 90% of the organic content of the bone tissue
and confers it fundamental mechanical properties [64].

In addition to diverse structural functions, the non-collagenous
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proteins of bone ECM participate in the coordination of ECM deposition
and diverse cellular functions [65] (Fig. 2B). They provide a reservoir of
growth factors, including TGF-p, FGF, ILs, and PDGFs, that can in turn
affect tumor growth. Of particular interest for the metastatic coloniza-
tion of the bone microenvironment are ECM proteins containing RGD
(Arg-Gly-Asp) domains, including fibronectin (FN), bone sialoprotein
(BSP) and osteopontin (OPN) [66]. Integrin a583 on PCa cells can bind
the RGD domain of ECM proteins, recruiting FAK and activating
downstream signaling cascades that promote cancer cell survival and
migration [67]. Similarly, interaction between collagen and integrin
a2pl promotes cytoskeletal rearrangements and PCa cell adhesion in
bone metastasis [68]. The ECM glycoprotein Tenascin C (TNC), whose
expression is absent in bone physiological conditions [69], also supports
the establishment of PCa cells in the bone microenvironment. Secreted
TNC acts as a local reservoir of growth factors and interacts with
membrane-bound proteins such as integrins [70], to modulate cell
adhesion and migration [69,71]. Its deposition in the bone metastatic
niche promotes PCa cell homing to the bone, via interaction with a9f1
integrin on the tumor cell membrane [69]. Another adhesion mecha-
nism of metastatic PCa cells to bone ECM may occur via CD44, which
can bind both protein elements such as connective tissue growth factor
(CTGF) as well as non-proteic elements like hyaluronate. This in turn
triggers specific cellular programs and matrix remodeling, ultimately
altering the physiological and biochemical network of the bone tissue
[72].

Among the triggered biochemical programs, one of the most prom-
inent is osteomimicry - the expression of bone-specific markers by PCa
cells. This allows tumor cells to avoid immune detection within the bone
microenvironment thereby increasing their survival [73]. PCa cells have
been shown to degrade different types of ECM, a feature required for
tissue colonization [74]. In the metastatic cascade model,
bone-metastatic PCa cells acquire migratory capability and invasive-
ness, enter the blood or lymphatic circulation by reducing the adhesion
to the cells and ECM of the TME and home to the bone marrow via
multiple factors such as the CXCR4-CXCL12 axis and integrin in-
teractions [75]. Once in the bone marrow, a pathological remodeling of
the bone tissue may occur, involving metastatic cancer cells as well as
bone-resident cells like osteoblasts, osteoclasts, and stromal cells [76].

Bone-engrafted cancer cells can stimulate osteoblasts to induce new
bone formation by multiple mechanisms. Cancer cells secrete inflam-
matory cytokines such as IL-6, IL-1p, TNF-a, M-CSF or PGE; that recruit
and activate both osteoprogenitor cells and osteoclast precursors. In a
second phase, the bone matrix resorbed by osteoclasts will release
additional trophic growth factors and matrix remodeling factors like
IGF-I, TGF-, MMPs and PDGF that can fuel bone formation and directly
contribute to metastatic tumor growth. Cancer cells may also alter the
RANKL/OPG balance by secreting these factors in the metastatic niche
[77,195]. The net result will be a constant remodeling phase, in which
functional bone tissue will be progressively replaced by disorganized
bone deposition (Fig. 2B), further recruiting osteoclasts and releasing
growth factors in a pathologic feedback loop that many authors have
identified as the “vicious cycle” of bone metastasis [14,78-81]. Molec-
ular events occurring during bone metastases have been extensively
summarized by other recent reviews [82,83].

Most of our knowledge of PCa metastatic microenvironment comes
from xenograft and transgenic animal models, which do not always
recapitulate the mechanisms and the pathophysiology of human bone
metastasis. Experimental models of bone metastasis are mainly intra-
cardiac or intraosseous injection of human PCa cells that bypass the first
stages of active metastatic spread (invasion and intravasation). More-
over, the bone microenvironment of mouse models is vastly different
compared to humans and other large animals, in terms of structural
aspects (e.g. collagen organisation), bone-derived stromal cells, and the
blood vascular network [84]. The immunodeficient mouse models used
in oncological studies have altered bone marrow composition as they
lack multiple fully functional immune cell compartments and could have
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an impaired cytokine signaling network [85]. Overall, bone niche
remodeling is a long-term process, fostered by the tumor cells long
before their appearance at the bone site. Elucidation of these signals
from primary towards secondary tumor sites is crucial for understanding
the underlying mechanisms that occur early in the metastatic cascade.

3.2. Premetastatic niche formation and osteotropism

The existence of a premetastatic niche, which is defined as the for-
mation of a permissive secondary microenvironment induced by tumor
cells in preparation of their metastatic process, has been demonstrated
in many cancer types [86]. This induction of a premetastatic niche, is
mainly orchestrated by secreted factors and extracellular vesicles (EVs)
from the primary tumor towards the distant microenvironment
(Fig. 2C). Ultimately organ-specific metastatic patterns towards the
most favorable niche for tumor growth, seem to take place for the se-
lection of the premetastatic niche. Organ-specificity of metastasis is
particularly valid for PCa and the occurrence of osteoblastic metastases
[87]. This process is possibly due to a preference towards the hemato-
poietic and vascular niche [88], as exhibited in the stroma of osteo-
blastic PCa mouse xenografts [89]. In contrast, the stromal signature of
osteolytic PCa metastases (PC-3 cell xenografts) is uniquely enriched in
genes involved in vascular/axon guidance [90].

The metastatic pattern of the DU145 cell line (which was originally
isolated from a brain metastasis) constitutes another paradigm of pref-
erential premetastatic niche tropism that is dependent on signaling
pathway activation [91]. For example DU145 cells exhibit differential
organ tropism to brain or skeletal system, with Ras"'2, Ras"1%5%, and
Ras"12°4% mutations leading to Raf/ERK-activation and brain metas-
tasis, whereas activation of the RalGEF pathway (Rasv12 and Ras"12G%7
mutations) change the ability of DU145 cells to grow in the murine bone
microenvironment and lead to long bone metastasis formation [92].

Bone homing chemokines and other secreted factors, EVs, as well as
osteomimicry of PCa are some of the mechanisms of premetastatic niche
induction. PCa-derived exosomes are associated with and can promote
tumor progression [93,94] by affecting proliferation and survival of
cancer cells as well as altering the physiology of target tissues, as
assessed in cell line xenografts and PCa patient plasma, seminal fluid or
urine specimens. Secreted cytokines from primary PCa such as in-
terleukins, bone morphogenetic proteins, VEGF, TGF-$ and chemokines
including monocyte chemoattractant protein-1 (MCP-1 or CCL2) and
CXCL12 can cause endothelial cell and vessel remodeling and influence
osteoblast activity [95-98]. Activation of osteoclast and osteoblast ac-
tivity is a key step in facilitating tumor growth, as discussed in the
previous section. Chemotactic signals from cells within the tumor and
CAF-derived chemokines, such as CCL2, are responsible for recruitment
of immune cells in the primary PCa, whereas CCL2 expression by bone
marrow endothelial cells facilitates bone homing and metastatic growth
[99-101]. Recent studies have shown that tumor-derived exosomes
mediate cell-cell communication in osteoblastic bone metastasis. In
particular, osteoblasts could be reprogrammed by PCa-shed exosomes,
to support PCa cells homing and local growth [102]. Human bone
marrow stromal cells can take up PCa cell-derived exosomes, which
leads to alterations in their transcriptome and intracellular signaling
cascades in a manner that favors cancer cell metastasis [103]. Within the
bone metastasis, tumor-derived exosomes can induce osteogenic dif-
ferentiation of the local mesenchymal cell pool, while osteoblast-derived
exosomes may regulate cancer cell proliferation in the metastatic
microenvironment [104,105].

A recent study analyzed the impact of tumor-derived exosomes from
enzalutamide-resistant models on recipient cells in premetastatic bone
marrow samples. Bone marrow myeloid cells took up EVs by a
cholesterol-mediated route, increased NF-kB signaling and osteoclast
activity in an intracardiac bone metastasis experimental model of
enzalutamide-resistant PCa cells [106]. Tumor exosomes expressing
specific organotropic integrins were shown to directly migrate to target
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sites as shown in PCa and other cancers [107]. The presence of specific
integrins at the PCa-bone marrow interface has been reviewed by Pei-
nado et al. [86]. Exosomes secreted under hypoxia modulate matrix
metalloproteases in the premetastatic site [108] and exosomal pyruvate
kinase promotes formation of the bone premetastatic niche [109]. In
lymph nodes of a patient with localized PCa, T cells were found to ex-
press PSA following the uptake of tumor-derived exosomes and prior to
any detectable metastatic lesion, possibly identifying a mechanism of
immune tolerance induction [58].

3.3. Similarities of PCa-induced stromal changes in the bone and the
premetastatic prostate

Normal and malignant prostate cells show osteoinductive properties
affecting both osteoblasts and osteoclasts [110]. Increasing evidence
indicate that bone-specific feature acquisition by either cancer cells or
their associated TME components may be initiated even prior to
metastasis. sScRNA-seq identified a cluster of tumor associated macro-
phages (TAMs) with enriched osteoclast-related signatures (e.g. mineral
absorption), both in CRPC and in primary tumors, indicating TME
remodeling also in early onset disease [58]. Bone remodeling, osteoblast
and immune-related pathways were enriched in the stroma of high
Gleason score primary PCa cases [111]. The osteoblastic bone meta-
static, CRPC-derived PDX LAPC9 tumor induces bone-specific tran-
scriptional changes of the infiltrating mouse stromal component in
subcutaneous PDX tumors [71]. When compared to BM18, an
androgen-sensitive bone metastatic PDX model, the stromal cells from
LAPC9 subcutaneous tumors showed an enrichment for genes involved
in osteoclast differentiation and chemokine pathway compared to those
from BM18 [71]. This suggests the existence of an osteomimetic
microenvironment induced by prostate tumor cells.

Additional evidence of the generation of an osteomimetic microen-
vironment was derived from VCaP and C4-2B intraosseous xenograft
studies that identified a specific PCa osteoblastic bone metastasis-
associated stroma transcriptome (OB-BMST) signature [89]. The
OB-BMST signature (periostin (Postn), asporin (Aspn), SPARC-like 1
(Sparcll), melanoma cell adhesion molecule (Mcam), platelet-derived
growth factor receptor beta (Pdgfrb), fascin homolog 1 (Fscnl) and
prostate transmembrane protein androgen induced 1 (Pmepal)) was
also conserved in the stroma of (1) intraprostatic and ectopic VCaP and
C4-2B xenografts, (2) bone metastases from the subcutaneous
patient-derived xenografts BM18 and LAPC9 [71], and (3) primary PCa
stroma [112].

Moreover, the interplay between PCa cells and their surrounding
TME/stroma is important for AR signaling regulation and response to
androgen-deprivation therapy (ADT). The importance of androgen-
responsive stroma is highlighted by observations that decreased stro-
mal AR expression in PCa is associated with poor prognosis and earlier
disease progression, suggesting an antitumorigenic role of stromal AR
during the early, hormone-naive stages of PCa [113-115]. Perturbed AR
signaling alters the ECM composition, leading to looser adhesion of
tumor and supportive stroma, possibly facilitating cell invasion [116].
Stromal AR expression is also found in human bone marrow [117]. The
pro/anti-tumorigenic role of prostate stroma is still debated; however,
stromal marker inclusion may complement the current prognostic tools
in patient stratification. Several studies have shown the prognostic po-
tential of stroma protein biomarkers or gene signatures that are able to
distinguish patients at high risk of biochemical relapse and disease
progression [71,111,118,119].

ADT influences the prostatic stroma [120,121] and may contribute
to castration-resistance acquisition via mechanisms involving CAFs such
as neuregulin secretion and HER3 signaling activation [122] as well as
increased secretion of the protumorigenic inflammatory cytokines CCL2
and CXCL8 [123]. Stromal cells lacking the TGFBRII receptor, upregu-
late Wnt ligands in response to bicalutamide, promoting the survival of
prostatic epithelial ducts [124]. Moreover, castration induces rapid
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bone turnover, which in turn influences growth of dormant PCa tumor
cells in the bone marrow [125,126]. Transcriptomic characterization
(scRNA-seq) of bone, liver and lymph node metastasis of CRPC patients,
has identified differential composition of metastasis-infiltrating immune
cells in matched samples from before and after enzalutamide treatment
[127]. Similar studies, assessing the composition and molecular char-
acterisation of fibroblast populations or bone marrow stromal cells prior
and after treatment, will be invaluable, as the past decade has seen
increasing evidence on stroma-mediated therapy (ADT or chemotherapy
[128]) resistance.

4. Progressive TME alterations in transgenic mouse models of
bone metastases

Due to the tendency of PCa cells to metastasize to the bone, it is
crucial to establish functional bone metastasis models based on genetic
changes to guide further study and development of clinical treatment.
Transgenic mouse models mimicking the early stages of PCa progression
from hyperplasia to prostatic intraepithelial neoplasia (PIN) to adeno-
carcinoma have been successfully generated. However, genetically
engineered mouse models (GEMMs) that accurately recapitulate the
“natural” transition of the primary tumor towards bone metastases are
limited. The majority of GEMMs lead to lymph node, lung or liver me-
tastases with only a few modeling skeletal or long bone metastases,
despite being the predominant metastatic site of human PCa adenocar-
cinoma [15].

The well-characterized transgenic adenocarcinoma mouse model
(TRAMP), expressing the oncogenic T antigen under the control of
probasin promoter (secretory epithelial cells), shows infrequent bone
metastasis occurrence [129]. Moreover, many of the GEMMs that do
give rise to bone metastasis in fact show NEPC phenotype rather than
luminal adenocarcinoma, the most common form occurring in humans.
This may occur as a response to androgen deprivation/castration [130]
or due to use of promoter expressed by neuroendocrine cells to drive
transgenic oncogene expression, such as the Cryptin-2 gene (CR2-T-Ag
model) [131]. Mixed epithelial and NEPC phenotypes were also
observed in the 12T-10 LPB-Tag line (LADY) [132] and in the fetal
gamma globin SV40 GEMM both of which lead to bone micrometastasis
[133]. In contrast, PCa with NEPC phenotype in humans typically gives
rise to soft tissue metastases (liver, lung) [15]. Tissue morphology and
reactive stroma composition in primary PCa is potentially altered among
cases that show disease progression (biochemical recurrence) and those
that do not progress [134]. Genetic and molecular events driving pros-
tate tumorigenesis have been demonstrated to play precise but distinct
roles in remodeling TME [135].

Utilizing GEMMs to capture snapshots of stroma alterations in
orthotopic prostate tumors [57], both before and during macrometa-
stasis occurrence may provide important information regarding the
temporal dynamics of TME corruption, particularly since micro-
metastatic events seem to occur early in the disease; in parallel with
primary tumor growth, 70% of localized cases have detectable DTCs
[136]. However, few models exist that can show linear disease pro-
gression, while these models have been analyzed from the
tumor-specific or bone marrow microenvironment component, but not
from a time-lapse perspective of the prostate microenvironment. To
identify models relevant to human PCa natural history, we specifically
looked at GEMMs that give rise to bone metastasis after occurrence of
orthotopic prostate tumor formation (Table 2). Therefore, intracardiac
or intraosseous cell line xenografts models will not be discussed here. In
the TRAMP model, stroma hypertrophy occurs in parallel to malignant
epithelial proliferation. This is evident from normal acini with single or
two-layered stroma (at 9 weeks) to stroma hypercellularity (at 19 weeks,
adenocarcinoma stage) [129]. Progressive stroma alterations were
observed in a time dependent manner in the CR2-T-Ag model, in which
remodeling of the reactive prostate stroma occurred concordant with the
progression to invasive adenocarcinoma [131]. Specifically, initial
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Table 2
Transgenic mouse models simulating bone metastasis from primary PCa.
Gene Modification Phenotype Reference
PB-Cre"/Pten Conditional loss of Liver & lung [154]
*/KRas '+ Pten & activation of metastasis
KRas Micrometastasis in
bone marrow
Nkx3.1CTeERT2/ Conditional loss of Liver & lung [138]
*/Pten*’*/KRas"" Pten & activation of ~ metastasis
G127+ KRas DTCs bone marrow
micrometastasis
Nkx3.1CreERT2/ + Conditional loss of Liver, lung and [137]
Pter/*/f0%; KrastS Pten & activation of  bone metastasis
G12D/+; R26R- KRas
CAGSLEYFR/+ Combined with MYC
Nkx3.1CreERT2/+, overexpression
Ptenﬂox/ﬂox; KrasLSL-
G12D/+. pagR.
CAG-SEYIP/+.
ARR2PB-Myc
PB-Cre4/Pten*’* /Rb1* Conditional triple Bone metastasis [36]
L/Trp53 M* knockout of Pten, Small cohort of
Rb1 and Trp53 animals
LPB-Tag (12T-10 Conditional Liver, lymph node [132]
subline, LADY) activation of large T and lung metastasis
antigen Bone
micrometastasis
CR2-T-Ag Conditional Bone metastasis [131]
activation of T
antigen
G3/4 LSL-mTert PB- Telomerase Skeletal metastasis [140]
Cre4-Pten'’"/p53 /L reactivation in p53,
Pten/" following
telomere
dysfunction
Hoxb13-MYC/ Conditional MYC Liver, lung and rare [147]

Hoxb13-Cre/Pten"’* thoracic bone

metastasis

overexpression and
Pten knockout

Nkx3.16r<ERT2/ Conditional gain of Liver, lung [155]
*/Pten™’* /Braf*/* Braf mutantand Pten  metastasis
loss Bone
micrometastasis
(DTCs)

microinvasion through the basement membrane into the fibromuscular
stroma can be observed (12 weeks), followed by substantial stromal
invasion over time (16 and 24 weeks). Histology of these prostates
revealed extensive stromal invasion and glandular structure loss at 24
weeks- a stage at which macrometastases in bone and liver have already
occurred [131]. KRas mutations have been reported to increase the
susceptibility of bone metastasis, as shown in the luminal NKX3.1-driven
PTEN loss and KRas activating GEMM (NPK: NKX3.1¢ERT2/+; pTEN-
flox/flox, gpaslSL-G12D/+y  which gives rise to liver, lung metastases and
bone micrometastasis, at a higher incidence compared to the
NKX3.1-driven PTEN loss (NP) model alone [133]. By crossing NPK mice
with the Rosa-CAG-LSL-EYFP-WPRE reporter allele, the resulting
NPKEYPP  model  (Nkx3.1CFERT2/+.  prepflox/flox.  pq ISL-G12D/+.
R26R-CAG-ISLEYFP/+) has even higher sensitivity and thus improved
detection of bone metastases [137]. Apart from the oncogene-dependent
effects distinguishing the two transgenic models, additional reactive
stroma-related transcriptomic events, such as the CAF hallmark path-
ways PDGF and focal adhesion signaling, were also enriched in the NPK
versus NP bulk tumor [138]. The NPK leads to ~45% de novo bone
metastases and together with NPKEY™® they represent models of bone
metastasis with high epistasis, linking it to specific genetic alterations
and human disease. Furthermore, this demonstrates that other models
may overlook bone metastases due to the challenges associated with
their detection and highlights the power of GEMMs that integrate sen-
sitive lineage tracing [137,139]. Telomerase reactivation, following
genomic instability due to initial telomerase dysfunction, in
PB-Cre4/p53 L/Pten’’ animals, leads to 25% penetrance of bone
metastasis [140]. The underlying mechanism is proposed to be
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deregulation of the TGF-f pathway and in particular loss of function of
the Smad4 tumor suppressor, which is frequently mutated in human
primary PCa [21]. Loss of Smad4 in the PB-Cre4/p53 /L /Pten™’" animals
leads to invasive carcinoma with a relatively low (12%) penetrance of
bone metastasis [140] that may be due to direct invasion from the pri-
mary tumor rather than hematogenous metastases to the bone marrow
[141]. It should be noted that Smad4 mutations are uncommon in
human CRPC/metastasis. However, deletion of Smad4 exclusively in
luminal epithelial cells did not allow for characterization of TGF-p
pathway and its orchestrating role in fibroblasts and ECM composition,
and thus their effect on tumor growth. Instead, Smad4 deletion drives
progression of Pten ™/~ prostate tumors to invasive adenocarcinoma,
with evident stromal reaction and lymph node/ lung metastasis but not
bone metastasis [142]. Other genetic aberrations such as combined loss
of p53 and Pten are associated with loss of androgen dependency and
occurrence of CRPC metastases [143]. Further combinatorial loss of p53,
Pten along with Myc amplification, a frequent genomic amplification in
CRPC and NE, also led to invasive adenocarcinoma and lymph node
metastasis (Myc+/Pten-het/p53-ko GEMM) [144]. The levels of Myc
overexpression is proportionately associated to more aggressive disease
stages; Lo-Myc model exhibits PIN lesions while the Hi-Myc models lead
to invasive adenocarcinoma [145] and even bone metastasis (B6CaP, via
intravenous not orthotopic route) [146]. In the bone metastatic NPKEYFP
model, subsequent transcriptional activation of Myc pathway was spe-
cifically detected in the bone metastases and not in the matched primary
tumors, showing that Myc is an important contributor to metastasis
formation [137]. However, crossing the NPKEYPP with the Hi-Myc
transgenic mouse (NPKMEY'P) did not result in higher frequency of
bone metastases compared to the original NPK [137]; no particular
stroma alterations reported in the matched prostate or bone tissues.
Bone metastasis occurrence has been also modelled via overexpression
of Myc combined with Pten loss in luminal HoxB13" cells which leads to
linear progression from PIN to invasive and metastatic adenocarcinoma
(lymph node, liver, lung, and bone), yet of low frequency [147]. In this
model, stroma hypercellularity was evident surrounding the progressed
(late) PIN lesions, while the histomorphology of the stroma component
in the invasive PCa stage seemed completely absent. However, it should
be noted that specific stromal markers were not specifically analyzed in
this study [147].

In summary, bone metastasis GEMM models established to date have
improved our understanding of the role of tumor driver/suppressor
genes deregulated in human PCa and have helped to delineate the dif-
ferences from model organism to human disease, which ultimately
provides valuable tools for guiding clinical research and improved
therapeutic strategies. However, the lack of available spontaneous bone
metastasis mouse model from primary PCa still remains a challenge. It
has been hypothesized that the intrinsic differences in the prostate
anatomy, extensively reviewed in Ref. [139], the hematopoietic and
immune system and the overall physiology among mice and humans
[148] impede modeling prostate bone metastasis in mice. Instead,
lymph node, lung or liver are the predominant sites of metastasis in the
mouse models, making these very different from the human bone
metastasis scenario. The murine femur has different bone organization
and growth rate, with higher content of less organized woven bone and
less organized fibrolamellar structure that what is found in larger ani-
mals [149] along with the different lymphoid and myeloid cell content
[85], resulting in major alterations of the bone microenvironment.

Newer research directions such as humanized models, which include
in vivo tissue-engineered xenografts, in vitro microtissue-engineered
models and ex vivo manipulation and serial retransplantation, hold po-
tential in recapitulating human bone marrow [150-152], as well as
human prostate, cellular and microenvironment composition such as
CAFs, endothelial cells [153], and facilitate research of specific
tumor-stroma interactions. Such novel approaches, along with study of
the ECM and TME composition changes during disease progression in
human PCa and in the mouse models (as discussed in this review) would
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improve our understanding on how to tackle the limitations of devel-
oping the ideal bone metastasis preclinical model.

5. Bone metastasis detection and treatment

The early diagnosis of bone metastasis is often a limiting factor in the
successful management of the disease. The identification of molecular
mechanisms of PCa bone metastasis in the past decades, along with
advances in radiology and nuclear medicine, have led to the develop-
ment of imaging-based diagnostic and therapeutic tools for improved
detection and treatment of this disease. An overview of the evolution of
imaging techniques, and the advantages and limitations of the current
state-of-the-art theragnostic and nuclear medicine therapy approaches
(Fig. 3) are given.
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5.1. Imaging of bone metastasis

Traditionally, the detection of bone metastasis relied on conven-
tional imaging techniques such as computed tomography and the nu-
clear medicine imaging technique of single photon emission computed
tomography (SPECT) with **™Tc-labelled phosphates (so called “bone
scans”). However, these modalities are associated with poor diagnostic
yield and were of limited value in assessing biochemical failure [156],
although they still have a role in the assessment of bone turnover prior to
therapy with 223Radium (XOFIGO®). The introduction of multimodal
imaging with the combination of PET/CT at the turn of the 21st century
represented a significant step-forward in molecular imaging [157]. The
traditional PET radiotracer, the radioactive 2['8FIFDG (2-Fluo-
r-2-desoxy-p-glucose) is of limited value in PCa, where only highly
aggressive forms of PCa are FDG avid. As a result, choline-based
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Challenges

Assessment of bone metastases
prior to therapy with ?**Radium

FDG avidity in highly aggressive

Many years of experience

Useful for skeletal metastases

only and with limited diagnostic

gield. Useless for early
iochemical recurrence.

Limited value in less
aggressive PCa

Limited performance in earl
recurrence & in aggressive erlﬂgh
GS) tumors

Limited to bone

Fig. 3. Overview of Imaging Tools in Bone Metastasis. Summary
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of the traditional imaging tools for the detection of bone metastasis and their evolution over the last few decades. The main advantages and unmet challenges of each
imaging approach are highlighted, based on the applicability for diagnostic imaging, theragnostic and nuclear therapy. GS, Gleason Score; PET/CT, positron emission
tomography-computed tomography; PSMA, prostate specific membrane antigen; SPECT, single photon emission computed tomography; FDG; 2-[fluorine-18]-fluoro-
2-deoxy-p-glucose; [*8F], Fluorine-18; NaF; sodium fluoride; [*®Ga], Gallium-68; [}””Lul, Lutetium-177. Scheme created with BioRender.com.
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radiotracers were introduced [158] and capitalize on the derangement
in choline metabolism observed in malignant cells [159]. In many ju-
risdictions, choline PET/CT has become the standard of care imaging
modality for advanced PCa, and in situations where other imaging
modalities are not available, remains the recommended modality
endorsed by the AUA/ASTRO/SUO guidelines [160]. However,
although choline-based radiotracers for PET-imaging are a significant
improvement on previous scintigraphy techniques, they still exhibit
limited performance, particularly in early recurrence. ['®F]NaF is a long
established PET-tracer for bone metastasis, having been first approved
by the United States Food and Drug Administration (FDA) in 1972
[161]. It outperforms bone scintigraphy and choline and may have su-
perior sensitivity for bone metastases compared to other radiotracers
[162]. However, since it is limited to the detection of bone metastases, it
has hitherto had a limited role in the staging of PCa.

The discovery in the 1980’s of a novel antigenic marker in PCa led to
a significant revolution in the imaging of PCa [163-165]. Initially,
radiolabeled antibodies for SPECT imaging were introduced (e.g.
Mndium-labelled capromab-pendetide, known as ProstaScint) [166].
However, it was the first clinical introduction of positron-emitting
radiolabeled prostate specific membrane antigen (PSMA)-ligands with
[68Ga]Ga—PSMA—11 in 2011 (also known as PSMA-HBED or HBED-CC
[167]) that revolutionized the imaging of PCa. PSMA, which is also
known as Glutamate carboxypeptidase II (GCPII) or N-acetyl-L-as-
partyl-i-glutamate peptidase I (NAALADase I) [168], is over-expressed
on the majority of PCa cells [163-165]. Although a widely recognized
term, PSMA is a misnomer, since the expression of this transmembrane
protein is not restricted to PCa and can also be found in a variety of
normal tissues. PET/CT using radioligands of PSMA has become the
favored imaging modality for biochemical recurrence and the role of
PSMA-PET/CT in high-risk primary PCa is also increasingly recognized
[169,170]. However, although PSMA-PET/CT has been enthusiastically
established as the predominant imaging modality in both recurrent and
primary disease, overall evidence for its use is rated as weak [160]. In
particular, while PSMA-based radiotracers clearly outperform previous
generation tracers such as choline in early recurrence [171], this may
not be the case for more advanced disease, where choline-positive and
PSMA-negative disease is encountered [172] as a result of tumor
de-differentiation and loss of PSMA-expression. For this reason, some
authorities recommend additional 2-[18F]FDG PET/CT at advanced
stages of disease. Furthermore, there is only scant evidence as to
whether performing PSMA-PET/CT translates into improved clinical
outcomes. Although PSMA-PET/CT has been demonstrated to influence
treatment planning, particularly radiotherapy [173,174], there are only
limited data as to whether individuals undergoing PSMA-guided radio-
therapy have better results [160]. Data from clinical trials are required
to resolve this important question [175]. Finally, in the decade since the
introduction of [®®Ga]Ga-PSMA-11 a plethora of other
PSMA-radiotracers have been developed, each with important advan-
tages and disadvantages. However, owing to the lack of formal
comparative imaging trials for these tracers, no evidence-based recom-
mendations can be made at present to favor one tracer over another
[176].

5.2. Theragnostic imaging approaches

One advantage of using PSMA-based radiotracers for the detection of
PCa metastases is the ability to perform a theragnostic assessment of the
patient’s disease. Theragnostics, a portmanteau of the words therapy
and diagnostics [177] describes the use of PSMA-radioligands to both
detect and treat PCa, which is achieved with either a diagnostic radio-
pharmaceutical such as the positron-emitting [68Ga]Ga—PSMA—11, or
treatment, such as the beta-emitting therapeutic radioligand [Y7Lu]
Lu-PSMA-617. The accurate identification of metastases can also guide
image-guided lymph-node dissection, or image-guided radiotherapy. In
cases where visceral metastases can be ruled out, the individual with
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symptomatic bone metastases may benefit from 22°Radium therapy
[178]. In cases where standard therapeutic options have been exhaus-
ted, or where the patient is considered unsuitable, PSMA-radioligand
therapy is an increasingly recognized option. In these cases, the de-
gree of PSMA-expression by the metastatic lesions is an important
consideration, where assessment by PET/CT to establish adequate up-
take is recommended by extant guidelines [179].

5.3. Nuclear medicine therapies for bone metastases

A number of nuclear medicine therapeutic options are available for
the management of bone metastases in PCa. However, it is important to
note that these measures are palliative in nature and do not represent a
cure. Historically, palliative therapy with bone targeting radiopharma-
ceuticals (186Rhenium, 153gamarium or %°Strontium) has been per-
formed [180,181]. Recently, >?*Radium therapy for bone metastasis has
been introduced into the guidelines [182,183]. 223Radium is substituted
by osteoblasts for calcium in hydroxyapatite complexes within areas of
metastatic bone formations [184] with reduction in pain reported in a
majority of patients [182]. Trial data suggests that when 2?*Radium
therapy was performed after treatment with docetaxel, time to first
skeletal events such as pathologic fractures is longer [185]. Side effects
include diarrhea, nausea, vomiting and thrombocytopenia [183].
Significantly, pancytopenia can occur, particularly when performed
after docetaxel treatment [185,186]. 223Radium is only of use when
visceral metastases are ruled out. In cases where solid organ or nodal
metastases are present, PSMA-labelled radioligand therapy (e.g. with
177Lutetium) represent a possible therapeutic option [187]. When using
PSA as a surrogate marker for tumor-load, roughly one third of patients
show therapeutic response, one third have transient stable-disease and
one third regrettably do not respond to treatment [188]. Importantly,
recent trial evidence shows that when compared to the standard second
or third-line chemotherapeutic agent Cabazitaxel, [177Lu] Lu-PSMA-617
results in improved PSA response and fewer adverse events, suggesting
an increased role for this treatment and for its placement earlier in the
management algorithm for these patients [189].

5.4. Microenvironment-directed treatment for PCa bone metastases

Treatment modalities targeting the interaction between tumor cells
and their surrounding bone TME are increasingly reported. The tumor
derived CXCR4 specifically interacts with CXCL12 on pericytes/bone
marrow stromal cells around vascular structures of the bone marrow.
Treatment with AMD3100 blocks the CXCR4-CXCL12 axis and sensitizes
cancer cells to chemotherapy [190]. A recent clinical trial testing CXCR4
inhibitor in combination with granulocyte-colony-stimulating factor
(G-CSF) and chemotherapy, aiming to target niche-occupancy, unfor-
tunately did not have a promising outcome for PCa bone metastasis
treatment [191]. Other possibilities include compounds that interfere
with bone resorption and osteoclast activity, such as RANKL antibody
denosumab and bisphosphonates [192]. Inhibition of AXL receptor ki-
nase and its ligand growth arrest-specific 6 (expressed in osteoblasts) has
been shown to modulate tumor cell dormancy and interaction with the
TME in other cancer types, with possible implications also in PCa bone
metastasis [193,194].

6. Conclusions and future directions

During the progression of PCa, the crosstalk with the TME supports
tumor growth and mediates the selection of therapy-resistant and met-
astatic tumor cells. The tendency of PCa to metastasize to the bone is a
multifactorial and not yet fully understood process that is facilitated by
intrinsic malignant features of the tumor and bone marrow biology. The
bone microenvironment provides stable structural support for aggres-
sive tumor cells, promoting a feedforward loop of tissue remodeling to
aid tumor cell colonization.
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Currently available transgenic mouse models are still poorly able to
adequately represent the bone metastatic phenotype after occurrence of
orthotopic prostate tumor formation, as in the human disease. Sponta-
neous bone metastasis models are needed to allow delineation of the
tumor-stromal interactions and their disease causality in a spatiotem-
poral manner. To better study bone-metastatic PCa, a characterization of
stroma remodeling in PCa tissue microarrays in parallel to the genomic
alterations would be relevant for improved clinical management of
metastatic PCa. Due to the high degree of malignancy of PCa bone
metastasis, early diagnosis and effective treatments are needed to
improve prognosis. Advances in nuclear medicine-based diagnosis and
therapy of bone metastasis include the development of more sensitive
PSMA-PET/CT techniques, a widely used primary imaging modality for
primary and recurrent disease. However, certain limitations such as
actual clinical benefit or ineffectiveness in certain types (e.g. PSMA-
negative NEPC) have yet to be resolved. Traditionally, much attention
has been dedicated to understanding tumor evolution dynamics. How-
ever, multiple studies have recently highlighted the fundamental role of
the tumor- supportive stroma, both at primary and metastatic sites, in
disease progression and therapy resistance. Identifying the synergy of
tumor and TME co-evolution, improving the accuracy of imaging diag-
nosis and reducing the side effects of nuclear medicine treatment will
improve patients’ risk stratification and treatment, overcoming the
limitations of current one-fits-all clinical regime.
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