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Abstract
Bone metastases occur in 65%–80% advanced breast cancer patients. Although significant
progresses have been made in understanding the biological mechanisms driving the bone
metastatic cascade, traditional 2D in vitro models and animal studies are not effectively
reproducing breast cancer cells (CCs) interactions with the bone microenvironment and suffer
from species-specific differences, respectively. Moreover, simplified in vitro models cannot
realistically estimate drug anti-tumoral properties and side effects, hence leading to pre-clinical
testing frequent failures. To solve this issue, a 3D metastatic bone minitissue (MBm) is designed
with embedded human osteoblasts, osteoclasts, bone-resident macrophages, endothelial cells and
breast CCs. This minitissue recapitulates key features of the bone metastatic niche, including the
alteration of macrophage polarization and microvascular architecture, along with the induction of
CC micrometastases and osteomimicry. The minitissue reflects breast CC organ-specific
metastatization to bone compared to a muscle minitissue. Finally, two FDA approved drugs,
doxorubicin and rapamycin, have been tested showing that the dose required to impair CC growth
is significantly higher in the MBm compared to a simpler CC monoculture minitissue. The MBm
allows the investigation of metastasis key biological features and represents a reliable tool to better
predict drug effects on the metastatic bone microenvironment.

1. Introduction
The metastatic dissemination of specific primary
tumors follows a distribution pattern described by
the ‘seed and soil’ hypothesis [1]. In this context,
metastasizing breast cancer cells (CCs) preferentially
colonize the bone with 65%–80% advanced breast
cancer patients presenting incurable bone metastases
associated with a poor prognosis [2].
Breast cancer mainly induces osteolytic bone
metastases which are characterized by a pathological
© 2021 The Author(s). Published by IOP Publishing Ltd

activation of osteoclasts (OCs) that unbalance the
bone remodeling process and establish the so-called
‘vicious cycle’ [3]. In this process, CCs and bone
cells concur to the deregulation of key bone signaling factors, hence stimulating tumor growth [4, 5].
Moreover, CCs recruit and educate a population of
tumor-associated macrophages (TAMs), which foster
immunosuppression, contribute to bone remodeling
and promote abnormal angiogenesis [6]. Furthermore, the vascular niche plays a fundamental role
in bone metastases. Indeed, the morphological and
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adhesive properties of the bone vasculature seem to
promote the invasion of breast CCs to the bone and to
activate dormancy programs in disseminated tumor
cells [7].
Understanding the interactions between CCs and
stromal cells in this complex and heterogeneous
microenvironment represents a critical challenge to
stop or prevent bone metastases. In this context,
animal models allow to analyze the formation of bone
metastases in a living organism. However, they suffer
from species-specific differences compared to human
tissues, including immune cells that do not fully
mimic their human counterparts [8]. On the other
hand, traditional two-dimensional (2D) in vitro models consist of monolayer monocultures or co-cultures
which do not allow to grow cells in the tissuespecific architecture characterizing human tissues,
hence leading to non-physiological cell-to-cell communications [9]. Furthermore, traditional 2D models cannot faithfully predict both the main and side
effects of drugs in a given tissue. The inadequacy
of these models hindered the finding of new therapies and contributed to the failure of several cancer treatments [10]. Multicellular three-dimensional
(3D) models partially overcome the limitations of
monolayer cultures by promoting a more physiological interaction of different cell types that better
mimics the metastatic microenvironment, whereby
CCs interact with osteoblasts (OBs), OCs, bone resident macrophages and endothelial cells (ECs), and
deregulate the tissue homeostasis [11, 12]. Previous
studies have reported the generation of 3D in vitro
models which replicate the process of bone remodeling by including bone-forming OBs and boneresorbing OCs [13, 14]. Other studies highlighted
the importance of the vascular fraction for differentiation of mesenchymal stem cells (MSCs) in OBs
and promotion of osteogenesis and mineralization of
the tissue construct under static or flow conditions
[15–17]. However, only a few studies reported the
combined use of more than two cell types or included
hydroxyapatite or calcium phosphate nanoparticles
to promote matrix deposition [18–20]. Most bone
metastasis studies focused on the interaction of breast
CCs with a single bone cell type (i.e. OBs or OCs)
or on the interplay between ECs and different breast
CC lines [21–23]. At the same time, the interaction
of TAMs with breast CCs was mainly analyzed in the
context of the primary tumor or during the intravasation process [24–26].
Overall, replicating the cellular complexity characterizing the bone metastatic microenvironment still
remains an open challenge limiting the possibility
to test novel drugs and analyze the contribution of
stromal cells in the metastatic progression. We previously developed 3D bone remodeling models which
allowed us to generate customized microvascular networks based on the combination of biochemical and
physical parameters [20, 27]. Here, we propose an
2

attempt to introduce all the main cell types involved
in breast cancer bone metastases (i.e. CCs, OBs, OCs,
ECs and bone resident macrophages) to characterize how key cell–cell interactions contribute to the
formation of the early bone metastatic microenvironment and its response to anti-metastatic drugs. We
showed that CCs in a complex early metastatic bone
niche were able to mimic features of OCs, including expression of OC markers and bone resorption
activity, and to activate M0 macrophages and alter
the balance between M1 and M2 cells. We compared
the bone microenvironment with a skeletal muscle
microenvironment, which is not a site of breast cancer metastasis, and we investigated if the inhibition
of CC growth was due to the presence of specific soluble signals secreted by muscle cells (e.g. adenosine)
[28]. We demonstrated that the presence of a complex
early metastatic bone microenvironment impacts the
outcome of anti-cancer drug treatments showing that
cellular complexity is an essential feature to better
predict the effect of drug candidates on bone metastatic progression.

2. Materials and methods
2.1. Cell culture
OCs and macrophages were differentiated from circulating monocytes isolated from buffy coat following
previously optimized protocols [20]. Monocytes were
cultured in RPMI (Life Technologies) containing
10% fetal bovine serum (FBS, Fisher Scientific), 1%
penicillin-streptomycin-glutamine (PSG, Life Technologies), 1% amphotericin B and 25 ng ml−1 macrophage colony stimulating factor (M-CSF, Peprotech) to promote monocyte-derived macrophage differentiation (M0). After 24 h, attached M0 were cultured in the same medium while OCs were differentiated from M0 by adding 50 ng ml−1 receptor
activator of NF-κB ligand (RANKL, Peprotech) to the
cell culture medium. Adult human osteoblasts (OBs,
Sigma) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Life Technologies) with addition
of 15% FBS, 1% PSG and 1% amphotericin B.
Primary red fluorescent protein-transfected human
umbilical vein endothelial cells were purchased from
Angio-Proteomie, cultured in endothelial growth
medium (EGM)-2 (Lonza) with addition of 3%
FBS. Green fluorescent protein-transfected MDA-231
breast CCs were cultured in DMEM supplemented
with 10% FBS and 1% PSG. Immortalized human
myoblasts (MYs) were cultured in DMEM:199 (4:1)
(Life Technologies) supplemented with 15% FBS, 2%
HEPES (Life Technologies), 1% PSG, 0.03 µg ml−1
ZnSO4 (Sigma), 1.4 µg ml−1 vitamin B12 (Sigma),
0.055 µg ml−1 dexamethasone (Sigma), 1% sodium
pyruvate (Life technologies), 2.5 ng ml−1 hepatocyte growth factor (Peprotech) and 10 ng ml−1 fibroblast growth factor (FGF, Peprotech). Muscle-specific
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fibroblasts (mFs) were cultured in DMEM supplemented with 10% FBS, 1% PSG and 1% FGF.
2.2. Hydrogel minitissue fabrication
3D arch-shaped poly-methyl-methacrylate (PMMA)
masks with 5 mm depth and two 2 × 2 mm2 openings were designed and optimized through computational simulations, as previously reported [27] to
allow standardized matrix injection, long-term culture and cell recovery. In our previous study, we
demonstrated how this design allowed to generate microvascular networks with customized features
(e.g. network length, number of branches) in a bonemimicking model.
Following CAD design, PMMA cages with two
open faces were fabricated by laser cutting and bonded to 100 µm thick glass coverslips (figure (A)).
Masks were sterilized with 70% ethanol. Polymerized
gels with embedded cell suspensions were encased in
the masks and daily monitored during the maturation
of the tissue.
Four different minitissues were designed
(figures (B) and (C)): healthy bone minitissue (Bm)
containing ECs, OBs and OCs; metastatic bone
minitissue (MBm) containing ECs, OBs, OCs and
CCs; other two minitissues were developed embedding resident M0 starting from Bm and MBm,
called respectively immune bone minitissue (IBm)
and metastatic immune bone minitissue (MIBm).
Cells were embedded in 2.5 mg ml−1 fibrin hydrogels (Sigma) with the following final concentrations: 3 × 106 cells ml−1 ECs, 1.5 × 106 cells ml−1
OBs and 0.15 × 106 cells ml−1 OCs and M0,
based on previous studies [27]. CC density was
chosen based on preliminary experiments not reported in this study. Briefly, CCs were embedded in
2.5 mg ml−1 fibrin hydrogels with three different
final concentrations (i.e. 0.01 × 106 cells ml−1 ,
0.15 × 106 cells ml−1 , and 0.5 × 106 cells ml−1 ). We
selected 0.15 × 106 cells ml−1 as the best compromise for both matrix stability and CC proliferation
over 7 d. Two muscle minitissues were developed:
a healthy muscle minitissue (Mm) embedding in
2.5 mg ml−1 fibrin gel ECs (seeding concentration: 3 × 106 cells ml−1 ), MYs (seeding concentration: 1.5 × 106 cells ml−1 ) and mFs (seeding concentration: 0.15 × 106 cells ml−1 ); the Mm was
then enriched with CCs (seeding concentration:
0.15 × 106 cells ml−1 ) to generate a metastatic muscle
minitissue (MMm). Hydrogels were polymerized
within humidity boxes at 37◦ for 20 min and cultured in EGM-2 with the addition of 3% FBS until
day 7 with one medium change at day 3.
2.3. Drug treatment
The drug treatments were performed on the
MIBm and on a minitissue of CCs embedded in
2.5 mg ml−1 fibrin hydrogel (seeding concentration: 0.15 × 106 cells ml−1 ), labelled cancer control
3

minitissue (CCm). Samples were prepared as previously explained and the drugs were added to the
culture medium at day 3. Samples were treated with
1 µM doxorubicin (DOX) or with 2 nM or 20 nM rapamycin and kept in culture until day 5 in DOX and day
7 in rapamycin [29, 30].
Other two assays were performed: the MIBm was
treated with 10 µM or 100 µM adenosine, while the
MMm was treated with 1 µM PSB-10 (i.e. antagonist
of the A3 adenosine receptor) [31, 32]. In those assays,
the compounds were added starting from day 0, the
culture medium was changed at day 3 and the tissue
constructs were kept in culture until day 7.
To evaluate drug efficacy, we analyzed area fraction of CCs. Images of CCs were converted into binary
format using a threshold which maintained CC signal. We measured area fraction of the binary images of
at least three samples for each condition. Finally, statistical analyses of CC area fraction were performed to
evaluate CC growth related to drug treatment.
2.4. Immunofluorescence
Immunofluorescent staining for RANK (mouse antihuman, Santa Cruz Biotechnology, 1:50), collagen
type I (rabbit anti-human, Abcam, 1:500), osteocalcin (rabbit anti-human, Abcam, 1:100), OPN (rabbit
anti-human, Abcam, 1:100), tartrate resistant acid
phosphatase (TRAP) (mouse anti-human, Thermo
Scientific, 1:100), HLA-DR (mouse anti-human, Biolegend, 5 µg ml−1 ), CD163 (rabbit anti-human,
Santa Cruz Biotechnology, 1:50), intercellular adhesion molecule (ICAM)-1 (rat anti-human, Thermo
Scientific, 1:200), Ki67 (rabbit anti-human, Thermo
Scientific, 1:150) were performed following cell fixation with 2% paraformaldehyde, membrane permeabilization with 0.1% Triton-X 100 and overnight
incubation with 5% bovine serum albumin (BSA)
at 4 ◦ C. Following 24 h primary antibody incubation (extruded 3D samples) or overnight incubation (2D samples) at 4 ◦ C, samples were washed in
phosphate buffered saline (PBS, Life Technologies)
and secondary antibodies were incubated following
the same protocol applied for primary antibodies.
More in detail, we used goat anti-rabbit or goat antimouse Alexa Fluor 647 (Life Technologies, 1:200). If
required, samples were stained with DAPI (300 nM
final concentration) and Vybrant™ (Life Technologies).
2.5. TRAP activity assay
The TRAP activity assay was performed comparing 14 d differentiated OCs and undifferentiated
OCs using a commercial acid phosphatase colorimetric assay kit (Abcam, Cambridge, UK). The
assay allows to detect the µU of acid phosphatase
(AP) in the sample using p-nitrophenyl phosphate
(pNPP) as substrate. In presence of AP enzyme, pNPP
is dephosphorylated and turns yellow (wavelength
λ = 405 nm). Absorbance levels were evaluated by
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VICTOR® X3 Multilabel Counter (Perkin Elmer, Inc.,
MA, USA) and statistical analyses were performed.
2.6. Inflammatory biomarker measurements
Culture media were collected at day 2 and day 7 and
immediately frozen at −80 ◦ C. A panel of 37 key
inflammatory biomarkers has been assayed through
a high sensitivity multiplex bead-based immunofluorescent assay (Bio-Plex Pro™ Human Inflammation Panel 1, 37-Plex, Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) on a MagPix™ Luminex System
(Bio-Rad Laboratories, Inc.) following manufacturer
instructions. Osteoprotegerin (OPG) and RANKL
concentrations were measured by enzyme-linked
immunosorbent assay. OPG (Raybiotech, Peachtree
Corners, GA, USA) and RANKL (Boster Biological
Technology, Pleasanton, CA, USA) assays have a sensitivity of 1 pg ml−1 and <10 pg ml−1 respectively. All
samples were tested in duplicate.
2.7. Bone resorption assay
Dentine slices (IDS, The Boldons, UK) were prepared by placing them in 70% ethanol for 15 min
and washed twice with dd-H2 O to remove residues.
CCs treated or not with RANKL were seeded on
dentine slices in 96 wells plate at a concentration of
780 cells/well and cultured for 14 d in EGM-2. Culture
medium was changed twice a week. Dentine slices
were then decellularized with bleach and the bone
resorption lacunae were stained with toluidine blue.
Images were taken at the stereomicroscope and the
quantity of resorption pits was scored using ImageJ
software. Images were converted into binary using a
threshold that captured all the resorption pits. At least
four regions of interests (ROIs) for each sample were
considered. The area fraction was then analyzed in
both conditions.
2.8. Cell cycle analysis
Cell cycle analysis was performed on samples treated
with doxorubicin to investigate the effect of the drug
on CC cycle. At day 7 samples were extruded and
fibrin was degraded with nattokinase (1 mg ml−1
in PBS) at 37 ◦ C for 1 h. Cells were collected,
washed with PBS, fixed with 2% paraformaldehyde
for 4 min at 4 ◦ C and permeabilized with cold 70%
ethanol. After washing with PBS and 1% BSA, cells
were stained with a mix of 40 µg ml−1 propidium
iodide and 10 µg ml−1 DNAse-free ribonuclease A for
30 min at room temperature. Finally, samples were
washed with PBS and 1% BSA, and acquired on the
flow cytometer (CytoFLEX, Beckman Coulter). Data
were evaluated with CytExpert Software (Beckman
Coulter).
2.9. Image acquisition and analysis
Samples were imaged using a confocal microscope
(Nikon C2) to obtain z-stacks of the 3D minitissues. Images were analyzed using Fiji software. All
4

analyzed images were pre-processed to subtract the
background (rolling ball radius = 50 pixels) and
to adjust the contrast and brightness levels. Then,
images were converted to a binary format by applying a threshold. Images obtained from samples of
different conditions were processed using the same
parameters to allow comparisons. At least three ROIs
were analyzed for each sample and at least three
samples were considered for each condition. Images
were quantified in terms of area fraction, cell colocalization and vascular network parameters (i.e.
total network length, number of junctions) following previously established protocols [27]. Area fraction was used to evaluate growth of CCs or the expression of specific markers. Regarding analyses of cell
co-localization, at least five ROIs (200 × 200 pixels)
for at least three samples were taken in regions with
vessels or without vessels; the binary image with EC
signal was then overlapped with the binary image
containing OBs, OCs or CCs to calculate the percentage of overlapping pixels. The same was done
for co-localization of CCs with OCs. This way, we
were able to evaluate the co-localization of the two
populations by superimposing the fluorescence signal of each cell type. Results were expressed in terms
of area fraction of co-localizing (Coloc) or not colocalizing (Not Coloc) cells and normalized to Coloc
condition.
2.10. Statistical analysis
Prism Graph Pad software was used to perform
unpaired Student’s t-test to determine significant differences between conditions. Differences were considered significant for p < 0.05 (∗ ), p < 0.01 (∗∗ ),
p < 0.001 (∗∗∗ ) and p < 0.0001 (∗∗∗∗ ). Results are
presented as mean ± standard error of the mean.
Details about p values and number of replicates are
reported in each figure legend.

3. Results
3.1. Development and characterization of
engineered bone microenvironments
We previously developed a computational/statistical
approach which allowed to customize the geometrical
parameters of microvascular networks embedded
within bone minitissues based on osteo-differentiated
MSCs [27]. Here, we employed the minitissue system (figure 1(A)) to develop actively remodeling bone
niches embedding the key components of a bone
tissue unit (i.e. OBs, OCs, ECs, bone-resident macrophages) under physiological and pathological conditions (i.e. addition of breast CCs).
Morphological and immunofluorescence analyses on OCs and OBs revealed typical features of cell
differentiation. Indeed, OCs were multinucleated and
presented a rounded morphology with ruffle borders
(figure S1(A) (available online at stacks.iop.org/BF/
13/035036/mmedia)). OCs expressed the cell identity
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Figure 1. Development and characterization of the tissue models. (A) Drawing of the PMMA support on the glass cover slide,
containing the fibrin gel and embedded cells. Scale bar: 2 mm. (B) Experimental conditions. Bm: bone minitissue with ECs, OBs
and OCs embedded in fibrin. MBm: metastatic bone minitissue, where CCs were added to Bm. (C) IBm: immuno bone minitissue
with ECs, OBs, OCs and macrophages (M0) embedded in fibrin. MIBm: metastatic immuno bone minitissue, where CCs were
added to IBm. (D), (E) Immunofluorescence images showing the effects of the addition of CCs into the IBm (red: ECs, white:
OBs, light blue: OCs, green: breast CCs). Scale bar = 200 µm. (F) Effect of CC addition on vascular density (values normalized on
IBm; p = 0.0508; N = 4). (G) Co-localization of CCs in the minitissue: CCs resulted co-localized with vessels (values normalized
on Coloc; ∗∗ p = 0.0037; N = 5). (H), (I) Quantification of released matrix metalloproteinase (MMP)-2 and osteopontin (OPN)
during minitissue culture. Increased release of the two molecules indicates an actively remodeling bone-like tissue (MMP2:
∗∗∗ Bm, d2 vs. Bm, d7: p = 0.0008; MBm, d2 vs. MBm, d7: p = 0.0016; IBm, d2 vs. IBm, d7: p = 0.001; MIBm, d2 vs. MIBm,
d7: p = 0.0008; OPN: ∗ MIBm, d2 vs. MIBm, d7: p = 0.0011; N = 3).

marker RANK (figure S1(A)) and produced more
TRAP compared to undifferentiated OCs or monocytes (figure S1(B)). OBs presented a cobblestone
morphology and expressed both collagen type I and
non-collagenous proteins, namely OPN and osteocalcin (figure S1(C)).
Differentiated OBs, OCs and ECs were then
embedded in a fibrin matrix to develop an engineered bone tissue construct, which we labeled as
Bm (figure 1(B)). Based on this minitissue, we then
enriched the system with breast CCs to mimic the
early-metastatic niche (i.e. Metastatic Bone minitissue, MBm) (figure 1(B)). Starting from a homogeneous distribution of cells with pre-determined concentrations, higher order structures self-assembled
to mimic a vascularized bone microenvironment
(figures S2(A) and (B)). ECs developed a continuous
and interconnected microvascular network, which in
Bm was significantly longer (9455 ± 444.1 µm vs.
4041 ± 483.6 µm) and more branched (60.5 ± 30.7
vs. 12.4 ± 4.5 number of junctions) compared to
the MBm (figures S2(C) and (D)). This quantification represents a preliminary indication of the effect
of CCs on ECs which lead to an abnormal vascular
architecture and vascular density [33, 34]. Microvascular networks were surrounded by OBs in both minitissues. More in detail, we found that the majority of OB co-localized with ECs in both minitissues
5

(100 ± 9.6% co-localized cells vs. 22 ± 1.8% not
co-localized cells in Bm, 100 ± 10.2% co-localized
cells vs. 37.1 ± 7.8% not co-localized cells in MBm)
(figure S2(E)). Moreover, most CCs co-localized with
vessels in the MBm (100 ± 19.8% co-localized cells
vs. 17.6 ± 5.3% not co-localized cells in MBm)
(figure S2(F)), recapitulating their close interaction
with the vascular niche as observed in vivo, where
CCs are in close proximity of ECs and OCs [35]. This
finding is consistent with the hypothesis that extravasated CCs that remain close to the endothelium
have higher potential to form metastasis [36]. Furthermore, the distribution of CCs in the gel in small
clusters resembled the in vivo organization in micrometastases found during the establishment of the
early metastatic niche after CC extravasation in the
target tissue, as reported in previous studies [37–39].
It is interesting to highlight that CCs frequently colocalized with OCs in the MBm (not co-localized cells
only represented 25.6 ± 10.4% of co-localized cells,
100 ± 12.7%) (figure S2(G)).
We then included M0 macrophages into the Bm
and MBm minitissues, generating the IBm and the
MIBm, respectively (figure 1(C)). As for the previously described minitissues, ECs developed vascularized networks which were less dense in the MIBm
compared to the IBm (100 ± 12.5% vs. 66.2 ± 6.7%)
(figures 1(D)–(F), and supplementary video) and
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with reduced interconnections (57.2 ± 34.4 vs.
37.4 ± 22.9 number of junctions) (figure S2(H)).
Consistent with this observation, we found an
increase of IL-20, an anti-angiogenic marker, in the
culture medium of the MIBm (64.3 ± 7.7 pg ml−1
vs. 51.6 ± 6.4 pg ml−1 ) (figure S2(I)) [40]. This
result possibly suggests a stage that precedes the
angiogenic switch as for MBm [34]. As for the Bm
and MBm, the vascular networks were surrounded by
OBs (100 ± 10.8% co-localized cells vs. 40.1 ± 11.3%
not co-localized cells in IBm, 100 ± 3.9% co-localized
cells vs. 29.9 ± 6.5% not co-localized cells in MIBm)
(figure S2(J)) and CCs (100 ± 15.4% co-localized
cells vs. 28.2 ± 8.8% not co-localized cells in MIBm)
(figure 1(G)). Finally, we counted a higher number
of OCs co-localized with CCs compared to OCs randomly distributed inside the matrix (100 ± 17.1%
co-localized cells vs. 87.8 ± 9.1% not co-localized
cells in MIBm) (figure S2(K)), following the same
trend observed in the MBm (figure S2(G)). The results of co-localization of CCs with OCs in both metastatic minitissues (i.e. MBm and MIBm) could be
related to the induction of the ‘vicious cycle’ by CCs,
which recruit OCs and increase their activity in the
bone microenvironment [35, 41].
To evaluate the remodeling of the minitissues,
we quantified the release of bone related proteins in the culture medium, which is an indication of tissue maturation. We quantified a significant increase of secreted matrix metalloproteinase-2
(MMP2) in all four minitissues from day 2
to day 7 (e.g. MMP2 release in the MIBm
increased from 3809 ± 477.8 pg ml−1 (day 2) to
8861 ± 467.7 pg ml−1 (day 7)) and a release of
OPN in the MIBm that significantly increased from
196 ± 14.5 pg ml−1 (day 2) to 337.3 ± 8.7 pg ml−1
(day 7) (figures (H) and (I)).
Overall, we generated actively remodeling bonemimicking microenvironments, where the progressive self-assembly of the different cellular components resulted in the development of vascularized
tissues with peculiar co-localization patterns. Vascular networks were surrounded by OBs, which
expressed bone proteins contributing to the maturation of the tissue constructs over time. Furthermore, both the formation of micrometastases of
CCs adjacent to the vessel wall and the close interaction between CCs and OCs represent hallmarks
of the establishment of a bone metastatic tumor
microenvironment.
3.2. CCs in bone minitissues acquire osteomimicry
properties and modify macrophage activation
After the establishment and characterization of the
bone microenvironments, we then focused our attention on the analysis of specific features of the early
metastatic niche. First, we evaluated the release of
RANKL, which is expressed by OBs and CCs and
induces OC activation, and OPG, which inhibits
6

OC differentiation and resorption by sequestering
RANKL. Therefore the balance of the RANKL/OPG
ratio regulates bone resorption in established osteolytic bone metastases [42]. We observed a significant unbalance of the RANKL/OPG ratio comparing the Bm with the other minitissues (0.79 ± 0.03
in Bm, 0.57 ± 0.03 in MBm, 0.57 ± 0.07 in IBm,
0.52 ± 0.02 in MIBm) (figure S3(A)). RANKL should
be highly expressed in the tumor microenvironment,
but the RANKL/OPG ratio significantly decreased by
adding CCs, M0 macrophages or both due to the
higher expression of OPG (41.2 ± 3.4 pg ml−1 in Bm,
49.9 ± 4.1 pg ml−1 in MBm, 44.2 ± 5.2 pg ml−1
in IBm, 62.1 ± 3.0 pg ml−1 in MIBm) compared to
the Bm (figure S3(B)) [43]. The presence of OPG,
in particular in the MIBm, could suggest that CCs
and M0 macrophages activated the bone microenvironment to secrete OPG and restore the homeostasis of the tissue [44]. On the other hand, the release
of RANKL in the culture medium did not change
in the bone minitissues (32.3 ± 1.5 pg ml−1 in Bm,
28.4 ± 1.7 pg ml−1 in MBm, 24.8 ± 2.3 pg ml−1 in
IBm, 32.2 ± 2.6 pg ml−1 in MIBm) (figure S3(C)).
Focusing our attention on the MIBm, we hypothesized that the low detection of RANKL could
be explained by CCs sequestering soluble RANKL,
since more than 50% of CCs in MIBm expresses
TRAP (52.9 ± 9.5%), hence acquiring features of OCs
(figures 2(A) and (B)).
TRAP expressing OCs are known to interact
with RANKL to start the bone resorption program
[45]. Here, CCs and OCs had different morphologies
and organization. Indeed, CCs were elongated and
clustered together, while OCs were round and maintained a single cell distribution. For this reason, the
TRAP signal of the two populations could be clearly
discriminated through immunofluorescence. Trying
to prove the hypothesis of CCs hijacking RANKL in
MIBm, we showed that CCs in presence of RANKL
are capable to absorb bone matrix. First, we incubated CCs with RANKL for 14 d following the same
protocol that we used for monocyte differentiation
into OCs and we noticed a significantly higher expression of TRAP in CCs under RANKL stimulation
(100.0 ± 15.1% 2D, Ctrl vs. 316.6 ± 51.1% 2D,
+RANKL) (figures S3(E) and (D)). Then, we cultured CCs on dentine slices for 14 d and we observed a
higher number of bone resorption pits in presence of
CCs treated with RANKL (100.0 ± 22.6% −RANKL
vs. 277.5 ± 78.4% +RANKL), suggesting an induced
osteolytic activity of CCs (figures S3(F) and (G)) [46].
Overall, TRAP expression and bone resorption indirectly showed the ability of CCs to mimic features of
OCs in MIBm (i.e. osteomimicry).
We then analyzed the release of soluble receptors (soluble tumor necrosis factor receptor, sTNFR1
and sTNFR2) derived from a proteolytic processing
by the metalloproteinase TNF-α-converting enzyme
(TACE) that are important for the limitation of
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Figure 2. Characterization of the early metastatic niche: interactions of metastatic and immune cells with bone environment.
(A) Immunofluorescence staining of TRAP (white) in CCs (green), cultured in the MIBm. Scale bar = 200 µm. (B) Graph
indicating the percentage of positivity of CCs to TRAP staining. (C) and (D) Expression of soluble TNFα receptors in culture
media (sTNFR2, ∗ IBm vs. MIBm: p = 0.0405; N = 3). (E) Immunofluorescence on IBm and MIBm to evaluate activation of M0
towards M1-like (yellow: HLA-DR) and M2-like (magenta: CD163) phenotypes in the presence of CCs. Scale bar 200 µm.
(F) Quantification of HLA-DR and CD163 expression. As shown in the graph, the addition of CCs in the IBm, increased the
polarization ratio M1/M2, showing a shift towards anti-inflammatory M2 conditions (normalization on M1, IBm; ∗∗ M1, IBm vs.
M2, IBm: p = 0.001; ∗∗∗ M2, IBm vs. M2, MIBm: p = 0.0051; M1, MIBm vs. M2, MIBm: p < 0.0001; N = 4). (G) Release of
IL-10 in IBm and MIBm (∗ p = 0.0197, N = 3). (H) Release of IFN-γ in IBm and MIBm (∗∗ p = 0.0082, N = 3).

the inflammatory response and are associated to
patient’s survival with bone metastasis [47]. CCs
induced a decrease in the release of these soluble receptors, which was significant for sTNFR1
(e.g. sTNFR1: 924.4 ± 21.2 pg ml−1 in IBm
and 865.5 ± 18.1 pg ml−1 and MIBm; sTNFR2:
121.9 ± 13.5 pg ml−1 in IBm and 98.0 ± 2.6 pg ml−1
in MIBm) (figures 2(C) and (D)). The decrease of
both soluble receptors in presence of CCs is particularly relevant because sTNFR act as inhibitors
of TNF by sequestering it [48]. Hence, CCs seem
to modulate the bone microenvironment to promote the growth of a metastatic lesion. Finally, we
observed that the processed form of the TNF-related
‘a proliferation-inducing ligand’ (APRIL, 17 kDa)
released into the culture medium, which is an indication of metastatic invasion, was significantly higher
in the MIBm (87.6 ± 7.0 pg ml−1 ) compared to the
IBm (48.4 ± 3.9 pg ml−1 ) (figure S3(H)) [49, 50].
After the analysis of the effect of CCs in the
early bone metastatic niche, we focused on the activation of M0 macrophages in the IBm and MIBm.
We acknowledge that the nomenclature for macrophage activation is still under debate, so in this work
we used the traditional classification proposed by
Mills who distinguished between ‘classically activated’ inflammatory M1 macrophages and ‘alternatively activated’ anti-inflammatory M2 macrophages
and we tried to identify the stimulus that led to M0
activation [51, 52]. We performed immunofluorescence analyses on IBm and MIBm for the M1-like
marker HLA-DR and for the M2-like marker CD163,
and we analyzed the release of proteins related to
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M0 macrophage activation [53]. More in detail,
immunofluorescence revealed a significant expression of CD163 in both minitissues in terms of area
fraction with respect to HLA-DR (100 ± 40.8% in
M1, IBm, 905.7 ± 128.8% in M2, IBm, 226.8 ± 52.1%
in M1, MIBm and 1784 ± 158.4% in MIBm)
(figures 2(E) and (F)). The expression of CD163 was
significantly different between the two minitissues.
The increase in expression of M2-like marker in the
MIBm could be partially explained with the significant increase of IL-10 release in the microenvironment (2.2 ± 0.5 pg ml−1 vs. 4.1 ± 0.1 pg ml−1 )
(figure 2(G)). Indeed, the presence of IL-10 could
lead to the activation of M0 macrophages towards
an M2-like phenotype [52]. Moreover, this activation recapitulates the phenotype of TAMs that are
strictly linked to the development of the metastatic
process [54]. On the other hand, the expression of
HLA-DR slightly increased between IBm and MIBm
(figure 2(F)). This rise could be due to the significant increase of IFN-γ released in the MIBm
compared to the IBm (87.6 ± 7.0 pg ml−1 vs.
48.4 ± 3.9 pg ml−1 ) (figure 2(H)). Indeed IFN-γ
is related to the activation of M1-like macrophages
[55]. These results are supported by immunofluorescence for the same markers HLA-DR and CD163
that were performed on M0 macrophages seeded
in 2D with or without CCs (figure S3(I)), where
we quantified a significant increase in the presence of CD163 positive macrophages in both conditions (100 ± 15% for M1-like macrophages in
monoculture vs. 589.2 ± 65.4% for M2-like macrophages in monoculture vs. 144.7 ± 33.0% for M1-like
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Figure 3. Comparison of CCs behavior in MIBm and MMm. (A) Mm: muscle minitissue, with ECs, myoblasts (MYs) and muscle
fibroblasts (mFs) embedded in fibrin. MMm: metastatic muscle minitissue where CCs have been added to Mm. (B) Images
showing the bone and muscle microenvironments development in 7 d in MIBm and MMm (red: ECs, green: CCs, blue: nuclei).
Scale bar = 200 µm. (C) CCs addition in the muscle model resulted in a lower density as compared to bone minitissue. CC
density in MIBm and MMm (normalization on MIBm; ∗∗ p = 0.0035; N = 4). (D) Images showing the effect of adenosine
treatment on CCs in the MIBm at two different concentrations, 10 µM and 100 µM (red: ECs, green: CCs). Scale bar = 200 µm.
(E) CC density in MIBm control and treated conditions showing a decrease in CC area fraction at 10 µM and 100 µM against
control (normalization on control condition; ∗∗∗ Ctrl vs. 10 µM p = 0.0002; ∗∗∗∗ Ctrl vs. 100 µM: p < 0.0001; N = 6). (F) Effect
of an adenosine A3 receptor antagonist (PSB-10) in the MMm at 1 µM (red: ECs, green: CCs). Scale bar = 200 µm. (G) CC
density in control and treated condition. Increased CCs density in 1 µM condition confirms a possible involvement of this
molecule in the observed CCs lower proliferation in muscle as compared to bone (normalization on Ctrl; ∗∗ p = 0.0043; N = 4).

macrophages in co-culture vs. 479.9 ± 69.5% for M2like macrophages in co-culture) (figure S3(J)).
Overall, we demonstrated that the engineered
minitissues show typical features of a metastatic bone
microenvironment including the expression of key
bone remodeling markers and the polarization of
macrophages. These parameters could be used to
monitor the dynamic response of the system to antimetastatic therapies. Hereinafter, we will use the
MIBm for further analyses, since the addition of the
immune component could better mimic the in vivo
early bone metastatic niche.
3.3. A muscle-like microenvironment reduces the
growth of CCs as compared to bone through
adenosine production
The bone tissue is a primary target for breast CC invasion and it is reported that about 70% advanced breast
cancer patients develop bone metastases [2]. Surprisingly, the skeletal muscle is not a specific target organ
of breast cancer. Therefore, the muscle microenvironment represents an appropriate soil to verify the
8

organ-tropism of breast CCs towards bone. We initially developed a Muscle minitissue (Mm) based on
the co-culture of ECs, myoblasts (MYs) and mFs in a
fibrin matrix (figure 3(A)).
The addition of breast CCs allowed us to generate
a MMm (figure 3(A)), which we then compared to the
bone minitissue (figure 3(B)). It is important to highlight that the purpose of these muscle minitissues is
not to fully recapitulate the architecture of the muscle
tissue (e.g. myofiber and collagen matrix alignment),
but to quantify the effect of the muscle cellular components on breast CCs. Here, both muscle minitissues
included organ-specific fibroblasts, since it is rapidly emerging how fibroblasts from different tissues
have specific transcriptional profiles and functionalities [56]. For this reason, we evaluated the behavior of
muscle-specific and lung-specific fibroblasts by measuring the proliferation of breast CCs on 2D cultures.
Muscle (mFs) or lung (lFs) fibroblasts were seeded
with CCs at a 1:1 density ratio. The proliferation of
breast CCs was significantly lower when co-cultured
with mFs (55.2 ± 4.5%) compared to lFs (90 ± 8.6%)
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or CC monocultures (101 ± 8.3%) (figure S4(A)).
This result suggests that mFs might be critical determinants of the anti-metastatic properties of the skeletal
muscle and provides a strong rationale for their inclusion into the MMm. Indeed, the effect of mFs on
breast CCs is very different from the one of tumor
associated fibroblasts that emerged in other tumor
target tissues [57].
ECs were able to develop vascular structures
in both Mm and MMm (figures S4(B) and (C)),
although less interconnected compared to the
vasculature generated in the bone minitissues
(figures S4(D) and S2(H)). As previously observed
for the bone-mimicking tissue constructs, breast CCs
preferentially co-localized with ECs in the MMm
(figure S4(E)), suggesting that this behavior could
mimic the in vivo perivascular niche as a hospitable
microenvironment for dormant tumor cells both in
non-specific and specific target tissues [58]. On the
other hand, MYs and mFs remained homogeneously
distributed in the matrix.
We then compared the two microenvironments
observing that the proliferation of breast CCs was
significantly lower in the MMm (100.0 ± 12.6% vs.
37.7 ± 4.5%), as showed by the analysis of the area
fraction covered by CCs (figures 3(B) and (C)). Overall, our minitissues reproduced the typical organspecific growth of breast CCs into the bone microenvironment, as observed in vivo [59].
Looking for potential molecular mechanisms
explaining the decreased presence of breast CCs into
the skeletal muscle, we previously found that adenosine might play a critical role [60]. In addition,
adenosine treatment was shown to reduce the burden of breast cancer bone metastases in mice [61]. We
then sought to determine if the addition of adenosine
at different concentrations to the culture medium
of the bone minitissue could reduce the growth of
breast CCs. We treated the constructs with physiological levels of adenosine (10 µM and 100 µM), finding that the proliferation of breast CCs was significantly impaired in both conditions (100 ± 6.7%
at Ctrl, 49.6 ± 5.4% at 10 µM and 38.6 ± 5.9% at
100 µM) (figures 3(D) and (E)). It is important to
highlight that the development of vascular networks
was not affected by both adenosine concentrations
(figure 3(D)), suggesting that no major side effects
were induced by the compound. To show that musclesecreted adenosine was actually responsible for the
limited formation of breast cancer metastases into
skeletal muscle, we then treated the MMm with an
antagonist of the A3 adenosine receptor (i.e. PSB-10).
This compound was previously shown to increase the
extravasation of breast CCs in a microfluidic skeletal
muscle model by altering the adenosine-mediated
cross-talk between muscle and CCs [60]. The MMm
was incubated with 1 µM PSB-10 and the system
was kept in culture for 7 d. Breast CC proliferation increased in presence of PSB-10 (100.0 ± 12.7%
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vs. 172.8 ± 10.3%) (figures 3(F) and (G)). Furthermore, the formation of interconnected vascular
networks was partially compromised compared to
control MMm (figure 3(F)). However, we did not
quantify obvious differences in terms of vessel formation comparing Mm and MMm (no PSB-10 addition, figure S4(B)). Hence, it is possible that the addition of PSB-10 limited the development of vascular
structures or that the same effect was due to the overproliferation of breast CCs.
Together, the increase in breast CC growth with
PSB-10 indirectly confirms the presence of adenosine in the MMm, as well as the protective role of
this molecule against breast cancer metastases in the
muscle microenvironment.
3.4. The MIBm as a tool to study the effects of
anti-metastatic therapies
Chemotherapy is still one of the major therapeutics
for the treatment of breast cancer, including the use of
anthracyclines like DOX and inhibitors of the mTOR
(mammalian target of rapamycin) pathway [62, 63].
Even if those compounds have anti-tumoral properties, they have significant toxicity for the microenvironment, in particular on the vascular compartment
[64, 65]. For these reasons, we decided to test DOX
and rapamycin in the MIBm to evaluate the reactivity of the bone microenvironment to anti-metastatic
drugs. More in detail, we investigated the effect of
DOX and rapamycin on the MIBm and compared
the results with a simplified cancer control minitissue
(CCm), embedding only CCs in a fibrin gel. Indeed,
the complex MIBm allows to quantify the effect of a
specific drug on both the tumoral and vascular components of the system and to evaluate the contribution of the microenvironment on the drug sensitivity
of CCs.
We first analyzed the effect of DOX on the MIBm
and CCm. The growth and arrangement of breast CCs
were different in the two minitissues, in both control
and DOX-treated conditions (figure 4(A)).
Indeed, breast CCs in the MIBm showed low
proliferation and preferentially aggregated in clusters
surrounding the vessels, while in the simplified CCm
the same cells showed higher proliferation and a
single cell distribution with a rounded morphology.
In treated condition, the growth of breast CCs was
significantly reduced in presence of 1 µM DOX due to
the anti-proliferative effect of this drug (figure 4(B)).
However, the effect of DOX was much more limited in
the complex MIB, with a significant 2.24-fold reduction of CC growth compared to 16.7-fold reduction in
simplified CCm. These results highlight the relevance
of minitissues, which closely mimic the early metastatic niche, for an effective drug testing compared to
more simplistic models or traditional 2D cultures that
lack a tissue-like microenvironment which interferes
with CC behavior and drug efficacy [66]. The main
effect of DOX on CCs is to arrest the cell cycle in the
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Figure 4. Evaluation of doxorubicin effect on MIBm and on a minitissue of CCs in fibrin gel (Cancer Cell model, CCm).
(A) Images show the response of CCs (green) in the MIBm and in CCm to doxorubicin after 48 h of treatment. Scale
bar = 200 µm. (B) CC density in MIBm and CCm with or without DOX treatment. DOX significantly reduced the number of
CCs in both models, whilst CCm was more affected by drug treatment (normalization on MIBm, Ctrl and CCm, Ctrl; ∗∗ MIBm,
Ctrl vs. MIBm, 1 µM: 100 ± 11.4% vs. 44.6 ± 2.4%, p = 0.009; ∗∗∗∗ CCm, Ctrl vs. CCm, 1 µM: 100 ± 7.8% vs. 6.0 ± 1.6%,
p < 0.0001; N = 3). (C) Evaluation of DOX effect on CC cell cycle. Graphs show the number of events in cell cycle phases (G0 in
blue, S in green and G2M in red). The shown events in CCm are the CCs selected in the FITC channel of MIBm to maintain an
equal range between the two minitissues. CC in G2M increased both in MIBm and in CCm in 1 µM DOX reducing G0 phase,
whereas S remained the similar in all conditions (the profiles are representative of one experiment in which four samples were
mixed for each condition). (D) Response of ECs (red) in the MIBm to DOX after 48 h of treatment. Scale bar = 200 µm.
(E), (F) ECs formed a reduced microvascular structure in 1 µM condition (∗∗ p = 0.0021; N = 3), while the number of vascular
junction (∗∗∗ p = 0.0008; N = 3) is significantly lower in 1 µM condition, suggesting a poorly interconnected structure.

G2M phase, hence reducing their proliferation [67].
According to these findings, we observed an increase
in the percentage of CCs in G2M phase in both minitissues (Ctrl: 28.5% in MIBm and 23.7% in CCm;
1 µM DOX: 67.1% in MIBm and 38.9% in CCm)
with a 1.43-fold higher percentage in MIBm respect
to CCm (figure 4(C)). It is interesting to highlight
that in both minitissues and conditions the number
of events in the S phase remained similar (the difference of mean of events in S phase between control and 1 µM DOX is 0.6 ± 2.5%). We also evaluated
the side effects of DOX on the microenvironment of
the MIBm, mainly focusing on ECs (figure 4(D)). The
length of microvascular networks (32 228 ± 1956 µm
vs. 18 201 ± 338.1 µm) and the number of junctions
(39.7 ± 3.7 vs. 6.0 ± 0.6) were reduced in presence
of 1 µM DOX, indicating less developed and interconnected vascular structures (figures 4(E) and (F)) and
reflecting the toxicity of DOX for ECs [68].
As a second test, we treated both the MIBm and
CCm with rapamycin (figures 5(A) and (B)).
Low concentration of rapamycin (i.e. 2 nM) did
not determine any reduction in breast CC coverage
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in the MIBm (100 ± 18.4% Ctrl vs. 133.6 ± 17.2%
in 2 nM vs. 27.3 ± 5.8% in 20 nM) (figure 5(C))
while inducing a decrease in the area covered by the
same cells in the simplified CCm (100 ± 12.7% Ctrl
vs. 67.2 ± 9.8% in 2 nM vs. 0.2 ± 0.1% in 20 nM)
(figure 5(D)). Increasing the drug concentration to
20 nM we did observe a significant decrease in breast
CC area fraction, although less pronounced in the
MIBm. The effect of rapamycin was also confirmed
by immunofluorescence for the proliferation marker
Ki67 (figures S5(A) and (B)), showing a significant
dose dependent decrease of Ki67 expression and an
increase of quiescent cells. Finally, treatment with
rapamycin significantly reduced the length of the vascular structures in the MIBm from 1045 ± 29.9 µm
in controls to 504.4 ± 68.7 µm in 2 nM and to
360.6 ± 46.9 µm in 20 nM (figure 5(E)), in agreement
with the anti-angiogenic properties of the drug [69].
Overall, we showed that the MIBm responded to
two FDA approved anti-cancer drugs. Most importantly, we pointed out that the complexity of the bone
microenvironment plays a critical role in mediating
the anti-metastatic effects of these compounds.
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Figure 5. Effects of antitumor drug, rapamycin, on MIBm and on CCm. (A) Effect of rapamycin on MIBm, the drug reduced the
ability of ECs (red) to form vessels and reduced CC (green) density in 20 nM condition. Scale bar = 200 µm. (B) Effect of
rapamycin on CCm, the compound reduced CC density mainly in 20 nM condition. Scale bar = 200 µm. (C) CC density in
MIBm. At high doses, 20 nM, rapamycin had a significant anti-tumoral effect in MIBm decreasing CC density respect to ctrl and
2 nM condition (normalization on MIBm, Ctrl; ∗∗ MIBm, Ctrl vs. MIBm, 20 nM: p = 0.002; ∗∗∗ MIBm, 2 nM vs. MIBm, 20 nM:
p < 0.0001; N = 8). (D) In CCm, rapamycin had an anti-tumoral effect both at 2 nM, even if not significant, and at 20 nM
condition in contrast with what happened in MIBm (normalization on CCm, Ctrl; ∗∗∗ CCm, Ctrl vs. CCm, 20 nM: p < 0.0001;
∗∗∗ CCm, 2 nM vs. CCm, 20 nM: p < 0.0001; N = 8). (E) Total network length of microvessels in MIBm. The significant
differences of length between control and treaded conditions showed the anti-angiogenic effect of rapamycin on ECs (∗ MIBm,
Ctrl vs. MIBm, 2 nM: p = 0.0187; ∗∗ MIBm, Ctrl vs. MIBm, 20 nM: p = 0.0065; N = 2).

4. Discussion
We developed 3D human vascularized bone minitissues able to mimic some features of the earlymetastatic niche (e.g. CC micrometastases, CC proximity to ECs and OCs, M0 macrophage activation),
which could be used as a system to investigate the
establishment and progression of breast cancer metastases and to evaluate the response to anti-tumor
drugs. Specifically, we implemented a new 3D minitissue by embedding fully differentiated human OBs,
OCs, ECs, M0 macrophages and CCs in a matrix
of fibrin gel. Through this system, we analyzed the
mutual interactions of cells occurring in such a complex bone-like microenvironment. We observed the
organ-tropism of breast CCs towards bone by comparison with a simplified muscle minitissue. Finally,
we showed the different effects of two FDA approved
drugs for the treatment of breast cancer (i.e. doxorubicin and rapamycin) on the complex bone minitissue compared to a simpler 3D culture of CCs and we
demonstrated how recapitulating the cellular complexity of the bone metastatic microenvironment is
essential to truly evaluate the effects of anti-metastatic
treatments.
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Recent literature highlighted the importance of
designing new models for testing anti-metastatic
compounds, leveraging on the different efficacy of
drugs tested in 2D vs. 3D vs. animal models or monoculture vs. co-culture systems [70]. However, only
a few studies reported the combined use of more
than two cell types to develop a 3D co-culture system of osteolytic bone metastasis, including works
by Krishnan et al and Villasante et al, although in
the context of Ewing Sarcoma [71–73]. A different approach was adopted by Salamanna et al, who
employed an ex vivo human bone model to analyze
differences characterizing breast and prostate cancer
metastases in a dynamic culture system [74]. These
strategies allowed to characterize the global effect of
different metastatic CCs on the bone homeostasis.
However, they did not allow to monitor the behavior of single cell populations and to analyze their
interactions with the microenvironment. Recently,
Quent et al proposed a tissue engineered bone construct with the aim to generate an ectopic humanized bone in mice and to mimic the colonization
of breast CCs [75]. Although the authors described
the generation of bone constructs with relevant
mechanical properties and observed OC recruitment
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recapitulating the osteolytic metastasis, the model
required long-term maturation and presented features of the host, as construct vascularization by
murine cells.
To overcome these limitations, here we developed
a minitissue which includes all the major cellular
components of the human early metastatic bone
microenvironment (i.e. OBs, OCs, ECs, macrophages, CCs), with the final goal to recapitulate the
complexity underlying metastatic bone remodeling.
Based on previous studies by our group, we embedded differentiated human OBs at high concentration
to foster the formation of a mature bone microenvironment and compensate for the initial absence of
bone-specific proteins in the original matrix [20, 27].
Though recognizing that we did not recapitulate
important structural features of the bone microenvironment, our focus was analyzing how complex
cell–cell interactions could drive the expression of key
bone metastatic markers and drive the response to
anti-metastatic drugs. The concentration of CCs was
maintained equal to the one of OCs and M0 macrophages due to their high proliferative potential. This
concentration was selected based on preliminary results not reported in this work and consistent with
other literature studies [76, 77].
At the cellular level, breast CCs altered the architecture of the vascular system generating disorganized networks that lose the integrity and the
hierarchical organization typical of healthy tissues.
Consistently with this observation, we found a
decrease of total network length in presence of CCs
and a reduction of vascular junctions in both metastatic minitissues. While we cannot exclude that
the presence of breast CCs simply introduces steric
hindrance and impairs vessel growth, it is possible
that this phenomenon is a sign of the non-angiogenic
stage preceding the angiogenic switch of metastases
that finally leads to abnormal vascular geometrical
structures [33, 34]. This interpretation is supported
by the increased release of IL-20 in presence of CCs
that is known to impair vessel growth [40].
Disseminating CCs extravasate in target tissues
and enter in a dormancy stage remaining close to the
vessels. Indeed, the endothelial niche is an important player in regulating the activation of dormancy
programs [36, 78]. In the present study we observed
that CCs mainly co-localized with ECs, supporting
the idea that their crosstalk is critical to promote
the metastatic progression. Moreover, in MIBm CC
organization in micrometastases and co-localization
with ECs and OCs are peculiar aspects of bone metastasis formation observed in vivo [35, 38].
At the molecular level, breast CCs shift the expression of bone-specific proteins by OBs (e.g. MMP2
and OPN) and induce phenotypic changes on boneresident macrophages, generating an environment
which promotes tumor growth and immune evasion
[79–81]. Here, we recapitulated typical features of
12

these processes, including the appearance of a few
M1-like macrophages in a population of M2-like
macrophages and the unbalanced expression of key
proteins that reflects the initial steps of bone metastatic formation (e.g. sTNFRs, IL-10, APRIL). The
appearance of the M2-like phenotype was induced
by the presence of IL-10 and resembled the TAM
properties [52]. TAMs are known to have protumor function and collaborate with bone cells in
the release of pro-angiogenic factors and matrixdegrading enzymes, fostering the metastatic process
[82, 83]. It is also important to highlight the contribution of the bone microenvironment in M0 macrophages activation. Indeed, in 2D co-culture of M0
macrophages and CCs we evaluated that the majority of M0 macrophages were activated towards a
M2-like phenotype, but in a lower quantity respect to
M0 macrophages monoculture, differently from what
happened in 3D. Highlighting once again the importance of the bone microenvironment in mimicking the
breast cancer metastasis. Breast CCs also increase the
bone resorption activity of OCs, promoting the formation of osteoporotic bones [41]. In this context, a
peculiar aspect of breast CCs is their ability to acquire
OC-like properties (i.e. osteomimicry), as observed
in vivo by their ability to express TRAP [46, 84].
Here, we observed that CCs stimulated with RANKL
expressed the OC marker TRAP and were able to generate pits into dentine slides. This observation is consistent with the expression of TRAP by CCs in the
MIBm, suggesting that a complex microenvironment
producing multiple factors (e.g. RANKL) is responsible for the phenotypic switch of CCs. The hijacking
of RANKL by CCs could explain the decrease of soluble RANKL in the MIBm, leading to a decrease of
the RANKL/OPG ratio. On the other hand, we also
detected an increase of OPG in the MIBm, which is
in agreement with the anti-metastatic role of OPG
during the initial phases of metastases [44]. We need
to highlight that over time the RANKL/OPG ratio
increases in bone metastases determining the establishment of the ‘vicious cycle’. Here, we limited our
analysis to the initial steps of bone metastases and we
could only observe some features of the metastatic
cascade [2].
As previously mentioned, breast CCs rarely metastasize to the skeletal muscle. Indeed, in vivo studies reported no CC invasion in muscle tissues in
tumor cell-injected mice [28]. Hence, a muscle minitissue was implemented to assess the organ-tropism
of breast CCs to the MBms. This comparison could
be instrumental for the discovery of mechanisms that
decrease the formation of breast cancer metastases
[28]. The muscle minitissue embedded multiple cell
types typical of the muscle microenvironment (i.e.
MYs, mFs, ECs), being aware that we were not replicating the architecture of the muscle tissue as in
our previous work [85]. Rather, we focused on the
study of the effects that the muscle tissue cellular
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composition had on metastatic cells. CCs co-localized
with ECs as in the MIBm, but we quantified a significant decrease of breast CC growth compared to
the bone microenvironment, replicating the organspecific growth of breast CCs observed in vivo [86].
mFs could be involved in counteracting CC growth,
but other factors could also be responsible for the
reduced invasion of breast CCs in muscle [57]. For
instance, muscle-secreted adenosine might represent
a promising molecule preventing muscle colonization by breast CCs [87]. We observed impaired breast
CC growth in the MIBm in presence of adenosine
without major side effects on the other cells (i.e. ECs),
in accordance with our previous findings [60]. As a
control, we treated the MMm with PSB-10, an antagonist of the A3 adenosine receptor that was shown
to increase the extravasation of CCs in a muscle minitissue [60]. We quantified an increase of CC density and partial impairment of vascularization, possibly due to a side effect of PSB-10 and in agreement
with the above-mentioned work [60]. Overall, these
results suggest the potential use of adenosine as antimetastatic compound due to its protective role in the
skeletal muscle tissue and demonstrate that the MIBm
could be used to test anti-tumoral compounds.
We then evaluated the reactivity of our minitissue to two anti-tumoral compounds (i.e. doxorubicin and rapamycin) to assess the possibility of applying the MIBm for drug screening. We tested the drugs
both on the MIBm and on a 3D minitissue containing only CCs (i.e. CCm). Interestingly, CCs had a different proliferation rate (i.e. higher in the CCm) and
acquired a different morphology in the two minitissues (i.e. clustered and co-localized with ECs in the
MIBm, single-cell in the CCm). Those different patterns probably played an important role on drug efficacy, leading to a more marked effect of DOX and
rapamycin in CCm. We analyzed the G2M cell cycle
arrest of CCs to verify the efficacy of DOX in our
minitissues, as shown in literature [67]. This effect
led to CC reduced proliferation, which was higher in
CCm than in MIBm. Similarly, a significant effect of
rapamycin on MIBm was possible only by increasing the concentration of the drug, as shown also by
the increase of quiescent CCs (i.e. decrease of Ki67
expression). The dose dependent trend of the drug
could resemble the difference between in vitro and
in vivo drug testing. Indeed, the administered dose
in animal testing is generally higher compared to in
vitro cultures [68]. Our results suggest that drug performance is impaired by increasing the complexity of
the treated system and on the interaction of tumor
cells with the bone microenvironment [88]. In this
context, the use of 3D advanced models, as our bone
metastatic minitissue, could be useful to better predict the outcome of drug screening in animal models.
Finally, we investigated the side effect of the drugs
on other cellular components, in particular their
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anti-angiogenic properties. Here, DOX and rapamycin impaired the quality of the vascular network,
reducing the number of vascular junctions under
DOX treatment and the total network length in
both drug tests, in accordance with other studies
[68, 69].
Concluding, we analyzed the response of the
minitissue to compounds with different mechanisms
of action including adenosine, rapamycin and doxorubicin showing that the effect of the drug was
strictly dependent on the presence of the multicellular bone microenvironment, as demonstrated
by immunofluorescence and cytofluorimetry. At the
same time, we were able to quantify the effects of
the drugs on other often neglected components of
the bone microenvironment, including microvascular networks.

5. Conclusions
To our knowledge, we designed one of the most complete cellular models of early bone metastases which
we employed to analyze features of metastatic bone
including M0 macrophage activation, CCs osteomimicry and co-localization with ECs and OCs. The
generation of this heterogeneous cellular microenvironment was shown to play a fundamental role in
mediating the response to approved anti-metastatic
drugs, suggesting that recreating the in vivo complexity is the key to better understand neglected mechanisms of action of already approved drugs, to better
predict in vivo outcomes and to discover novel potential therapeutic targets.
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