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The crosstalk between tumor cells and bone cells in the bone microenvironment is crucial to understanding the mechanism of bone metastasis
formation. We developed an in vitro fully human preclinical model of a co-culture of breast cancer cells and monocytes undergoing differentiation
towards osteoclasts. We optimized a model of osteoclastogenesis starting from a sample of peripheral blood collected from healthy donors.
Peripheral blood mononuclear cells (PBMCs) were first separated by density gradient centrifugation, seeded at a high density and induced to
differentiate by adding two growth factors (GFs): receptor activator of nuclear factor-«kB ligand (RANKL) and macrophage colony-stimulating
factor (MCSF). The cells were left in culture for 14 days and then fixed and analyzed by downstream analysis. In osteolytic bone metastases,
one of the effects of cancer cell arrival in bone is the induction of osteoclastogenesis. We thus challenged our model with co-cultures of breast
cancer cells to study the differentiation power of cancer cells with respect to GFs. A straightforward way of studying cancer cell-osteoclast
interaction is to perform indirect co-cultures based on the use of conditioned medium collected from breast cancer cell cultures and mixed with
fresh medium. This mixture is then used to induce osteoclast differentiation. We also optimized a method of direct co-culture in which cancer
cells and monocytes undergoing differentiation share the medium and exchange secreted factors. This is a significant improvement over the
original indirect co-culture method as researchers can observe the reciprocal interactions of the two cell types and perform downstream analyses
for both cancer cells and osteoclasts. This method enables us to study the effect of drugs on the metastatic bone microenvironment and to seed
cell lines other than those derived from breast cancer. The model can also be used to study other diseases such as osteoporosis or other bone
conditions.

Video Link

The video component of this article can be found at https://www.jove.com/video/56311/

Introduction

Bone is a common site of metastasis for different types of Primary tumors such as prostate, lung and breast cancer, with 20 - 25% of patients
developing bone metastases during the course of disease 23 In particular, 70% of breast cancer patients carry evidence of bone metastasis
at death®. Tumor and stromal cell interaction is essential for cancer progression in both primary cancer and secondary lesions. In the bone
microenvironment, osteolytic bone metastases from breast cancer depend on the establishment of a pathological vicious cycle occurring
between cancer cells, bone cells, and the bone microenvironment. Cancer cells disrupt bone balance, increasing bone resorption5'6’7.

In normal and pathological conditions, osteoclasts are the cells responsible for bone resorption, whereas osteoblasts, in depositing new matrix,
are responsible for new bone formation®. Osteoclast activity is regulated by osteoblasts through the expression of RANKL, which binds to its
receptor RANK on the pre-osteoclast surface, inducing pre-osteoclast fusion, a necessary process for differentiation into mature osteoclasts.
The induction of osteoclastogenesis increases bone resorption. A large number of in vivo studies have significantly improved our understanding
of bone metastasis formation®'®"". Breast cancer cells from the primary tumor and in the bone microenvironment perturb bone homeostasis,
promoting osteoclastogenesis and bone resorptions. In this scenario, all the molecular interactions that occur between cancer cells and
osteoclasts are of crucial importance. As already mentioned, the mechanism of bone metastasis formation has been elucidated in in vivo mice
models. However, in addition to the need for the approval of all in vivo animal experiments by the Ethics Committee, there are several other
drawbacks to performing in vivo experiments including high costs and time-consuming methods. Several authors have combined preclinical in
vivo and in vitro models of osteoclastogenesis using a murine line of pre-osteoclasts called RAW?246.7°'"" The drawbacks of this model stem
from the fact that the cells are already committed to becoming pre-osteoclasts and are not of human origin. For these reasons, translational
research could greatly benefit from the availability of in vitro fully human preclinical models to study bone cancer cell interactions.

We optimized a method of osteoclastogenesis in vitro starting from human peripheral blood samples12’13. Osteoclasts derive from monocytes,

which are present, albeit to a small degree, in peripheral blood samples. Mononuclear cells are first separated from the erythrocytes and
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granulocytes present in whole blood by Ficoll density gradient; they are then selected thanks to their ability to adhere to plastic substrate,

unlike lymphocytes. After seeding, cells are cultured for 14 days. MCSF and RANKL are the GFs required by monocytes to differentiate first
into macrophages and then into osteoclasts''®. MCSF is needed for the entire duration of the assay, whereas RANKL is used to induce the
differentiation process in the late stages of osteoclastogenesis. In the early phase of differentiation, MCSF helps monocytes proliferate and
survive'® . During the second part of osteoclastogenesis, cells fuse together and mature as osteoclasts, showing the characteristic dlstrlbutlon
of Actin F in rings and expressing specific markers such as tartrate-resistant acid phosphatase (TRAP) and calcitonin receptor (CTR) 5. our
method consists of adding MCSF to the monocyte culture for the first 7 days of the experiment and a combination of MCSF and RANKL from
days 7 to 14. At the end of the experiment, osteoclastogenesis is analyzed by counting the differentiated cells, as detailed below.

The monocyte cultures induced to differentiate by GFs form the basis of our preclinical model. We optimized a co-culture system without GFs

to better understand the osteoclastogenic power of breast cancer cells. We first developed a model of indirect co-cultures by adding a medium
(80% a -Minimal Essential Medium (a- MEM) and 20% conditioned medium collected from a culture of breast cancer cells that were about 90%
confluent to cells undergoing differentiation'?. The conditioned medium (not collected under serum deprivation conditions) was collected after 24
hours and mixed with fresh medium at a proportion of 1:4. The conditioned medium induced significant osteoclast differentiation with respect to
the negative control. However, as the information on the reciprocal interaction between cancer cells and bone cells is lost when using indirect
co-cultures, we improved our system by carrying out direct co-cultures. We seeded cancer cells in 0.4 uM inserts and placed them in wells
where mononuclear cells were plated. Using this method, cells share the same medium and exchange secreted proteins. We thus created a fully
human preclinical model of osteoclastogenesis induced by cancer cells 13,

This system is extremely versatile and can be used for different research purposes, e.g., in pharmacological studies investigating the role

of drugs in bone metastasis. Our model makes it possible to study the efficacy and mechanisms of action of bone-targeted therapies and/or
antitumor drugs in the bone microenvironment in the presence of cancer cells . Designing the experiments with the correct controls, i.e., cancer
cells and osteoclasts cultured individually, makes it easier to understand the impact of the co-culture on drug acthlty This approach becomes
even more interesting when the drug being studied targets both cancer cells and osteoclasts, e.g., everolimus'®. This model can also be used to
identify new pathways of interaction between cancer cells and bone cells.

Human osteoclasts were differentiated from PBMCs of healthy donors who gave written informed consent to take part in the study. The study
protocol was approved by the local Ethics Committee, in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.

1. Osteoclast Differentiation

NOTE: Collect peripheral blood or buffy coats from healthy human donors in EDTA. Do not use less than 20 mL of peripheral blood. Buffy coats
are preferable because they have a greater abundance of mononuclear cells. Perform all the following steps in a sterile tissue culture hood.

1. Dilute EDTA whole blood 1:1 with 1x phosphate-buffered saline (PBS). Re-suspend well.

2. Layer on lymphocyte separation media (blood PBS: lymphocyte separation media, 2:1) in 50 mL tubes.
1. Pipette 30 mL of blood diluted in PBS into a 50 mL tube.
2. Gently underlay 15 mL of lymphocyte separation media into the bottom of the 50-mL tube.

3. Centrifuge at 757 x g for 10 min at room temperature (no brakes).

4. Collecting the mononuclear cells:
1. Collect the white layer of mononuclear cells with a 5 mL pipette without agitating and place it in a new 50 mL tube.
2. Dilute the collected PBMCs with 20 mL of PBS.

5. Washing the PBMCs:
1. Centrifuge at 225 x g for 5 min at room temperature.
2. Discard the supernatant by inverting the tube. Repeat once.

6. RBC lysis:
NOTE: If the cell pellet is red, treat cells with Red Blood cell lysing buffer solution (see Table of Materials).
Put the 50 mL tube on ice.
Add 5 mL of Red Blood cell lysing buffer.
Wait 3 - 5 min to complete the erythrocyte lysis. The time varies according to the degree of erythrocyte contamination.
Stop the reaction by adding 20 mL of PBS.
Centrifuge at 225 x g for 5 min at room temperature. Discard the supernatant by inverting the tube.
NOTE: Optional: If the RBC lysis is performed, wash the PBMCs as described below.

aorwb=

7. Wash PBMCs:
1. Add 20 mL of PBS and centrifuge at 225 x g for 5 min at room temperature.
2. Discard the supernatant by inverting the tube.

8. Re-suspend the cells in complete a-MEM (supplemented with 1% glutamine (initial concentration 100X) and 10% fetal bovine serum).
9. Count the cells with a Neubauer chamber.

1. Dilute the sample 1:100 in glacial acetic acid and use 10 pL of the dilution to count cells.

2. Count at least twice and calculate the mean of replicates to get the total mean number of cells collected.

10. Plate cells:
1. Plate cells at a concentration of 750,000 PBMCs per cm?.
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2. Store plated cells in an incubator at 37 °C in a 5% CO, atmosphere.
NOTE: Design the experiment to include negative controls, which are cells that are treated with normal complete a-MEM without MCSF
or RANKL GFs. Remember to perform each condition in at least 3 technical replicates. Perform at least 3 biological replicates.

11. Change the medium supplemented with GFs:
1. Wait about 3 h after the cell seeding and then remove the medium by pipette (200 - 1,000 uL) to discard debris, unattached cells, and
erythrocytes.
NOTE: Be careful when changing the medium to avoid cell detachment.
2. Add new complete a-MEM supplemented with 20 ng/mL of MCSF (500 pL/well).
NOTE: When co-culturing with cancer cells, seed the cancer cells the day after the PBMC seeding.

12. Change the media every 2 - 3 days (a-MEM supplemented with 20 ng/mL of MCSF):
1. Discard the medium by a 200 - 1,000 uL pipette.
2. Add new fresh medium by a 200 - 1,000 uL pipette.

13. 6-7 days after cell seeding, add 20 ng/mL of RANKL to complete a-MEM+MCSF.

14. Change the medium (complete a-MEM+MCSF+RANKL) every 2-3 days:
1. Discard the medium with a 200 - 1,000 pL pipette.
2. Add new medium with a 200 - 1,000 pL pipette. Stop induction of differentiation 14 days after cell seeding.
3. Discard medium and wash twice with PBS.

15. Fix cells with paraformaldehyde:
1. Leave cells to dry.
2. Add 4% paraformaldehyde (see Table of Materials).
3. Incubate for 20 min at room temperature.

16. Discard paraformaldehyde and wash twice with 500 uL of PBS.
CAUTION: Paraformaldehyde is toxic; please wear gloves, mask and eyeglasses.
17. Allow cells to dry.
18. Perform TRAP staining according to the manufacturer's instructions (see Table of Materials).
19. Count osteoclast-like cells manually under the microscope at magnification 10X; NA 0.30.
NOTE: Osteoclast-like cells are defined as TRAP+ polycarion cells with at least 4 nuclei.

2. Cancer Cell Cultures

NOTE: The experiments can be performed with different types of breast adenocarcinoma cell lines such as scP2" an osteotropic cell line
originating from the triple negative human breast cancer cell line (MDA-MB-231), and the hormonal receptor-positive cell line MCF7.

1. Culture the cells as a monolayer in 75-cm? flasks.
1. Seed 1,000,000 cancer cells in a 75-cm? flask.
2. Store the cells at 37 °C in complete a-MEM medium supplemented with 1% glutamine and 10% fetal bovine serum in a 5% CO,
atmosphere.

2. Detach the cells at a confluency of about 90%:
1. Discard the medium, wash with PBS, and add 2 - 3 mL of trypsin 1X in PBS.
2. Incubate cells for 3-5 min at 37 °C.
3. Collect the detached cells from the 75-cm? flask by a 10 mL pipette, adding 8 mL of complete medium to stop the enzymatic reaction.
4. Centrifuge at 225 x g for 5 min.

3. Wash the cancer cells:
1. Add 10 mL of PBS.
2. Centrifuge at 600 x g for 5 min.

4. Count cancer cells with a Neubauer chamber.
1. Count cancer cells at least twice and calculate the mean of replicates to get the total mean number of cells collected.

3. Direct Co-Cultures of Cancer Cells a nd Monocytes Undergoing Differentiation towards
Osteoclasts

1. Seed the cancer cells on inserts (pore diameter 0.4 pm):
1. Seed the cancer cells at a concentration of 4,000 cells per cm?.
2. Incubate at 37 °C and 5% CO,.
NOTE: Seed the cancer cells the day after PBMC seeding for the co-culture experiment in 0.4 um inserts.

2. Wait for 24 h to allow the cells to adhere.
3. Place the seeded insert culture over the mononuclear cultures to start the co-culture (see section 1.10 of the protocol).
4. Change the media every 2 - 3 days with complete a-MEM.

1. Discard the medium with a 200 - 1,000 uL pipette.

2. Add 500 pL of fresh medium.
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NOTE: The primary aim of the co-culture is to understand the osteoclastogenic power of cancer cells, therefore, the GFs are not added
to a-MEM. In each experiment of co-culture, include negative controls (see note in step 1.10 of the protocol) and positive controls of
osteoclasts differentiated by RANKL and MCSF (no cancer cells). Cancer cells seeded in the inserts not placed over mononuclear cells
are used as a negative control of the co-culture.

5. Stop the co-culture and use cancer cells for downstream analysis:
1. 13 days after PBMC seeding and 12 days after cancer cell seeding, place the insert on a new plate.
2. Stop cancer cell culture on the basis of which downstream analyses are to be performed (see Discussion).

6. On day 14, stop osteoclast differentiation and fix cells, as reported in step 1.15.

7. Perform TRAP staining immediately or within 14 - 30 days.
NOTE: Optional staining: To confirm that the TRAP+ polycarion cells are osteoclasts, researchers can perform additional staining to detect
CTR, an osteoclast-specific marker. The detection of F-actin rings is another osteoclast-specific staining assay1 1314,

Representative Results

A method was optimized to easily differentiate osteoclasts from human peripheral blood monocytes. The monocyte culture was cultured with
cancer cells, confirming (as described in the Iiterature18) that cancer cells are capable of sustaining osteoclastogenesis in bone metastases.
Osteoclasts differentiated from cancer cells and GFs are shown in Figure 1. An osteoclast-like cell is a cell with 4 or more nuclei and is positive
for TRAP staining (purple cells). The accepted cut-off for the number of nuclei used to define an osteoclast is 3" but we decided to use 4 to
reduce the risk of false positives to a minimum.

The model shows that breast cancer cells sustained osteoclastogenesis because the number of osteoclasts in the wells induced by cancer

cells was similar to that obtained in the positive control (Figure 2). As shown in Figure 2A, a number of cells also differentiated spontaneoule
into osteoclasts in the negative control. In order to confirm the usefulness of the model, the system was challenged with an antitumor drug12'1 .
Osteoclast numbers were higher in co-culture conditions and positive control (CTR+) samples than in negative control (CTR-) samples.
Osteoclast numbers significantly decreased in the presence of the drug (everolimus) in both co-culture conditions and positive controls (CTR+).
The t-test was used for statistical analyses. Cells were counted in each well. The surface areaof the osteoclast is a characteristic of maturation
and can be analyzed using open source software such as ImageJ. Osteoclasts derived from GFs were larger than those induced by cancer
cells (Figure 2B). Treatment with an antitumor drug (everolimus) turned off the effects of GFs. The model provided useful information on the
role of the drug in osteoclastogenesis inhibition. Figure 2C shows that osteoclastogenesis decreased in the presence of the drug. These results
were obtained by co-culture-induced osteoclastogenesis. As explained in the protocol section, a number of other downstream analyses can be
performed to investigate the mechanisms of the crosstalk and/or of the analyzed drugs. The model summarized in Figure 3 is highly versatileand
can be used to study the effect of drugs on cancer cells, in particular, osteoclasts.

Figure 1. Osteoclastogenesis assay. Cells stained after 14 days in culture. CTR- monocytes cultured in the absence of growth factors; CTR

+ monocytes cultured with RANKL and MCSF growth factors; COCO, osteoclasts obtained by co-culturing blood cells with cancer cells. 10X
maghnification. Osteoclast-like cells were cells with at least 4 nuclei that were positive to TRAP (purple cells). Cells were quantified by counting
the cells in each well; 4 replicates for each condition were performed and the average was calculated. The scale bar is 400 pm. The image zoom
in the lower panel (100X) illustrates the surface area of 2 osteoclasts (red circles). The arrows indicate osteoclast nuclei. Please click here to
view a larger version of this figure.
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Figure 2. Effect of everolimus on osteoclastogenesis treatment. (A) Number of osteoclasts according to the presence/absence of a drug;
4 replicates for each condition were performed. CTR- monocytes cultured in the absence of growth factors; CTR+ monocytes cultured with
RANKL and MCSF growth factors; COCO, osteoclasts obtained by co-culturing blood cells with cancer cells. Data are expressed as mean +
SE.Significance was evaluated by the t-test; *p<0.05. (B) Osteoclast surface area was calculated by ImageJ open source software. At least 50
osteoclasts per condition were measured. CTR- monocytes cultured in the absence of growth factors; CTR+ monocytes cultured with RANKL
and MCSF growth factors; COCO, osteoclasts obtained by co-culturing blood cells with cancer cells. (C) Images of the cells after 14 days in
culture in the absence or presence of an antitumor drug (everolimus). 10X magnification; scale bar is 400 ym. Please click here to view a larger
version of this figure.

Preclinical model of cancer cell-osteoclast interactions
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Figure 3. Co-culture model. Scheme of the model and of its possible downstream analyses and future applications. Please click here to view a

larger version of this figure.

Preclinical in vitro models studying the mechanisms of crosstalk between cancer cells and bone cells are needed to identify mechanisms of bone
metastasis that can be used to create new therapeutic strategies. We developed a fully human in vitro model of osteoclastogenesis from human
peripheral blood (Figure 3). During optimization of the methodology, a number of critical points were identified and resolved. The first concerned
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the quantity of mononuclear cells to seed. The number of cells obtained by the microscope count is only a rough quantification as it is difficult

to discriminate between lymphocytes and monocytes, the latter being the target cells to seed for the osteoclastogenesis experiment. We were
able to identify monocytes because lymphocytes do not adhere to plastic substrate and thus the majority was eliminated at the first change of
medium. The cells were seeded at a high density, as it is essential for the cells to be able to interact with each other for differentiation, especially
in the second phase of osteoclastogenesis in which pre-osteoclasts need to be close together in order to fuse and become mature osteoclasts.
A further difficulty arises when there are multiple experimental conditions because these require a high number of cells and a large amount of
blood. One possible solution is to use buffy coats that have a high concentration of PBMCs, e.g., 4 x 10°-6 x 10° mononuclear cells are normally
collected from a 50 mL buffy coat sample compared to fewer than 1 x 10° PBMCs collected from a 20 mL blood sample.

As blood samples were collected from different volunteers, there was some degree of variability in the osteoclastogenesis assay. It was thus
important to perform each assay with at least 3-4 technical replicates. Biological replicates were also needed and as different healthy donors
were used, we did not normally calculate the mean of values obtained by the different experiments. We ensured that the trends of the different
tests were equivalent and then chose one experiment from one of the healthy donors to be included in the manuscript.

Our preclinical model involves the co-culturing of monocytes undergoing differentiation with cancer cells. As we previously showed, cancer
cells can also sustain in vitro osteoclastogenesis1 *~. This system can be used to test drugs or to investigate mechanisms of interaction, as

it is possible to perform several downstream analyses on both the cancer cells and osteoclasts. In fact, it is possible to perform proliferation
assays on the cancer cells and gene expression analyses/Western blot assays on both cancer cells and osteoclasts'. It would be of interest to
understand how secreted proteins differ in the different conditions. Our model has a number of advantages, i.e., it is a fully human model that

is not dependent on murine cell lines, unlike several models reported in the literature. The model is also fairly robust and reproducible, and can
be used for other purposes. For example, other cancer cell lines can be co-cultured with osteoclasts and the difference in their osteoclastogenic
power studied. Moreover, this system can be used to evaluate other physiological or pathological mechanisms to improve our understanding

of bone biology and osteoclast-mediated diseases, such as osteoporosis. Other cytokines and cell types can also be co-cultured together with
osteoclasts depending on the aim of the experiment.

Several downstream analyses are possible with this model. It is important to decide during the design phase of the study what analyses will be
performed so that an adequate number of wells can be seeded.

Downstream Assays with Osteoclasts:

(i) Gene expression analyses. Plan additional wells of osteoclasts to extract total RNA, as the wells stained for TRAP evaluation are not available
for RNA extraction. (ii) Western blot analyses. (iii) Quantification of osteoclast surface area. Osteoclast size is a parameter for osteoclast
maturation and can be quantified using open source software such as ImageJ.

Downstream Assays with Cancer Cells:

(i) Proliferation assays such as MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. (ii) Gene expression analyses. (iii) Western blot
analyses.

Downstream Assays with Osteoclasts and Cancer Cells (Co-culture):

As cancer cells and osteoclasts share the same culture medium, their interaction can be studied with the ELISA assay which analyzesthe
secretion of specific cytokines, GFs and other secreted proteins.

The development of this model was crucial for our project and we plan to further improve it in the near future. A major step forward would be
to differentiate monocytes in 3D mineralized collagen scaffolds to mimic bone matrix. It would then be possible to directly evaluate osteoclast
activity with a bone resorption assay. As we continue to learn more about the diverse roles played by osteoclasts in physiological and
pathological processing ranging from bone remodeling to regulating bone metastases, our model will enable researchers to isolate and study
osteoclasts in vitro.
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