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Abstract: Background/Objectives: Triple-negative breast cancer (TNBC), castration-resistant
prostate cancer (CRPC), and multiple myeloma (MM) are common cancers associated with high
incidence of bone metastases, leading to high mortality, severe pain and reduced quality of life.
Preclinical drug development in these cancers typically focuses solely on primary tumors,
overlooking the critical bone metastatic tumor microenvironment that plays a key role in the unique
aspects of osteo-immuno-oncology, highlighting the need for clinically predictive bone metastasis
models. The aim of this study was to establish preclinical models that represent clinical features of
bone metastases in patients and serve as predictive tools to drive drug development. Methods:
TNBC, CRPC and MM cells were inoculated into the bone marrow of mice. Tumor growth was
monitored by bioluminescence imaging (BLI), cancer-induced bone loss by scoring X-ray images, and
bone pain by von Frey filaments. Results: All mice developed bone metastases, with high tumor
burden observed at days 21, 28, and 56 in the TNBC, CRPC, and MM models, respectively. Tumor-
induced osteolytic, osteoblastic or mixed bone changes closely resembled those seen in patients. Bone
pain, a key indicator of quality of life, correlated with tumor burden and bone loss. Conclusions: The
established preclinical models accurately represent clinical features, including tumor-induced bone
changes and pain, that are observed in bone metastatic TNBC, CRPC and MM patients. Given their
clinical presentation, these models should be integrated into drug development to reliably assess
novel therapies in these indications, with a proper focus on bone metastases.

Keywords: metastasis; bone metastases; triple negative breast cancer; castration resistant prostate
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1. Introduction

Metastases remain the major cause of cancer-related deaths [1]. Drug development for metastatic
disease has concentrated on treating the primary tumor in neoadjuvant or adjuvant setting to prolong
the time for metastatic relapse. This has worked to some extent, but the problem remains and still
today metastases remain incurable and are driving low survival rates in stage IV patients across
cancer types. Therefore, there is an urgent need to develop therapies that can effectively and
specifically treat metastases.

Bone metastases are a major problem in most common cancers including, but not limited to,
breast and prostate cancer [2] where bone metastases remain incurable and a significant cause of
mortality [3,4]. Deaths in bone metastatic patients are almost entirely due to skeletal complications
[5]. Bone metastases can be classified into osteolytic and osteoblastic (or mixed) metastases,
depending on whether the cancer cells induce increased bone resorption or bone formation,
respectively [3].

Bone metastases account for about 75% of metastases in advanced breast cancer, being the most
common metastatic site, followed by lung, liver and brain [6]. Breast cancer bone metastases are
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typically osteolytic, accounting for 80% of breast cancer bone metastases, about 20% being
osteoblastic [3]. However, both osteolytic and osteoblastic lesions are typically observed in patients,
but the type is classified based on the dominant type.

More than 90% of advanced prostate cancer patients develop bone metastases [4], and prostate
cancer is classified as a bone disease because of the high skeletal involvement. Prostate cancer bone
metastases are typically osteoblastic, inducing a rapid growth of pathologic new bone [3].

Multiple myeloma (MM) is a disease of the bone marrow that results in osteolytic bone loss [7]
associated with problems similar to bone metastases in breast cancer, and also remain incurable [8].
Nearly 90% of MM patients develop myeloma bone disease associated with high risk of fracture and
bone pain [9].

In addition to the high mortality associated with bone metastases, they also account for many
other complications that decrease the quality of life, including bone pain, hypercalcemia and
increased risk of fractures [2,3]. The increased risk of fractures is related to all cancer types regardless
of whether the cancer-induced bone changes are osteolytic or osteoblastic. Bone pain caused by
metastases can become constant and very severe at end-stage disease [10].

Upon diagnosis of bone metastases, treatment begins with the same chemotherapy that the
patient has received as first-line treatment. Importantly, many current cancer treatments, including
but not limited to aromatase inhibitors in breast cancer and androgen-deprivation therapy in prostate
cancer, further increase bone loss and therefore make bone-related complications even worse [11].
Cancer- and treatment-induced osteolytic bone loss can be treated with zoledronic acid in breast
cancer [12] and MM [13]. Denosumab, another agent that prevents bone loss, is more commonly used
in prostate cancer bone metastases. A recent meta-analysis demonstrated that zoledronic acid and
denosumab were comparable in increasing overall survival and disease progression, but denosumab
was more effective in reducing the number of and increasing the time to develop skeletal-related
adverse events, and with less observed toxicities [14].

Because of the high unmet medical need driven by the high mortality rate and decreased quality
of life, new treatment options are urgently needed, specifically with focus on bone metastases and
MM bone disease. A key challenge is the limited recognition of the importance of bone metastases in
drug development, which may result from several factors—particularly the perception that primary
tumor models are more convenient, readily available and most commonly used in early stages of
drug development. However, utilizing appropriate preclinical bone metastasis models would: 1)
allow studying effects of therapies directly in bone metastatic microenvironment, 2) mimic the
important clinical features of bone metastases, and 3) allow assessing effects on cancer-induced bone
pain and quality of life.

A major limitation of most preclinical models is the lack of correct metastatic tumor
microenvironment, especially in traditional cell culture and organoid models [1], but also in the
commonly used preclinical animal models. To get the most predictive and translational data from
preclinical animal studies, the tumors should be growing in their natural tissue microenvironment.
Bone is a peculiar organ and bone cells have many interactions with tumor cells, commonly explained
by a concept called ‘vicious cycle of bone metastasis’ [15]. This concept means that cancer cells
increase bone turnover, resulting in an increased release of tumor growth promoting factors from the
bone, leading to increased tumor growth. However, the vicious cycle does not include the vital role
of immune cells in bone metastasis. Osteo-immuno-oncology (OIO) concept emphasizes the complex
interactions between tumor, bone and immune cells [16]. These new insights are critical for
developing more effective therapeutic strategies that address all aspects of cancer. Integrating
preclinical OIO models [17] into translational research enables a more accurate representation of
human disease, offering better prospects for treatment. This approach facilitates the identification of
novel therapeutic targets and the development of treatments that can effectively modulate both the
immune response and bone remodeling processes. As our understanding of these complex
interactions deepens, integrating OIO into drug development becomes essential for addressing the
multifaceted nature of bone metastatic diseases across various cancer types.
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The most clinically relevant preclinical model for studying bone metastases involves tumors
growing in bone microenvironment of either immunocompetent or immunodeficient mice,
depending on the specific indication and research requirements. Methods to induce metastasis to
bone are described for example by Kéhkoénen and co-workers [18,19]. In the current study, we
established preclinical immunocompetent bone metastasis models for triple-negative breast cancer
(TNBC) and castration-resistant prostate cancer (CRPC), the most common cancers affected by bone
metastases, and an immunodeficient model for MM bone disease, with focus of the model
development being on clinical resemblance.

2. Materials and Methods
2.1. Animal Information, Welfare and Housing

Animal studies were conducted at Pharmalegacy Laboratories, a preclinical contract research
organization (Shanghai, China), under ethical approval of local ethics committee, and all studies have
been approved by the Pharmal.egacy Laboratories IACUC.

Four to five weeks old mice were used in the studies (Shanghai Jihui Laboratory Animal Care,
see strain information in Table 1). The mice had ad libitum access to rodent food (irradiated, Xietong
Organism biological technology co., Ltd., China) and in-house produced water.

Animal welfare was monitored daily, and the mice were weighed 2-3 times per week to monitor
their wellbeing.

2.2. Intratibial Inoculation

The cell lines, their growth conditions and the number of inoculated cells are provided in Table

1 below:
Table 1. Cell line information.
Name of cell line Growing condition Number Mouse
strain
4T1-luc RPMI-1640, 10% FBS 1x10M4
BALB
(mouse TNBC cells) fe
RM-1-luc RPMI-1640, 10% FBS 5x 10"5
’ C57BL/6
(mouse CRPC cells) /
RPMI-8226-luc RPMI-1640, 10% FBS 1x10™6 NPG
(human MM cells)

In all models, the cancer cells were adjusted to a volume of 10 ul in PBS, and slowly injected into
the left tibia of each mouse anesthetized with 3 — 4% isoflurane. A fine needle was used to gently drill
a hole through the proximal tibia to allow access to bone marrow cavity. When the needle was
expected to be in the correct position, an X-ray image was taken to verify the correct location. After
verifying the correct position, the cells were slowly inoculated into the bone marrow. After the
inoculation, animal welfare was carefully monitored and pain medication was given for 2 consecutive
days following the inoculation.

In the RM-1 model, the mice were castrated before the cancer cell inoculation. Appropriate pain
medication was given 3 days after the surgery. The cancer cells were inoculated 7 days after the
castration, when the mice had recovered from the surgery.

2.3. Bioluminescence Imaging (BLI)

Tumor growth in bone was monitored by Bioluminescence imaging (BLI) using IVIS Lumina
XRMS (Revvity). Thirty minutes before imaging, the mice received intraperitoneal injection of
luciferin, and 30 minutes after each luciferin injection, the mice were anesthetized with isoflurane
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and kept sleeping for the duration of the imaging. For all mice, the bioluminescence intensity (p/s),
indicating tumor burden, was analyzed at each imaging timepoint.

2.4. X-Ray Imaing

Cancer-induced bone changes were visualized by X-ray imaging under isoflurane anesthesia.
One image visualizing both hind limbs was taken, and the un-inoculated leg was used as a control
for the cancer-induced bone changes observed in the inoculated leg. The extent of cancer-induced
bone changes was analyzed by scoring the lesions from 1 to 5, where score 1 was given to mice with
clear yet small tumor-induced changes and score 5 was given to mice with major cancer-induced
bone destruction.

2.5. Bone Pain

Bone pain was analyzed by mechanical allodynia using Von Frey filament test. For consecutive
3 days before the first measurement, the mice were allowed to adopt to the measurement
surroundings. During the measurements, the mice were placed in a transparent plastic box with a
wire mesh base. The following procedure was used: 1) In each test, a von Frey force of 0.4 g was
perpendicularly delivered to the mid-plantar region of hindpaw for about 3-5 s; 2) If the mouse
responded by withdrawing its paw, the next lower force was used; 3) If the paw was not withdrawn,
the next higher force was used. This procedure was followed until the threshold level between a non-
response and paw-withdrawal was determined. The force levels used were between 0.02 — 4 g. The
50% paw withdrawal threshold was calculated as follows:

50% g threshold = (10"[Xf+kd])/10,000

Where Xf is the force of the last von Frey used, d = 0.31 is the average interval (in log units)

between the von Frey monofilaments, and k depends upon the pattern of the withdrawal responses.

3. Results
3.1. TNBC Bone Metastasis Model

In the TNBC bone metastasis model using 4T1 mouse TNBC cells, 100% tumor take rate was
observed. The bone metastases formed and grew rapidly, reaching a high tumor burden at the
endpoint of the study (Figure 1A,C upper row). 4T1 cells induced mainly osteolytic bone loss, and
cancer-induced bone changes were observed earliest at day 7, and extensive bone loss at day 21
(Figure 1B,C lower row). Due to the high tumor burden and extensive bone loss, the study was
terminated 21 days after the cancer cell inoculation.
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Figure 1. A) Development of tumor burden during the study, as determined by BLI; B) Development of cancer-
induced bone loss during the study, as determined by X-ray imaging. Bone lesions were scored from 1 to 5 by
visual estimation of the X-ray images; (C) Disease development in a representative mouse. Upper row: Tumor
burden detection by BLI during the study. Tumors were detected 4 days after the 4T1 cell inoculation. Lower
row: Tumor-induced bone loss (bone lesions) visualized by X-ray imaging. Bone lesions were observed at 7 days

after the 4T1 cell inoculation, and extensive bone loss was observed at the end of the study (day 21) in all mice.

3.2. CRPC Bone Metastasis Model

In the CRPC bone metastasis model using RM-1 mouse CRPC cells, 100% tumor take rate was
observed in naive and castrated mice. Extensive tumor growth was observed from day 14 forward
and high tumor burden a the endpoint at day 28 (Figure 2A,C). RM-1 cells induced mixed bone
lesions including both osteolytic bone loss and osteoblastic rapid growth of pathologic new bone.
Cancer-induced bone changes were observed earliest at day 14 and extensive bone loss at day 28
(Figure 2B,D). Due to the high tumor burden and extensive bone loss, the study was terminated 28
days after the cancer cell inoculation. There were no differences in tumor growth or cancer-induced
bone loss between naive and castrated mice.
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Figure 2. A) Development of tumor burden during the study, as determined by BLI; B) Development of cancer-
induced bone loss during the study, as determined by X-ray imaging. Bone lesions were scored from 1 to 5 by
visual estimation of the X-ray images; (C) Tumor burden detection by BLI during the study. Disease
development in a representative naive and castrated mouse. Tumors were detected 3 days after the RM-1 cell
inoculation; (D) Tumor-induced bone loss (bone lesions) visualized by X-ray imaging. Bone lesions were
observed 14 days after the RM-1 cell inoculation, and extensive bone loss at the end of the study (day 28) in all
mice.

3.3. MM Bone Disease Model

In the MM bone disease model using RPMI-8226 human MM cells, 100% tumor take rate was
observed. Bone metastases formed early and grew steadily during the study (Figure 3A,C). RPMI-
8226 MM cells induced osteolytic bone loss that remained moderate during the study period. Cancer-
induced bone changes were observed ealiest at day 14 and in all mice at day 21 (Figure 3B,D). The
mice were followed for 100 days until their clinical condition relapsed.
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Figure 3. A) Development of tumor burden during the study, as determined by BLI; B) Development of cancer-
induced bone loss during the study, as determined by X-ray imaging. Bone lesions were scored from 1 to 5 by
visual estimation of the X-ray images; (C) Tumor burden detection by BLI during the study. Disease
development in representative mice. Tumors were detected 7 days after RPMI-8226 cell inoculation. (D) Tumor-
induced bone loss (bone lesions) visualized by X-ray imaging. Bone lesions were observed at 14 days after RPMI-
8226 cell inoculation, and extensive bone loss at the end of the study (day 56) in all mice. Arrows indicate
osteolytic bone loss.

3.4. Cancer-Induced Bone Pain

Cancer-induced bone pain was analyzed in the TNBC model at days 4, 7, 14 and 21 and in the
CRPC model at days 4, 7, 14, 21 and 28. These schdules followed the timepoints of tumor burden and
cancer-induces bone loss analysis. Bone pain was detected earliest at day 4, and it gradually increased
towards the end of the studies. A significant correlation was observed for bone pain with tumor
burden and cancer-induces bone loss (Table 2).

Table 2. Pearson correlation between tumor burden, bone loss and bone pain.

Correlation Tumor burden Bone loss Bone pain

Tumor burden - r=0,9318, p=0.0173* | r=0,9797; p=0.0051 **
Bone loss r=0,9318; p=0.0173 * - r=0,9836; p = 0.0042 **
Bone pain r=0,9797; p = 0.0051 ** r=0,9836; p =0.0042 ** -

4. Discussion

Clinically relevant preclinical bone metastasis models for breast and prostate cancer and MM
bone disease were established. These models mimic important clinical features, including tumor-
induced bone changes and pain, that are observed in bone metastatic TNBC and CRPC patients and
MM patients with bone disease.

Efficacy of new cancer therapies is commonly tested in subcutaneous mouse models, where
tumor cells are inoculated under the skin. This model system is useful for addressing some research
questions, but it is not clinically relevant for studying efficacy on metastases with unique tumor
microenvironment. Tissue microenvironment in metastastic organs has a strong impact on growth of
metastases. Especially in bone metastases, tumor, immune and bone cells have many underlying
interactions that help to promote the growth of bone metastases through the novel OIO concept. Such
interactions can only be achieved when the tumors are growing in bone microenvironment. Testing
the efficacy of a new therapy in preclinical bone metastasis models will therefore provide the most
clinically relevant readout for the efficacy of the the therapy on bone metastases in patients.
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In the preclincial models that were developed in this study, we observed similar effects of
tumors on bone than are observed in bone metastatic patients. TNBC and MM cells induced ostelytic
bone metastases and CRPC cells induced ostaoblastic bone metastases, indicating that the tumor cells
are inteacting and secreting similar factors to promote bone effects that are also present in
corresponding bone metastastic patients.

The quality of life is an important factor in advanced cancer patients. Bone metastastic patients
experience increased risk of fractures, hypercalcemia and especially bone pain. In this study, we
analyzed bone pain of the animals with a validated method commonly used for example in
osteoarthritis research. Bone pain has been less studied in oncology studies, but the mechanisms have
been reviewed for example by Jimenz-Andrade and co-workers [10]. In this study, we analyzed bone
pain in breast and prostate cancer models and observed that the magnitude of bone pain correlated
strongly with tumor burden and cancer-induced bone loss.

The established models can be modified to address different research questions such as
prevention of tumor growth or treatment of established tumors. For studying prevention of bone
metastases, treatment is started at the same time with the tumor cell inoculation. In this study, we
establised timepoints for studying efficacy on established tumors, where treatment is started when
the tumors have already been formed and are growing. It has been speculated that there may be
disrepancies between early treatment of micrometastases in animal models and treatment of
macrometastases in patients [1]. For studying effects of therapies on macrometastases, treatment
should be started even later, but the maximum length of the study needs to be considered.

Preclinical bone metastasis models have been only considered for different bone-targeting
therapies or therapies with high affinity to bone. Good examples of such approaches are radium-223,
an approved therapy for bone metastatic CRPC, and bisphophonates, a class of compounds that
inhibit activity of bone resorbing osteoclasts and help to prevent cancer-induced bone loss in breast
cancer and MM [1]. However, bone metastasis models should be widely used in any cancer drug
development program for therapies in cancer indications with high probability to metastasize to bone
such as breast and prostate cancer and MM, but also for example in lung and colorectal cancer. This
would support new target identification and help to get clinically relavant information on efficacy of
therapies on bone metastases and shorten the gap between preclinical and clincial development,
considering that most patients included in clinical trials are late-stage patiens with bone metastastic
disease.

5. Conclusions

In this study we established clinically relevant preclinical bone metastasis models for TNBC,
CRPC and MM bone disease. The established models closely recapitulate key clinical features,
including tumor-induced bone remodeling and pain, offering a clinically meaningful platform for
evaluating therapeutic efficacy in bone metastatic setting. Compared to conventional subcutaneous
models, these bone-specific models better reflect the tumor microenvironment and the critical tumor-—
bone-immune interactions fundamental to disease progression, as highlighted in the emerging field
of OIO. The ability to assess cancer-induced bone pain adds further translational value. Importantly,
these models are adaptable for both prevention and intervention studies. Given the current lack of
therapies specifically targeting bone metastases, these models provide a critical tool to bridge the
translational gap. These preclinical models should be integrated into oncology drug development to
ensure that therapeutic strategies effectively address the complex challenges of bone metastatic
disease across a range of cancer indications.
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Abbreviations

The following abbreviations are used in this manuscript:

BLI Bioluminescence imaging

CRPC Castration-resistant prostate cancer

MM Multiple myeloma

OIO Osteoimmuno-oncology

TNBC Triple-negative breast cancer
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