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3. Integrating Bench Top Experiments and Math Modeling 

1. Context: Bone Malignancies and The Vicious Cycle

• Various metastatic malignancies are osteophilic, including prostate, lung and breast cancer
• Most cancers are incurable at bone-metastatic stages and cause vicious cycle by disrupting osteolysis and

osteogenesis, resulting in poorly-vascularized brittle bone with painful lesions susceptible to fractures
• Microenvironment-targeted therapies have enjoyed success in some primary solid malignancies but their

application in bone metastatic diseases are unknown
• Here we take an interdisciplinary multiscale in silico/in vivo approach to understand the largely unexplored

role of the bone environment and ecosystem in bone metastatic cancer.

2. Vignette: Macrophages in Bone Remodeling/Repair

A. Macrophage behavior in bone remodeling (Raggatt et al. 25285719, Schindeler et al. 18692584 Horwood 26498771). Arrows
indicate differentiation process or agonistic interaction. B. Temporally-regulated polarized pro- and anti-inflammatory
macrophages emerge to trigger clearance and repair responses bye osteoblasts and osteoclasts to restore the bone
microenvironment.
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Math modeling facilitates the simultaneous observation of multiple cell populations and their interactions over time within
a complex microenvironmental system. Math models powered by empirical and published parameters allow researchers to
identify key components within networks of interactions, and make in silico predictions that can be validated biologically. A.
The math model was initially parameterized to reflect cellular interactions underlying normal bone healing processes prior
to the integration of metastatic prostate cancer cells. B. Building in silico models require a blend of empirical and published
data to appropriately parameterize the model.

8. Conclusions and Future Directions
• Model credibility can be ensured by the

combination of multidisciplinarity and multi-
modeling expertise.

• Access to expertise from synergistic programs
allow us to obtain feedback that has been used to
increase the credibility of our modeling
approaches.

• Future work includes inviting IMAG members to
check code and experimental data.
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4. Combining multidisciplinary expertiseMouse model of bone injury
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data. Lifespans of the cells were fixed on values 
retrieved from the literature, other parameters were 
calibrated on data points. Error bars: ± std dev.

B.
tion. Analysis  of   macrophage response to bone 
injury over  time was performed by FACS-analysis 
of the whole bone marrow at various time  points fol
lowing injury. Temporal quantitation of total macro
phage (CD11b+ F4/80+), inflammatory (NOS2+) 
and anti-inflammatory (ARG-1+) macrophages 

B

Bone dynamics

A minimal model where

• M1 cells stimulate osteoclastogenesis

• M2 cells stimulate osteoblastogenesis

Combine all
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The interactions between Osteoclasts (OC) and Osteoblasts (OB) orchestrate bone remodeling and
homeostasis. Bone is determined by the balance between OBs and OCs on the existing bone, where
OBs increase the bone volume and OCs decrease the bone volume. Thus:

B(t) = B(t� 1)| {z }
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+
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where OBs and OCs are in the range Bhti 2 [0, 2]. Furthermore, the e↵ect of OBs an OCs is further43

fractionated to create a more realistic dynamic, which creates the equation:44

B(t) = B(t� 1) +
1

constant
⇤ (pOB ⇤ (2�B(t� 1))� pOC ⇤B(t� 1)) (1)

Using this equation for the bone, we can now begin to describe the dynamics of the OB and
OC populations:

p1(t+ 1) = p1(t)| {z }
Proportion of Player 1

⇤W1(t)

hW i (2)

where hW i =
nX

i=1

pi(t) ⇤Wi(t)| {z }
Fitness Function of Player i

(3)

Here we describe the pay o↵ matrix describing the interactions between OBs and OCs as well45

as with tumor cells that might (T) or might not be susceptible to treatment (TR).46
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where ↵ =
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and where � =
pOC
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The variables in the matrix are defined as follows:47

1. ↵:The benefit an [more details needed citation]48

2. �:[more details needed citation]49

3. �: The benefit a tumor receives from interacting with Osteoclasts [citations]50
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followed by an activation of resident fibroblasts to 
synthesize growth factors and matrix proteins that 
remodel the damaged tissue and promote epithelial 
proliferation in a highly choreographed succession of 
events to repair the wound [57].  

During post-damage organ repair there is extensive 
synthesis of new matrix proteins that provide a scaffold 
for rebuilding the tissue architecture required for normal 
function. This scaffold is known as granulation tissue. 
The source of this new matrix is activated fibroblasts 
originally termed 'myo'fibroblasts due to their modified 
cytoplasmic filamentous apparatus [58]. The newly 
formed cytoskeleton contains actin, myosin and other 
proteins associated with smooth muscle cells making 
the modified cell type a hybrid of fibroblasts and 
smooth muscle cells [57]. Functionally, myofibroblasts 
provide a contractile stress fiber system responsible for 
wound closure. This initial contraction is subsequently 
stabilized by ECM deposition, which is then followed by 
a wave of apoptosis of the activated fibroblasts to 
terminate the granulation. The apoptosis of 
myofibroblasts can be inhibited for a variety of reasons 
leading to their overabundance that causes abnormal 
scarring due to excessive ECM production [59].  

In addition to granulation tissue, myofibroblasts are 
found in fibrotic diseases of the liver, lung and skin as 
well as neoplasms of numerous organs. Fibrotic 
diseases are characterized by an overabundance of 
ECM that results in functional impairment due to the 
constitutive presence of myofibroblasts. The balance 
between matrix metalloproteinases (MMPs) and tissue 
inhibitors of metalloproteinases (TIMPs) regulates 
matrix production and degradation as necessary during 

the normal course of tissue reconstruction. In fibrotic 
disease, an imbalance of MMPs and TIMPs likely 
inhibits the normal elimination of myofibroblasts by 
inhibiting the responsible apoptotic mechanisms. The 
resulting imbalance in the surrounding ECM and 
myofibroblasts is attributed to the loss of function 
observed in fibrotic organs [57]. 

Although initially identified by expression of vimentin 
and desmin, the development of smooth muscle alpha 
and gamma actin antibodies provided a major 
breakthrough for quantitation of myofibroblasts and led 
to the observation that as much as 80% of carcinoma-
associated fibroblasts (CAF) were positive for smooth 
muscle-alpha-actin [60]. Wound repair fibroblasts and 
carcinoma-associated fibroblasts share common 
characteristics including expression of fibrin, 
fibronectin, collagen types III, IV and V, laminin and 
elastin [61]; these cell types are found transiently in 
wound repair versus their constitutive presence in 
cancer microenvironments Fig. (3).  

In addition to shielding tumor cells against systemic 
immunity [62], a fibrous stroma in tumors increases the 
proliferation and invasiveness of tumor cells through 
increased angiogenesis, influx of inflammatory cells, 
and secretion of mitogenic and motogenic factors [63, 
64]. Moreover, the loss of compliance within a tumor is 
due to stromal matrix stiffening and is thought to 
promote malignancy by perturbing tissue polarity and 
architecture [65]. These tensional regulatory 
mechanisms also play a role in normal branching 
morphogenesis and suggest that a change in the 
pattern and density of ECM synthesis by the stromal 
compartment may contribute to malignancy by altering 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (2). Control of Bone Homeostasis. The constant balance of bone degradation and deposition necessary for proper bone 
function is achieved through a steady regulation of osteoclasts and osteoblasts, respectively. Osteoclasts resorb bone, which is 
then replaced by osteoblasts. This allows the body to regulate bone volume in response to physical and biochemical stresses, 
(e.g., weight bearing exercise results in increased bone density). Changes in the balance between resorption and deposition 
can result in weaker bones as seen in osteoporosis. 

Bone is a highly dynamic organ where the amount and
quality depend on the interactions between various cell
types, mainly bone-depositing osteoblasts and bone
resorpting osteoclasts.

The cancer ecosystem is made of many
different cell types and environmental
factors that can play a role in a number
of skeletal diseases including metastatic
cancer.

By integrating modeling expertise at different levels
(agent-based, ODE, etc) as well as experimental models
and clinical data and expertise we ensure that all
aspects of our approach are thoroughly discussed.

Key in vivo experiments are performed with
the mathematical model in mind.
Experimental data at one scale either
parameterizes the mathematical model or
provides support for the emergent outputs
and hypothesis generated by the equations.
This way, key mathematical assumptions are
grounded in experimental generated
specifically for the project.

Our group has developed expertise in a variety of mathematical and computational
approaches. As a consequence, many of the insights and assumptions governing our
description of bone remodeling, injury repair and homeostasis have been tested using spatial
and non spatial models, agent-based and ODE models as well as game theoretical ones. The
degree of agreement between the outputs generated by all these models allow us to trust tht
the fundamental biology is recapitulated.

5. Multiprogram credibility

As part of Moffitt’s Integrated Mathematical Oncology
department. The PIs and investigators of this of this
grant have access to Moffitt-based researchers and
expertise in initiatives that are synergistic with IMAG
MSM such as the NCI’s CSBC and PSON. Seminars,
retreats and departmental meetings allow us to get
feedback with regards to our MSM-funded research.


