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The cellular composition of tumors is highly heterogeneous, involving not only
divergent lineages of transformed cancer cells, but also host cells of the stroma
and immune system. The complicity of protumoral host cells is essential for
conferring malignancy and promoting progression in tumor in a wide range of
solid tissues, including breast, pancreas, and brain. This understanding has led
to the concept of ecological treatment: that is, molecular therapies aimed not
directly at the destruction of cancer cells, but at disrupting interactions between
tumor cells and host cells or the microenvironment, in effect creating a microenvironment unfavorable for tumor progression. In order to design effective ecological interventions and predict the course of progression of complex tumors, a
quantitative understanding of the interactions between cellular subpopulations
in tumors is essential. The theoretical branch of ecology has long established
a history of using mathematical modeling to describe and predict the behavior
of heterogeneous populations consisting of myriad interacting individuals each
susceptible to noise in their responses to local stimuli, and complex systems
comprised of different subpopulations engaged in asymmetrical interactions.
We adapt some of these models—specifically, an agent-based self-propelled
particle model and a population dynamics differential equation model—to the
problems of stromal cell-dependent cancer cell migration and growth. From
the former study, I find that paracrine signaling between tumor cells and increases the stability and efficiency of a preexisting tumor cell collective migra-

tion phenotype, rendering the net comigratory behavior more robust against
microenvironmental fluctuations. From the latter study, I find that gliomas dependent upon protumoral tumor-associated macrophages for growth undergo
multi-phasic growth dynamics. I also conclude that macrophage-targeted treatment of such tumors in a linear stage of progression leads to tumor reduction
dependent on the size and composition of the tumor at the time of treatment
initiation, and that tumors exhibiting weak response to such a treatment may
harbor hidden vulnerability to combinatorial therapy. In addition, I infer from
these theoretical studies possible methods of intervening in protumoral ecological interactions.
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CHAPTER 1
INTRODUCTION TO THE CANCER ECOSYSTEM

1.1

The multistage clonal sweep theory of cancer and where it
got us

The persistently dominant model of the progression of cancer on the cellular
level has been that of evolution through multistage clonal sweeps [119, 112]. According to this paradigm, cancer is stochastically initiated by genomic alteration
in a single cell of origin, conferring that cell and its descendent clones a selective
advantage over surrounding untransformed, ‘healthy’ cells. This selective advantage is driven by the acquisition of one or more phenotypic markers of a set
known as the hallmarks of cancer [86]. Such ‘hallmarks’ include evasion of apoptosis, unrestricted proliferation, and invasion. The tumorigenic clone would
expand and generate a genomically identical descendant population. From this
clonal background, one offspring cell would stochastically acquire a mutation
conferring a second hallmark of cancer, rendering it more selectively fit than its
peers and forebears. The clones of this cell would outcompete the other cells in
the tumor and sweep through the tumor, replacing all cells in the tumor with
its clones. (It was speculated that there was a sequence by which the hallmarks
of cancer must be acquired, though this sequence was unknown.) This new
population would then form the background for the emergence of the next generation of cancer cells expressing the third hallmark of cancer, etc., and thus
drive the cancer toward increasing malignancy as the overall cancer cell population expanded locally through growth and invasion into surrounding tissue,
and eventually distally through metastasis.
1

The multistage clonal sweep theory of cancer was generated and corroborated by, observations of homogenized tumor tissue near the end stages of
the disease, when tumors become clinically detectable. At this stage, tumors
display maximal malignancy and evolutionary fitness. The advent of genomic
sequencing led to the discovery of mutations and copy number alterations distinguishing cancer tissue from ‘normal’ tissue in the same individual that were
repeatedly observed across different patients of the same disease type. This resulted in a view of cancer in which each cell in a tumor possessed the full set
of phenotypes necessary to drive cancer progression, and these phenotypes, in
turn, were caused by a limited set of genomic alterations. Thus originated the
creation of targeted therapy—the design of molecules that would bind to and inhibit the expressed protein products of dysfunctional genes responsible for generating the hallmarks of cancer in malignant cells. Among the best-known and
most effective examples of such treatments are the treatment of chronic myeloid
leukemia with Gleevec (imatinib) [49, 113] and the treatment of melanoma with
BRAF inhibitors [62].

1.2

1.2.1

Intratumoral heterogeneity and the cancer ecosystem

Heterogeneity in the cancer cell population

Although capable of achieving unprecedented response with few to no side effects on short time scales, continued effectiveness of most targeted therapies
are eventually stymied by regeneration of the tumor from a non-responsive, or
resistant, subpopulation of cancer cells [63], suggesting the presence or devel-
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opment of intratumoral cellular heterogeneity on the genomic and phenotypic
levels [73].
A direct consequence of phenotypic heterogeneity can be the emergence and
maintenance of a subpopulation of cancer cells that resist treatment and/or possess the capacity to regenerate the tumor mass through proliferation [137] [53].
Others may include the emergence and maintenance of a metastasis-initiating
subpopulation [90]. In other words, a minority subpopulation of cancer cells
could be responsible for clinically significant events such as metastasis or tumor relapse after treatment, leading to apparent resilience of the tumor even in
situations where the majority of malignant cells have been neutralized by treatment or an inhospitable tumor microenvironment. Less obvious consequences
of phenotypic heterogeneity among the cancer cell population can be the emergence of more complex interactions between phenotypic subpopulations and
eventual construction of a ‘cancer cell society’ [89]: a stably heterogeneous system whose dynamics are determined by a complex network of interactions between subpopulations of cancer cells or stromal/immune cells. The dynamics
of such a society of cells may be determined by cooperative [9] as well as competitive interactions.

1.2.2

Models of cancer cell heterogeneity

Within the literature, there are at least three conceptual models for how functional heterogeneity emerges in the cancer cell population. We introduce them
here as the clonal evolution model, the hierarchical differentiation model, and the
phenotypic switching model. In reality, it is most probable that all three models
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have validity, and that their respective proposed mechanisms operate concurrently in any biological cancer cell population.

Clonal evolution

The first is the gene-oriented theory of clonal evolution [79]: random genomic
variation emerges due to factors including the loss of genomic stability in cancer cells, sometimes known as the ‘hypermutator’ phenotype [106]. Fitnessconferring mutations are preserved and amplified through Darwinian selection,
though they may not reach fixation due to clonal interference, cooperation, and
other complex ecological relationships between clonal lineages. Clonal diversity may not emerge purely due to fitness effects: as the tumor expands in size,
it is possible for different clonal lineages to segregate due to genetic drift at the
expanding front. Thus, different spatial regions in a solid tumor may exhibit
different genomic profiles. This phenomenon has been observed in bacterial
cultures [84].

Cancer stem cells

On the other hand, even genetically identical cancer cells can differ in phenotype. One proposed mechanism for this variation is the cancer stem cell model.
This model proposes that cancer cells are divided into self-renewing cancer
stem cells (CSCs) and differentiated cells with limited renewal capacity. Because
CSCs are not limited in the number of divisions they may undergo, though they
may comprise a minority of cells in the overall cancer cell population, they may
be able to regenerate the tumor after therapy has depleted the majority of differ-
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entiated cancer cells [52]. Furthermore, because CSCs have unlimited renewal
potential, compared with differentiated cells that are limited in the number of
divisions they may perform, mutations will accumulate in the CSC compartment and propagate to the differentiated cell population.

Phenotypic switching

Phenotypic heterogeneity within a clonal population can also result from intrinsic stochastic fluctuations of intracellular regulatory networks. Huang et al
suggested [91] that the complex regulatory networks governing cell behavior
possess a finite number of attractor states, corresponding to cell fates. Intrinsic
thermodynamic fluctuations within this network may drive transition between
phenotypes. In agreement with this conjecture, Gupta et al [82] found that breast
cancer cells stochastically convert between stem-like, luminal, and basal phenotypes with dynamics that can be fit to a Markov state transition model, and that
each purified phenotypic subpopulation is capable of differentiating to generate the input distribution of phenotypes in culture. They also found differential
susceptibility of phenotypes for chemotherapy, and predict that cells in a nonresponsive state could regenerate the phenotypic repertoire post-therapy.
Phenotypic heterogeneity can also be driven by microenvironmental conditions [25, 74]. One behavior of cancer cells for which which environmentallydetermined phenotypic differentiation is collective migration [97]. Cells at
the leading edge of migrating cell groups are polarized by the asymmetry of
integrin-mediated contact with the extracellular matrix at the leading pole versus the cadherin-mediated contact with follower cells at the trailing pole. Coordination between leader and follower cells then leads to collective motion.

5

1.2.3

Stromal cells

Intratumoral heterogeneity exists not only in the sense that the cancer cell population is genomically and phenotypically diverse, but in the sense that the tumor microenvironment is populated by non-transformed host tissue and immune cells. Increased resolution of the dissection of cell subpopulations within
tumors has also led to the realization that not all expression of the hallmarks
of cancer is autonomous to normal cells, but may be provided by host cells recruited to the tumor microenvironment [87, 85]. The participation of endothelial
cells is required for neoangiogenesis [20]—the generation of new blood vessels
to irrigate tumors and supply them with oxygen and nutrients—and the intravasation and extravasation processes at the beginning and end, respectively,
of the metastatic cascade [165]. Immune cells perform a notably significant and
diverse set of functions: for example, macrophages [120, 109, 162, 93, 123] mediate cancer growth, metastasis, and resistance to therapy. Activated tumorassociated fibroblasts can also drive the invasion of epithelial cancers [21, 70].
Though seemingly aberrant, many of the protumoral activities of host cells
can be interpreted as co-opted or misdirected processes crucial for regeneration
or development [45, 65]. This concept has also been expressed in the conceptualization of tumors as ‘wounds that do not heal’ [57]. Such mechanisms have
evolved over the history of multicellular life on Earth to maintain robust function and integrity in healthy tissues in the face of unpredictable environmental
perturbations [1]; naturally, they often resist attempts to disrupt or manipulate them through artificial means. To further complicate the issue, biological
systems evolved for robustness often follow different ‘design patterns’ than artificially engineered ones [167], making the task of design effective means of
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manipulating or disrupting such systems difficult.
Feedback in tumor-microenvironment interactions leads to the co-evolution
of cancer cells and their environment [131]. As with many dynamical systems
involving feedback interactions, the output of tumor-microenvironment interactions can be chaotic and unpredictable, as can consequences of attempts to
perturb the system with conventional or targeted treatments. Thus, data taken
from fixed tissue without temporal resolution will give limited insight as to how
these complex interactions collectively influence disease progression.

1.3

Challenges of experimental studies of cancer ecology

Experimental dissections of the complex cancer ecosystem are necessarily limited in scope, resolution, or both. Large-scale sequencing efforts provide a comprehensive view of the genomic and transcriptomic state of the tumor, but the
collection of such data via biopsy is typically invasive for solid tumors, and thus
cannot provide high (if any) resolution in the temporal domain. Translating sequencing data to phenotypes relevant to the tumor population dynamics still
faces difficulties.
Single-cell real-time imaging techniques can observe the morphology and
behaviors of cells as well as the spatial organization of solid tumors directly.
Intravital fluorescence microscopy allows in vivo monitoring of cell-cell interactions, and has been used to image key events in cancer invasion such as
collective migration and extravasation to a metastatic site [2]. However, this
technique is also invasive, with sustainable experimental duration measured in
days. This may fail to capture longer-term dynamics of the tumor system, espe7

cially evolutionary events.
In vitro experiments offer benefits such as the capacity to track single cells
and quantitation of signaling molecules. Microfluidic platforms are useful for
imaging simple cell migration behaviors or cell-cell signaling [33]. Such assays
are particularly informative in measuring the response of cells to diffusionlimited chemical signals. On the other hand, such experiments often involve
cultured cell lines, which are demonstrably different from primary cells genetically and epigenetically [146]. Furthermore, as in vitro assays are a synthetic
system—that is, they do not contain elements that have not been explicitly inserted by the experimenter—it may be difficult to capture the full scope of in
vivo tumor complexity in an in vitro system.
Finally, with all fluorescence-dependent microscopy techniques, the number
of microenvironmental elements that may be captured in a single experiment is
constrained by the feasibility of genetic manipulation and the number of wavelengths that may be simultaneously measured. These techniques are useful for
quantifying the activity of specific molecular pathways with a few known components. However, multicellular dynamics on larger time- and length-scales
require integration of the outputs from vast numbers of molecular mechanisms;
it is almost certain that the full long-term dynamics of a tumor rely on more
molecular components than can be quantitatively imaged via fluorescence microscopy in a single assay.

8

CHAPTER 2
THE ROLE OF MATHEMATICAL MODELING IN CANCER ECOLOGY

2.1

An argument of granularity

Given the difficulties of experimentally capturing the full dynamic and structural complexity of tumors, it is reasonable to turn to mathematical modeling.
As experiments on complex cancer behavior inevitably face an exchange of resolution for scope or vice versa, so do mathematical modeling of the same systems face a similar tradeoff of insight for complexity. To use physical terms,
there is an inverse problem in mathematically modeling cancer progression and
treatment [34]: the phenomena of interest are collective and large-scale (cancer growth, treatment, patient health), while the causal mechanisms are specific
and small-scale (gene expression, cell signaling, molecular binding). Though
cancer (and all complex biological systems) displays relevant behavior at all
time- and length-scales—from molecular binding to the cell cycle to the development of collective tissues and neoplasms—often the modeling approach will
have to be tailored to the specific scale of the phenomenon or phenomena of
interest, which might be called the ’top’ scale. In cancer biology, one is often
also interested in the next-finer grained length scale where the driving mechanisms driving the phenomenon of interest occur, which might be called the
‘bottom’ scale, as this is the level at which pharmaceutical interventions may be
targeted. In terms of the ecology and evolution of cancer, the relevant top scale
is the dynamics of population size and composition; the finer-grained bottom
scale should be the phenotypic cell-cell interactions. This latter scale is one step
removed from the chemical kinetics of signaling pathways and is arguably the
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appropriate bottom length scale for modeling collective cell behavior, given the
variability of molecular mechanisms between and within tumors that drive similar large-scale behaviors of proliferation, invasion, and adaptation. This allows
modeling the emergence of complex behavior while keeping phase space to a
manageable size and increasing the generalizability of any conclusions.
The fields of statistical physics [147] and ecology [16] have long since realized the importance of the inverse problem in understanding the dynamics of
complex systems constructed from large numbers of interrelated components.
Theoretical methods from these fields have found applied use in fields such as
sociology [127] and potentially may be of aid for solving problems in cancer biology. Below, I describe two super-classes of mathematical models in ecology
that have found applications in cancer: a dynamical modeling paradigm and a
collective modeling paradigm, and my extensions to them resulting in the studies presented in Chapters 3 and 4.

2.2

Dynamical models

Dynamical modeling of tumor growth has many precedents. The earliest mathematical models of tumor growth were constructed on the basis of describing
the dynamics of the tumor volume [19, 36, 118]. As the tumor volume is a
system-level observable, these models can be thought of as a ‘top-down’ approach. While useful in that they condense the phase space of tumor growth
kinetics down to often just a few parameters, classical dynamics models fail to
capture temporal fluctuations and spatial structure that may have a defining impact on the course of disease or diagnosis. They also typically do not account for
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heterogeneity of cell populations in the tumor. Finally, even when classical models are able to reproduce the growth dynamics of real tumors, these results are
often mostly descriptive, as they do not relate the bulk dynamics to parameters
of cellular and molecular interactions. Thus, their capacity for inspiring novel
therapeutic strategies—which usually take the form of meticulously designed
and screened molecules—is inherently limited. For the purpose of studying tumor ecosystems, a mathematical model of greater detail may be desired.
An incremental generalization of dynamical models of bulk tumor growth
to heterogenous cell populations is to regard it as a network of interacting subpopulations that are individually homogeneous. This can be thought of as a
‘middle-up’ approach. A classical example of such a model is the Lotka-Volterra
model [125]. This model describes a system by the abundances of its component
subpopulations, and the dynamics of the system are determined by nonlinear
ordinary differential equations specifying the rates of change of each subpopulation as a function of interactions between subpopulations, or between a subpopulation and a global resource variable. The Lotka-Volterra equations can
be applied to examples such as predator-prey relations or competition between
species that rely on a common nutrient source.
The Lotka-Volterra model is conceptually related to models based on evolutionary game theory (EGT). In EGT models, dynamics are determined by specifying the ‘payoff’ of interactions between ‘players,’ interpretable as subpopulations. Population dynamics are then calculated from the frequencies of each
interaction and their respective frequencies and payoffs of each interaction. EGT
models are currently finding use in investigating events in early tumorigenesis,
including how an initial minority of cancerous cells can invade a population of
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normal tissue cells in homeostasis [13].
Potential uses of the Lotka-Volterra and related models in investigating cell
population dynamics in cancer include competition between normal and cancerous cells for limited microenvironmental resources such as oxygen, glucose,
or cytokines [25, 77]. Another application would be to explore possible outcomes of interactions between cancer cells and the systemic immune response
[160, 54]. Tumor-infiltrating immune cells such as macrophages and T-cells have
been hypothesized play both anti- and pro-tumoral roles [116, 109]; the net outcome of immune infiltration of tumors may depend not only on the plasticity of
intracellular regulatory networks but on the dynamical balance between antiand pro-tumoral immune subtypes. I use a Volterra-like model to explore this
problem in Chapter 4.

2.3

Collective models

On the level of subpopulations, the Lotka-Volterra model is a mean-field approximation; within populations, individuals encountering different environmental conditions, or simply experiencing different stochastic fluctuations due
to thermodynamic factors, may display different phenotype and behavior. The
population output integrates, through interactions between individuals, the individually noisy stimuli-response calculations. These models fall under the general category of agent-based models (ABM)[170], in which collectives of interacting individuals or agents (e.g. cells) are simulated to observe the resultant collective behavior. These models, constituting a ‘bottom up’ simulation approach,
have an additional advantage of being integrable with a continuum representa-
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tion of diffusible chemical gradients, for example of cytokines or glucose. Such
integrated models are sometimes referred to as hybrid discrete-continuum (HDC)
models [4, 44]. Between the discrete-space representation of cells and their spatial organization, and the continuum representation of chemical species, HDC
models have the potential to simulate the aggregate output of a multitude of
regulatory mechanisms and interactions.
ABMs are useful for exploring the effect of spatial structure on population
dynamics. In microbial and tissue systems, diffusive substances such as nutrients and growth factors often have a decisive effect on population dynamics.
The spatial distribution of resources and individuals thus determine the dynamics of the ecosystem. For instance, spatial structure can explain the emergence
and maintenance of public-goods cooperative behavior in evolving populations
if cooperative individuals aggregate and the public good is spatially limited
[158]. This is readily demonstrated in agent-based spatial simulations for the example of bacterial colonies [117]. Using a variant of the bacterial model, it is also
possible to show the emergence of a cooperative subclone in a two-dimensional
spherical tumor (Fig. 2.1). Conversely, the emergence of spatial structure can
be evidence of interspecific interactions [25]. The presence of intricate spatial
structure and nonuniform distribution of cell types within tumors [76, 168] may
point to the dominance of interspecific effects within tumor cell populations.
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Figure 2.1: The simulation is initiated with one non-cooperative (‘cheater’) tumor cell at the center of the simulation space. Growth signal is initially uniformly distributed throughout the space, but gradients emerge as the signal is
consumed by growing cells. Stochastic emergence of a cooperative subtype,
which expresses the growth signal at a cost to its own growth, at the edge of
the expanding tumor leads to a locally high concentration of growth signal and
overall acceleration of cell growth. The emergent spatial structure—aggregation
of cooperators and consequent segregation of public goods—stabilizes the cooperative subpopulation.

and promotes the formation of a “leading edge” of cooperators
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2.3.1

Collective migration models

One problem in which agent-based models have proven useful in studying is
the phenomenon of collective motion. Biological organisms at all scales ranging from bacteria to mammals exhibit coordinate motion between individuals
in a group, and similar phenomena can be observed even in inorganic systems
[157]. Much of the work done in this field—investigating how collective patterns of motion arise from signaling or mechanical interactions between moving individuals—has been performed using a special instance of agent-based
models known as the self-propelled particle (SPP) model [156]. Simulations using the basic SPP model show that a system of moving individuals can exhibit
discontinuous changes in qualitative behavior—better known as a phase transition—as the parameters governing the response of individual particles and the
density of particles are continuously varied. Extensions of this model have been
used to investigate biological questions such as cell sorting during development
[17, 11].
These existing studies have been primarily inspired by theoretical physics
and applied to problems in developmental biology and microbiology, with a
focus on critical phenomena—that is, qualitative changes of behavior resulting from fine tuning of parameters within a narrow range of values. In cancer
biology, collective migration often emerges as a consequence between phenotypically distinct cells originating from separate lineages of differentiation. In
Chapter 3 I present an application of this model to the emergence of collective
comigration from interspecific signaling between cancer cells and stromal cells
such as tumor-associated macrophages.
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2.4

Prior modeling studies

Recently, the primary approach to mathematical modeling the cancer ecosystem
has been a mechanistic or quasi-mechanistic focus on integrating individuallyknown signaling pathways in an attempt to comprehensively simulate the aggregate impact of many specific molecular species, or categories of molecules
and mechanisms, on tumor progression. These efforts seem to have emerged as
a attempt to reconcile the increasingly-overwhelming body of The parameters
of these models usually correspond to kinetic rate parameters of specific biochemical signaling pathways and cell mechanisms inferred either from isolated
measurements of signaling molecules in controlled cell-biological experiments
[5], or literature reporting the same. Such models are often implemented in spatially structured simulations; in this form, they can serve as a kind of augmented
in vitro experiment, serving as an alternative to spatially-unstructured conventional cell line experiments. One prominent example of such a model is the hybrid discrete-continuum (HDC) model developed by Anderson et al [6]. In this
study, the authors observed that a harsh simulated tumor microenvironment
promotes the evolution of invasive tumor cell clones, while a mild microenvironment enabled less invasive clones to persist and suppress the emergence of
invasive cells through clonal competition.
Integrative mechanistic models can also be conceived as mean-field, differential equation models. In [162], the authors implemented a glioma model of 5
tumor and stromal cell types, 15 cytokines, and 69 signaling pathways, and observed that the simulated tumor developed in dynamically and compositionally
distinct pre-tumoral, expanding, and saturated stages. They further discover
that treatment depleting microglia is effective for treating such tumors in the
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early stages, but in the late stages cytokine inhibition is required.
These studies show the potential of integrative, mechanistic or quasimechanistic approaches to modeling cell-cell and cell-microenvironment interactions in cancer can predict emergent properties of the tumor that would be
challenging to experimentally obtain. In addition, by grounding the model in
detailed molecular and mechanistic knowledge, such models can propose novel
therapeutics.
The major challenge with mechanistic and quasi-mechanistic modeling studies is that the complexity of the model increases rapidly as the number of signaling mechanisms represented increases, often making numerical simulation
the only tractable analysis of the model. It is difficult to parameterize such a
complex model. Often reference to literature or experiments measuring stimuliresponse cell dynamics under simplified culture systems, for example, will be
required. However, it cannot always be guaranteed that such dynamics will
remain quantitatively consistent when combined with other mechanisms in a
complex experimental or simulated environment. Additionally, the significance
of any interaction or parameter then becomes difficult to disentangle from the
context of every other interaction and parameter in the system, and in cases
where a specific effective perturbation of the system cannot be readily identified from simulation outputs, extracting useful insight from the model becomes
a challenge.
Phenomenological modeling has been less prominent in recent years, due
to their abstraction and the dominance of molecular biology. One remarkable exception can be found in a study by Leder et al [103]. In summary,
the authors constructed a simple population dynamics model integrating phe-
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notypic switching between radiation-sensitive and -resistant states in PDGFdriven glioma cells. The model was parameterized from MRI experiments and
literature, and a Monte Carlo optimization algorithm was used to propose a
radiation dosing schedule to minimize the number of residual tumor cells two
weeks after conclusion of treatment. The resulting novel treatment strategy was
tested in a mouse model and found to provide improved response compared to
the standard clinical dosing schedule. This study is a prominent recent example of how non-mechanistic models, working in correspondence with experimentation towards a well-defined optimization endpoint, can yield biologically
significant results.
On the other hand, this type of modeling approach amounts to a parameter
optimization problem, one of peculiar clinical relevance, and is tightly bound
with a specific set of conventional biological experiments. Therefore, the generality of the modeling results, or their applicability to other biological systems,
may be difficult to know a priori. More abstract, parameter-independent approaches may be preferable if the goal is rather to illuminate the general principles of multicellular dynamics in tumors.
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CHAPTER 3
TUMOUR-STROMAL INTERACTIONS GENERATE EMERGENT
PERSISTENCE IN COLLECTIVE CANCER CELL MIGRATION

This chapter has been previously published as [29].

3.1

Abstract

Cancer cell collective migration is a complex behaviour leading to the invasion
of cancer cells into surrounding tissue, often with the aid of stromal cells in
the microenvironment, such as macrophages or fibroblasts. Although tumourtumour and tumour-stromal intercellular signaling have been shown to contribute to cancer cell migration, we lack a fundamental theoretical understanding of how aggressive invasion emerges from the synergy between these mechanisms. I use a computational self-propelled particle model to simulate intercellular interactions between co-migrating tumour and stromal cells and study
the emergence of collective movement. I find that tumour-stromal interaction
increases the cohesion and persistence of migrating mixed tumour-stromal cell
clusters in a noisy and unbounded environment, leading to increased cell cluster
size and distance migrated by cancer cells. Although environmental constraints,
such as vasculature or extracellular matrix, influence cancer migration in vivo,
our model shows that attractive cell-cell interactions are sufficient to generate
cohesive and persistent movement. From our results, I conclude that inhibition of tumour-stromal intercellular signaling may present a viable therapeutic
target for disrupting collective cancer cell migration.
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3.2

Introduction

One of the most harmful features that tumour cells acquire is the ability to migrate and invade surrounding tissues, leading to deadly systemic metastases
[64]. This has fueled an active research programme to understand cancer cell
migration and invasion from experimental and theoretical points of view. Novel
techniques for direct visualization of tumour invasion in vivo [38] have revealed
that cancer cells frequently migrate as groups of closely interacting cells [67].
The phenomenon of collective cell migration also emerges in a broad range
of ‘normal’ physiological conditions ranging from embryonic development to
wound-healing [139]. However, we still lack a complete and thorough understanding of how individual cells coordinate to migrate collectively.
Ecological models may be useful in understanding cancer collective migration. Collective migration is observed in biological systems of many disparate
length scales, ranging from bird flocks [157, 122, 28] to bacterial swarms [41, 42].
It is an emergent phenomenon and a universality class, in which the large- scale
properties of the collective result from the activities of individuals, but are to
some extent independent of the specific behaviour of individuals [152, 95]. Similarly, in cell biology, collective migration of groups of closely interacting cells
has been implicated in such behaviours as organ morphogenesis during embryonic development or vascularization [139, 26, 65, 149, 128] and, the main
motivation for our study, cell invasion during cancer progression [48, 65].
One of the most successful theoretical approaches to study the emergence of
collective migration from simple interactions between moving individuals are a
class of models called self-propelled particles (SPPs). In the classic SPP model

20

[156] an individual moving at a fixed speed interacts with its neighbours by
aligning itself with the average direction of all individuals within a given radius.
These simple rules for local interaction give rise to emergent global properties,
such as a phase transition from disordered, or individual, motion to ordered, or
collective, motion with a decreasing level of noise in the interaction. This model
and derivations of it have been applied to numerous problems in collective migration by using the individual particle to represent real-world individuals in
collectives, such as an animal in a flock [40, 138], micro-organisms in a colony
[18] or a cell in a tissue [94, 150].
Experiments in which a homogeneous cell population displays collective migration in the absence of other cell types or external signals [27, 66, 88, 150] are
compatible with the original SPP model. However, migratory cancer cells interact not only with each other but also with stromal cells. For example, stromal cells such as macrophages [93, 134] and fibroblasts [70] are known to assist
cancer cell migration through secretion of migration-stimulating cytokines and
proteinases that remodel and create permissive tracks in the extracellular matrix [64, 140]. Thus, the application of the SPP model to cancer is complicated
because cell migration in tumours requires synergy between diverse cell types
[37, 78, 140]. The SPP paradigm has been used before to investigate cell sorting in development and regeneration [11, 17]. However, application of the SPP
to investigating migration emerging from heterotypic and non-reciprocal interactions between distinct classes of motile cells has been limited, though some
examples exist [17].
Here, I explore what are the consequences of implementing experimentally
inspired modifications to the original SPP model. More specifically, I inves-
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tigate what are the consequences of the presence of a small subpopulation—
representing stromal cells—with a distinct behaviour. Thus, I extend the Vicsek
SPP algorithm [156] to introduce an additional particle type representing stromal cells. Tumour-associated macrophages are one of the most abundant and
well-studied stromal cell types within solid tumours [134]. These macrophages
are known to attract cancer cells, and this interaction is crucial for tumour invasiveness in vivo [140, 164, 166]. Based on these observations, I add a specific nonreciprocal attraction rule compelling cells of one type (tumour) towards nearby
cells of the second type (stromal). This attraction has a relatively longer range
of action, i.e. can occur between non-adjacent cells. I use our expanded model
(hereafter referred to as the cancer-stromal model) to explore cell displacement
and cell cluster size as metrics for quantifying the impact of stromal cells on
collective cancer cell migration. Our simulations suggest that stromal cells can
have profound implications for large-scale cancer cell collective migratory patterns and, consequently, for tumour aggressiveness.
It is important to stress that, although our initial motivation is to model attractive macrophage-tumour interactions described experimentally [140, 164,
166], our model is simplified and neglects other aspects of cancermacrophage
interaction such as angiogenesis promotion [108, 126] and modulation of the
inflammatory response [39]. We also note that our simulations occur in an unstructured space. In other words, the results of our model should be interpreted
as the intercellular signaling component of collective cell migration, removing
the effects of tumor microenvironmental structure. In summary, the model is
general and can be extended to any other attractive stromal cell. Expansions of
model features can be made to account for noncellular elements of the tumor
microenvironment.
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3.3

3.3.1

Results

Extending self-propelled particles to model a tumourstromal interaction

We use the homogeneous population of SPPs with one simple alignment rule
as described in the original SPP model [156] as a starting point to model migrating tumour cells. To this population, we introduce a minority population
of a second type of SPP, representing stromal cells. Cells of both kinds, tumour
or stromal, align non-specifically to the mean polarization of cells in the neighbourhood. In addition, we add an attractive tumour-stromal interaction. This
interaction is assumed to be type-specific and asymmetrical, that is, tumour cells
are attracted to nearby stromal cells, but not vice versa (Fig. 3.1A). The angle of
polarization θ of each cancer cell i is thus recalculated at each iteration:

θi t + 1 = hθ(t)iral + ats harg(~ri j )irts + ∆θ

(3.1)

where θ(t)ral is the mean angle of polarization of all cells within distance ral
of the focal tumour cell i; ats is the strength of the attractive tumour-stromal
interaction relative to cell-cell alignment; arg(ri j ) is the mean angle of vectors
from the centre of focal tumour cell i to all stromal cells j within distance rts
of cell i; and ∆θ is a random angle on the interval [−η, η], representing noise.
The polarization calculation for stromal cells lacks the second term, and thus is
identical to the migration rule in [17],
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Figure 3.1: A) Cell-cell interactions in the Cancer-Stromal Model of selfpropelled particles. Cells move at fixed speed. Stromal cells align nonspecifically to local mean direction of motion. Tumor cells align nonspecifically in
addition to moving towards any nearby stromal cells. p represents the polarity of cell motion. B) Order parameter quantifies the extent of cell polarization.
When the global order parameter is ≈ 0, cells are randomly polarized. When
the global order parameter is ≈ 1, cells are polarized in the same direction. C) In
a system with no tumor-stromal attraction (ats = 0; i.e. all cells behave as tumor
cells) with low noise and cyclic boundary conditions, in the infinite-time limit,
the global order parameter approaches 1: almost all cells eventually group into
a single coherent cluster, where individual polarizations deviate little from the
mean polarization of the cluster. In a high-noise system, the global order parameter approaches 0, and the cells are spread throughout the available space
with no discernible clustering.
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θi (t + 1) = hθ(t)iral + ∆θ

(3.2)

All length scales and cell speeds in the model are normalized as previously
[156]: that is, the range of cell-cell alignment, ral , equals 1. Local interaction
mechanisms such as cell- cell adhesion and shear viscosity at high cell density
[151] can account for this short-range alignment.
Conversely, we assume that the possible mechanisms for tumour-stromal
interaction, such as paracrine signaling through diffusible molecules [140, 164],
chemotactic motility from cancer cells towards stromal cells or forms of longrange alignment via adhesion to common collagen fibres in the extracellular
matrix [64, 140], have greater effective range than those contributing to cellcell alignment adhesion to common collagen fibres in the matrix [64], and set
rts = 2. Interaction and noise strengths are normalized to the cell-cell alignment
strength; that is, cell-cell alignment strength equals 1. The noise amplitude, η,
varied from 0 ≤ η ≤ 5, which is the range in which the ordereddisordered phase
transition was observed previously [156], and the interaction strength, ats , varied from 0 ≤ ats ≤ 2.
All simulations were performed in two dimensions, replicating the cell density and boundary conditions, again as used previously [156]. We used a ratio
of 4000 simulated tumour cells and 40 simulated stromal cells. With ats = 0, the
stromal cells effectively behave identically to the tumour cells and the model
should be equivalent to the original SPP. Our cancer-stromal model, when its
additional parameters are set to 0, thus reproduces the behaviour previously
observed in the original SPP study [156]. Simulation parameters are summarized in Table 3.1.
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parameter
cell migration speed
size of simulation
space
range of cell-cell
alignment
strength of cell-cell
alignment
noise
number of cancer
cells
number of stromal
cells
range of tumorstromal attraction
strength of tumorstromal attraction

value
0.03
31.6 × 31.6

rationale
as in [156]
as in [156]

1

as in [156]

1

as in [156]

0≤η≤5
4000

as in [156]
as in [156]

40

See 3.3.2

rt s = 2

See 3.3.2

a t s = [0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0]

See 3.3.2

Table 3.1: Parameters used in the tumor-stromal model. Parameters not in the
original SPP model [156] are highlighted.

3.3.2

Rationale for values of new parameters

• Number of stromal cells. We initially performed simulations with a small
minority of stromal cells (1 in 100) to perturb the system minimally.
When this small subpopulation proved to have significant effect on the
population-level collective migration performance, we used this stromal
ratio for all simulations. From fluorescent cross-section data in e.g. [133],
one can infer the bulk relative abundance of macrophages in late-stage
solid tumors (glioma in this case) as being approximately 10-20%. However, this does not distinguish between macrophage phenotypes, or microenvironmental variability affecting the role individual macrophages
play in interactions with the local tumor cell subpopulations. It is important to note that in unbounded simulations, because of the heterogeneity
generated by cell dispersion, effective stromal cell ratio per interconnected
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cell cluster varies greatly (from 0% to 100%), and thus the global stromal
cell ratio does not have direct biological translation.

• Range of tumor-stromal attraction (rts ). We assume that cell-cell alignment
occurs through either direct contact-based E-cadherin-mediated coupling
through adherens junctions or mechanical shearing.

The normalized

alignment range (ral ≡ 1) can thus be thought of as the radius of a single
cell. The tumor-stromal interactions are assumed to represent paracrine
signals, such as the well-documented EGF/CSF-1 paracrine signaling loop
between breast cancer cells and tumor-associated macrophages [78]. As
such, they are expected to have a longer effective range, but still within
the same order of magnitude in terms of cell lengths, as contact-mediated
interactions [15]. An effective interaction length of rts = 2 satisfies this
constraint. Though we did not experiment with different values of rts ,
one can speculate that this will have qualitatively a similar large-scale effect as reducing the noise, and thus increasing the effective distance by
which the tumor-stromal interaction signal can be propagated by interactions between cancer cells. That said, experimenting with changes in rts ,
or performing dimensional reduction to generate a model that is independent of the specific value of rts , could be an interesting direction for future
research.

• Strength of tumor-stromal attraction (ats ). The strength of the tumor-stromal
attraction is defined relative to the strength of cell-cell alignment with ats
as the scaling factor. We experimented with a range of values for ats , ranging from ‘control’ simulations with no tumor-stromal attraction (ats = 0)
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to attraction twice as strong as alignment (ats = 2). There was no significant variation in the population-level behavior, and for simplicity we fixed
ats = 1 for subsequent simulations.

3.3.3

Tumour-stromal interaction enhances collective migration in noisy environments

We first evaluated whether our model performed behaved consistently by calculating the global order parameter, a key parameter in the original SPP model
[156]. Briefly, the order parameter quantifies the average direction of particles,
which we then compared at the pseudo-steady state (10000 iterations) with the
results in the original study. As expected, a global order parameter of ≈ 0
indicates a disordered system with cells randomly polarized and distributed
throughout the simulation space, while a global order parameter of ≈ 1 indicates a system where all the cells are roughly aligned and migrating as a single
coherent cluster (Fig. 3.1B-C). A phase transition from ordered to disordered
motion occurred as η increases. These observations confirmed that our SPP implementation corresponded to the original model [156].
We then considered the effect of tumor-stromal attraction on the order of
motion by setting ats to positive values. Simulations with ats > 0 showed notable
deviations from the original SPP model [156]. We observed high variability in
global order at the end of the simulation runs, but with opposite trends for low
and high noise. The global order decreased compared to ats = 0 for low values
of η(η < 2.5), and increased for high values of η (η ≥ 3, Fig. 3.2). End-simulation
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Figure 3.2: Global order parameter as a function of noise in a system with cyclic
boundary conditions. Under a fixed value of ats , as η is increased, the system
exhibits a phase transition from an ordered (global order parameter ≈ 1) to disordered (global order parameter ≈ 0). When ats = 0, the phase transition occurs
as in ref. 14. When ats = 1.0, global order is decreased for low values of eta,
but increased for high values of eta compared to the ats = 0 system. Asterisks indicate significant difference between the ats = 1.0 and ats = 0 simulations
(p < 0.001).
global order did not noticeably vary between simulations with different positive
values of ats and the same value of η (not shown). The effect of changing cell
density simultaneously with noise on the phase diagram of the order parameter
is shown in Fig. 3.3.
These results demonstrate that a simple extension to the original SPP can
produce a significant change in the predicted pattern of collective migration
and may have important implications for cancer. Specifically, the results suggest
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Figure 3.3: A) Phase diagram of the median order parameter in the space of
density vs. noise for ats = 0. Asterisks (*) represent data points (5 replicates
each); colors are filled using bilinear interpolation. B) Same as A), for ats = 1. C)
Ratio of values in B) to values in A). This shows that the positive effect of tumorstromal interaction on the order can mainly be seen in the regime of medium to
high noise, with the critical noise threshold increasing with cell density. Notably, the effect is most observable within the range of densities used in [156].
that tumor-stromal interaction can stabilize cancer collective migration in noisy
systems.
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3.3.4

The effect of stromal stabilization is stronger in expanding tumours

Our model so far, like the original SPP model, assumes cyclic boundary conditions [156], which confine the particles to a space of torus-like geometry and
unrealistically small volume. However, cancer invasion in vivo drives cancer
progression on time and length scales much larger than those of individual cell
migration or even intercellular signaling within small groups of cells [5]. To
extrapolate collective co-migration of cancer and stromal cells to larger length
scales and longer simulation times, we implemented a second extension in our
model, now using an unbounded system where cell migration is essentially unlimited by spatial constraints (Fig. 3.4A).
We carried out simulations with the unbounded system for a range of interaction strength and noise levels and we calculated the global order parameter
after 10000 time steps. As expected, with no tumor-stromal interaction (ats = 0),
the global order decreases towards end of simulation for all levels of noise (Fig.
4.3B). This occurs because in unbounded systems, the decoherent effect of noise
in each cell cluster is cumulative, and unlikely to be cancelled by encounters
with other cell clusters; thus, the ability of the system to sustain large coherent clusters over long time spans is decreased. Adding tumor-stromal interaction uniformly increases the end-simulation global order for all noise levels,
implying that tumor-stromal interaction has much greater impact on the coherence of migrating cancer cell groups when the available space is large. Tumorstromal interaction delays the disintegration of coherent migrating clusters, and
increases the end-simulation global order (Fig. 3.4B).
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Figure 3.4: Comparison of a system with cyclic boundary conditions to an
unbounded system. Squares indicate areas of inoculation. In a system with
cyclic boundary conditions, cells leaving the area of inoculation will re-enter
the area at the diametrically opposite point, maintaining its polarization. In
an unbounded system, the cell is not spatially constrained and may leave the
area of inoculation. B) Global order parameter as a function of noise in an unbounded system. The order of the system decreases rapidly as eta increases.
When ats = 1.0, the order increases for all positive values of eta compared to
simulations where ats = 0. Asterisks indicate significant difference between the
ats = 1.0 and ats = 0 simulations (p < 0.001).

32

In addition to calculating the order parameter, we also examined the distance migrated by cancer cells as a measure of cancer cell invasiveness. For
simulations without tumor-stromal interaction where noise is moderate to high,
the mean displacement rapidly increases initially but starts to level off within
the simulation time (Fig. 4.4A). In contrast, in simulations with tumor-stromal
interaction, the mean displacement increases steadily (linearly) throughout the
duration of the simulation; this increase is seen to saturate within the simulation
time only when noise levels are high (Fig. 3.5A). Consequently, for all positive
values of η tested, tumor-stromal interaction increased the mean distance migrated by cancer cells (Fig. 3.5B). We conclude that tumor-stromal interaction
increases the persistence and ultimately the performance of collective cancer cell
migration, as measured by distance travelled.
We also considered the effect of tumor-stromal interaction on the size of collectively migrating cell clusters, as measured by the number of cells in the clusters. Clusters are defined as groups of cells within the same interaction network, i.e. cells interacting directly or indirectly via other cells. We determined
the presence of cell-cell interactions by thresholding the center-center distance
of each pair of cells with the appropriate interaction range (1 for a pair of tumor cells or a pair of stromal cells, 2 for a heterogeneous pair of 1 stromal cell
and 1 tumor cell) and sorted the cells into clusters using the well established
equivalence class sorting algorithm [132]. Stromal cells were included in the
statistics for their respective clusters; however, as they constituted 1% of the
total population, we assumed they did not significantly affect the overall statistics. Cells not in contact with another cell were interpreted as clusters of size
1. At low levels of noise, tumor-stromal interaction increased the global mean
size of collectively migrating cell clusters compared to the control simulations.
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Figure 3.5: A) Time course of mean displacement of cells in the system. Dashed
lines indicate standard deviation across 5 replicates. The mean cell displacement
at end of simulation is increased for ats = 1.0 when compared to ats = 0. In
the ats = 0 simulations, the rate of displacement increase decreases over time,
whereas the effect is not observable in the ats = 1.0 simulations. B) Persistence
over time of the same simulation sets. The decay of persistence over larger time
scale is more gradual for ats = 1.0. C) Mean persistence over the time scale
of the simulation as a function of noise. The mean persistence is increased for
ats = 1.0 compared to ats = 0 for all values of η > 0 tested. D) Mean cluster size at
simulation end as a function of noise. The mean cluster size is increased for ats =
1.0 at low values of noise. At high levels of noise, tumor-stromal interaction
decreases the mean cluster size, reflecting the dissolution of the cell population
into small clusters.
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However, this trend reversed as η was increased above approximately 2.5, and
for high levels of noise, tumor-stromal interactions in fact decreased the global
mean cluster size (Fig. 3.5C).

3.3.5

Stromalized clusters are more invasive

To understand this biphasic effect of tumor-stromal interaction on the sizes of
migrating clusters (Fig. 3.5C), we then sorted the cell clusters into those included at least one stromal cell (‘stromalized’ clusters) and those that were not
(‘unstromalized’ clusters) (Fig. 3.6A). We estimated the distance migrated by a
cluster of interacting cells by calculating the mean displacement of all cells in
the cluster at end of simulation. We then examined the relationship between
the stromalized cluster, the distance it migrated by a cluster, its stromalization
status, and its size. In the low-noise (η ≤ 0.5) regime, both the stromalized and
unstromalized clusters were smaller and displayed a smaller mean displacement than clusters in the control ats = 0 simulations (Fig. 3.6B). This is caused
by the same fragmentation and consequent decrease in coherence observed in
the cyclic boundary simulations. In addition, the distribution of multiple stromal cells throughout the cell population at inoculation possibly creates multiple
conflicting directional signals that propagate through many cancer cells, leading
to wandering behavior that contributes little to the mean displacement.
For larger values of η, both the size of and distance migrated by clusters decreases noticeably for the control simulations. The stromalized clusters separate
into a distinct coherent, far-migrating subpopulation (Fig. 3.6C). At very high
noise levels, cluster size and distance migrated are decreased for both stromal-
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Figure 3.6: A) Clusters incorporating at least one stromal cell are considered
stromalized. B) Distributions of cluster sizes and displacements for stromalized and unstromalized clusters in 5 test simulations (ats = 1.0) versus control
(ats = 0) for a low-noise condition. Clusters in the control simulations varied
in size but are uniformly far-migrating. In the test simulations, stromalized
clusters tended to be larger than unstromalized clusters, though they showed
greater variance in displacement. C) Distributions of cluster sizes and displacements for stromalized and unstromalized clusters in 5 test simulations (ats = 1.0)
versus control (ats = 0) for a medium-noise condition. Unstromalized clusters
in test simulations distributed similarly to clusters in control simulations both
in terms of size and displacement. Stromalized clusters in test simulations distributed distinctively from the unstromalized and control clusters, displaying
greater displacement and cluster size overall. D) Distributions of cluster sizes
and displacements for stromalized and unstromalized clusters in 5 test simulations (ats = 1.0) versus control (ats = 0) for a high-noise condition. Stromalized
and unstromalized clusters from the test simulations distributed similarly with
respect to displacement, with stromalized clusters being larger overall. Cells in
the control simulations formed large, nonmotile clusters due to being unable to
significantly migrate from their points of origin. In the test simulations, tumorstromal interactions break the cells into small, motile clusters.
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ized and unstromalized clusters in test simulations, and for all clusters in control simulations. Regardless, stromalized clusters retain a significantly larger
mean cluster size than the unstromalized subpopulation (Fig. 3.6D). These results suggest that tumor-stromal interaction can increase both the motility of
migrating cancer cells and the number of motile cancer cells.
Notably, control simulations saw the emergence of very large clusters, on
the order of 1000 cells, with cluster displacement close to 0 (Fig. 3.6D). This is
because the cells are inoculated at high enough density to constitute a single
interacting cluster, and at high noise, most cells are unable to ‘escape the inoculum cluster. Similarly to the medium-noise situation, these results suggest that
in microenvironments that present strong barriers to cancer cell migration, interaction with stromal cells can aid in the escape of motile cancer cells from the
main tumor mass.

3.4

Discussion

In order to understand the effect of complex tumor-stromal and tumor-tumor
intercellular interactions on collective cancer cell migration, we have implemented and analyzed the Cancer-Stromal model, a minimal computational
model for simulating the collective co-migration of two phenotypically distinct
cell types under the SPP paradigm. We have designed the model with intended
application to stromal cell-assisted cancer cell invasion, but it can theoretically
applied to any heterogeneous population where interaction between subpopulations is orthogonal to interaction within subpopulations, for example a symbiotic or antagonistic relationship between two animal herds of different species.
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We find that, given an unbounded space in which to disperse, the addition of
tumor-stromal interaction increases the end displacement of cells within stromalized clusters. The presence of system-level effects in our simulations is remarkable, considering the stromal cells constitute < 1% of all cells in the system,
and in an unbounded system only a slim minority of cancer cells will directly
interact with stromal cells in the course of a simulation.
The effect of tumor-stromal interactions on the sizes of co-migrating cell clusters changes relative to the amount of noise in the system. At finite but low levels of noise, positive attraction between tumor and stromal cells increases the
size of stromalized clusters over unstromalized clusters in the same system, or
clusters in systems where tumor-stromal attraction is absent. With high levels of
noise, cancer cells tend to clump in large but non-migratory clusters. Interaction
with stromal cells causes cancer cells to fragment from these static clusters into
smaller, but more invasive clusters, leading to the escape of cancer cells from
the inoculum.
Our results suggest that the presence of a small number of stromal cells expressing an attractive signal for migrating cancer cells can lead to a populationlevel increase in the ability of cancer cells to migrate long distances, and
that cell clusters of significant size leaving the initial tumor site will likely
be aided in their migration by stromal cells. In realistic settings, increasing
the coherence of migrating cancer cell clusters may increase the aggressiveness of cancer invasion by preserving other deleterious collective phenotypes,
such as pooling of paracrine growth signals or matrix-remodeling proteases
[22, 48, 48, 70, 96, 140, 166]. Thus, the effect of tumor-stromal interaction to
increase the number of cells that are able to migrate coherently and maintain
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cell-cell signaling may increase the fitness of the invading cancer cell population [39, 80, 108].
It is now well established that collective migration can emerge within cancer
even without the presence of stromal cells. This phenomenon seems to be suitably described by the 1-species SPP model [150, 149]. Here we add one degree
of complexity by investigating the effect of a minority of attracting cells within
on a large population. While this work is inspired by reports showing that carcinoma cells are attracted to EGF secreted by tumor-associated macrophages
(Wyckoff et al. 2004), it necessarily presents a simplified view. There are potentially many other interaction processes existing within macrophages, tumor
cells and their complex microenvironment [39, 108, 126]. Such interactions represent further levels of complexity that are out of the scope of this study.
Nonetheless, our simple model already shows a dramatic effect on the behavior of the population. Specifically, the emergence of system-level increases
in migration distance in our Cancer-Stromal Model does not require a structured
environment featuring system-level signals such as chemoattractant or extracellular matrix gradients [6]. We show that increased migration efficiency and escape of tumor cells from a primary tumor mass can be achieved purely through
local, pairwise cell-cell interactions; no global migration trigger or directional
cue is necessary. When we investigate the spatial distribution of stromal cells
in migrating cell clusters, we find that it becomes asymmetrical and correlated
with the mean polarization of the stromal cells when tumor-stromal interaction was switched on (Fig. 3.7B). This effect decreased with increasing noise
(Fig. 3.7), suggesting that tumor-stromal interaction causes the stromal cells to
emerge as leaders on the leading edge of their moving clusters. Still, on a the-
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Figure 3.7: A) We defined a leadership metric as leadership ≡ v1 · v2 , where v1 is
defined as a unit vector pointing from the center of mass of a moving cell cluster
to the center of mass of all stromal cells in that cluster, and v2 is defined as the
mean polarization of all stromal cells in that cluster. The leadership metric thus
ranges from 1 to -1, where 1 represents the case that the stromal cells tend to be
at the leading edge of cell clusters and leading them, and -1 represents the case
that the stromal cells tend to be at the trailing edge of cell clusters and breaking
away. We found that changing ats from 0 to 1 caused the system-wide leadership
to increase, indicating the sorting of stromal cells to the front of clusters, and that
this effect decayed with increasing noise. B) Representative examples of moving
heterogeneous clusters from ats = 1 simulations.
oretical level, our model is distinct from collective migration models where the
population is divided into ‘leaders that are sensitive to a global directional signal (e.g. a patchy nutrient environment), and ‘followers that are not [83], since
in our case the stromal cells do not follow a global directional cue. On a biological level, the dynamic construction of leadership we use in the Cancer-Stromal
Model reflects the experimental observation that leadership in collective cancer
cell migration can be defined not by genotype but by the spatial structure of the
cell population itself and differential access to microenvironmental factors [65].
It is also worth noting that our cancer-stromal model makes the assumption
that long-range signaling between tumor cells and stromal cells has a digital
response, vanishing at distances greater than the range of tumor-stromal inter40

action rts . To determine whether our results are an artifact of this model assumption, we performed additional simulations using a function in which the
strength of the tumor-stromal interactions decayed continuously away from the
ri j
stromal cell as
with a maximum value of ats . We found that at η = 1, ats = 1,
rts
cancer cells moved toward the center of mass of the stromal cells, which, given
the uniform distribution of cells at inoculation, was calculated to be the center of the simulation space. This effect is a modeling artifact due to boundary conditions used in simulations and has no relevance to biological reality.
When we started decreasing ats → 0.01 the artifact vanished and the simulation
yielded similar results to those using Equation 3.1. Given that the two methods
yielded similar results, and that the continuous interaction function increased
both the degrees of freedom in the model and the computation time required,
we concluded that Equation 3.1 was preferable for modeling tumor-stromal interactions. In addition, within the dense and heterogeneous tissue of real solid
tumors, continuous decay over long distances may not accurately describe the
distribution of diffusible molecular signals.
Recent studies on interactions between the tumor and its stromal microenvironment have generated interest in targeting the microenvironment for treatment, i.e. ‘ecological therapy [79]. Our results suggest that cell-cell communication among the migrating cancer cell population may serve to amplify and
increase the robustness of pro-invasive tumor-stromal interactions, propagating signals beyond the leading edge of cancer cells in direct contact with stromal cells. It may thus be necessary to consider the reinforcement of pro-tumor
tumor-stromal interactions by signaling within the tumor cell population when
designing and testing potential ecological therapies. A hybrid therapy targeting
tumor-stromal and tumor-tumor intercellular signaling simultaneously may be
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required for effectiveness.
It is worth noting that the metrics we used to quantify the performance of
collective migration may be applicable to both simulated and experimental cell
systems such as in vitro cell tracking assays [150]. By collecting phenomenological data with sufficient resolution to track the positions and velocities of
individual cells and quantifying collective migration experimentally for a specific biological system (here meaning a stromal cell type and a cancer cell type),
one may parameterize or ‘tune a phenomenological model to reproduce the
collective-level behavior of an experimental system. Such hybrid experimental/computational studies have been performed in animal [107] and cellular
[150] systems. The tuned computational model may then be modified and
interrogated to make testable hypotheses for the specified system; for example, to predict the co-migration patterns of cancer cells and tumor-associated
macrophages in a highly structured in vivo environment using data collected in
an unstructured in vitro co-culture assay, such as a chemotaxis chamber or collagen gel. We hope that our expanded SPP model will help bridge the knowledge
gap between the tractability of low-perturbation in vitro experiments and the
complexity of stromal-assisted cancer cell invasion in vivo.
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CHAPTER 4
WITHDRAWAL OF THE PRO-TUMORAL PHENOTYPE IN
TUMOR-ASSOCIATED MACROPHAGES IS SUFFICIENT FOR
EFFECTIVE TREATMENT OF PLATELET-DERIVED GROWTH
FACTOR-DRIVEN GLIOBLASTOMA IN MICE

This chapter has been submitted as [30] and was in review at the time of writing.

4.1

Abstract

Understanding how to disrupt protumoral interactions between tumor cells and
their stromal microenvironment is crucial for the effective treatment of cancer.
Because of the often complex and reciprocal nature of signaling between tumor cells and non-cancerous stromal cells, molecular therapies targeting stromal cells may result in unexpected outcomes. We dissect the dynamics of tumor
growth and response to therapy by developing a mathematical model of tumorstromal interaction dynamics. Using our model, we reveal that the outcome of
treatment targeted at reeducating stromal cells away from a protumoral phenotype is dependent on the composition and size of the tumor at treatment initiation, as well as the rate of reeducating protumoral stromal cells, and the antitumoral capacity of the resultant reeducated cells. We apply our model to existing
data from in vivo treatment of PDGF-driven glioma in a mouse model with the
small molecule BLZ945 targeting colony-stimulating factor 1 (CSF-1) signaling
in tumor-associated macrophages (TAMs). We conclude that the observed efficacy of treatment is largely dependent on the reeducation of protumoral TAMs
and the depletion of circulating macrophage progenitors. Importantly, the antitumoral activity of TAMs reeducated by BLZ945 is only significant when it is
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stronger the protumoral effect of the untreated TAMs residing in the same tumor. Our model provides a general description model of tumor growth and
treatment dynamics under complex interaction with the stroma and can be extended to predict long-term efficacy and outcomes of combinatorial treatments.

4.2

Introduction

Recent research has contributed to the appreciation of cancer as a disease not
only of tumor cells, but of the ecological system comprised of interactions between different tumor cell species, and between tumor cells and their microenvironment [101]. The understanding of tumors as ecosystems has generated
the concept of ecological therapy: targeted treatments intended not to directly
destroy malignant cancer cells, an approach which selects for drug resistance
[112], but to disrupt intercellular or cell-microenvironment interactions that enable invasive growth of tumor cells or the evolutionary selection for increasingly
aggressive tumor cell clones. The aim of such treatments can be to create conditions that discourage the malignant expansion of the tumor cell populations
[101], reduce the selective advantage of aggressively-proliferating cells [112], or
to restore homeostasis in the diseased tissues [14].
Stromal cells such as macrophages and fibroblasts are crucial components of
the tumor microenvironment. Mutualistic relationships between cancer cells
and stromal cells play important roles in cancer progression. For example,
cancer-associated fibroblasts enable invasion [70] and angiogenesis [124], and
certain tumor-associated immune cells participate in protumoral inflammation,
driving growth [135], while endothelial cells and pericytes are necessary par-
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ticipants in angiogenesis [20]. Significantly, amongst the myriad cells of the
cancer stroma, it has been shown that tumor-associated macrophages (TAMs)
are important in promoting the growth and malignancy of many solid cancers, including breast [37] and glioma [100, 133]. Alternatively activated TAMs,
called M2 macrophages, are commonly considered to be anti-inflammatory and
protumoral, and have been linked to the functions of macrophages in wound
healing and regeneration, including matrix remodeling, growth factor secretion,
immunosuppression, and angiogenesis [100]. Conversely, classically activated
(M1) macrophages are considered to be anti-tumoral and pro-inflammatory
[109, 120, 134]. Due to their important role in cancer proliferation, the TAM
population presents an attractive target for therapy [24].
Tumor-derived CSF-1, as well as lactate [25, 35], and factors such as IL-4,
IL-10, and TGF-β [100] play important roles in regulating the activation state
of TAMs. In addition, in breast cancer, tumor cell-derived CSF-1 and TAMderived EGF form a signaling feedback loop that may be important for the maintenance of TAMs in the alternatively activated state [37]. Therapeutic inhibition
of the CSF-1 receptor (CSF-1R) with the small molecule PLX3397 in conjunction
with chemotherapy was shown to lead to effective reduction of breast tumors
in mouse models [50]. In certain contexts, CSF-1R inhibition as a monotherapy has also shown efficacy. Recently, administration of a small molecule inhibitor of CSF-1R, BLZ945, alone led to regression of PDGF-B-driven gliomas
in mice [133], with the efficacy being more pronounced for tumors that were
larger at the time of treatment initiation (Fig. 4.1A-D). Macrophages are depleted by dosing with BLZ945 in vitro; however, in in vivo murine PDGF-Bdriven gliomas (PDG), factors secreted by tumor cells including GM-CSF and
IFN-γ rescue macrophages from cell death, and treatment efficacy is associated
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Figure 4.1: The CSF-1 receptor (CSF-1R) inhibitor BLZ945 targets the tumor microenvironment and reduces PDGF-B-driven gliomas in a mouse model. (A)
Representative MRI of tumor volume decrease in a BLZ945-treated mouse. (B)
TAM-targeted CSF-1R inhibition treatment of glioblastoma using BLZ945 reduces tumor volume over one week. (C) Large tumors exhibit greater reduction
in size under BLZ945 treatment. (D) Diagram of cell-cell interactions in tumor
population dynamics. Data presented in A-C reproduced with permission from
[133]
and repolarization of TAMs away from a protumoral phenotype correlated with
increased phagocytic capacity, termed TAM reeducation [133].
Despite this efficacy, it is currently unknown which factors contribute to
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BLZ945 dependent tumor regression in murine PDGs. In addition to inhibiting
macrophage dependent tumor cell proliferation in vitro, CSF-1R inhibition leads
to decreased vascular density in vivo [133]. Thus, it is possible that withdrawal
of educated TAMs and their support of a protumoral microenvironment, in particular the tumor vasculature, suffices to explain the effectiveness of CSF-1R
inhibitor treatment. While BLZ945-treated TAMs also display increased phagocytosis of dead and dying tumor cells [133], it is unknown whether phagocytosis by treated TAMs drives the striking depletion of tumor cells in the glioma
model. In addition, it is unclear if BLZ945 efficacy depends upon cytotoxic activity of TAMs, either through direct tumor cell killing by TAMs themselves or
by engaging the adaptive immune system.
Here we investigate the mechanism of action of BLZ495 treatment by developing and analyzing a general mathematical model of the dynamics of tumor
development and the action of tumor stroma-targeting drugs. Our model describes the dynamics of and interactions between cell subpopulations in a solid
tumor in which protumoral stromal cells play a supportive role, and the alterations of these interactions under targeted therapy. We find that predicting the
outcomes of ecological therapy is nontrivial, and that the efficacy of BLZ945 in
PDG tumors is likely due to a combination of loss of the educated TAM phenotype and antitumoral cytotoxicity of reeducated TAMs, though the former alone
may suffice for effective treatment.
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4.3

Mathematical model and assumptions

We construct a mathematical population dynamics model using ordinary differential equations to describe the progression and treatment of TAM-dependent
tumors using macrophage-targeted therapy. The model has four state variables,
each representing a cell population: Tumor cells (T ), nave macrophages (N),
educated macrophages (E) and reeducated macrophages (R) (Fig. 4.1D). The
model is built on four assumptions:

Assumption 1
Tumor is initiated with 1 tumor cell and no other cellular species (T = 1, N = E =
R = 0), and tumor growth is self-limiting without stromal cells. We assume that
tumor cells (T ) initially proliferate independent of macrophages with coefficient
µ. Proliferation is inhibited and glioma cells are driven to quiescence or death
through competition for limited microenvironmental resources as they increase
in density with coefficient c, resulting in self-limiting logistic growth [19]. The
µ
coefficients µ and c define the basal carrying capacity κ = , the maximum size
c
to which a tumor can grow through cell-autonomous processes.

Assumption 2

The presence of tumor cells triggers recruitment of nave macrophages or microglia (N) from either the peripheral brain, in the case of glioma, and/or the
systemic circulation [133, 10, 7]. We model the rate of recruitment as a function
of the tumor cell population size using a Hill function. Use of the Hill func-
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tion allows us to define a critical tumor cell population size T crit . In a tumor
much smaller than this critical size, the rate of macrophage recruitment will be
negligible, and in a much larger tumor, recruitment will be saturated; i.e. the
rate of macrophage recruitment will be invariant with change in tumor size and
equal to the maximum rate of recruitment, rmax . The steepness of this transition
is determined by the Hill parameter h.

Assumption 3

Recruited macrophages are educated by interaction with tumor cells into a
protumoral TAM phenotype, whose presence relaxes microenvironmental constraints on tumor cell growth. Upon infiltration of the tumor microenvironment,
nave macrophages are educated through paracrine interaction with tumor cells
into a protumoral TAM phenotype (E) [162]. These educated macrophages promote the growth of tumor cells, for example, through microenvironmental remodeling, immunosuppression, and promotion of angiogenesis [162, 76, 105].
Thus, the presence of educated TAMs in the tumor microenvironment effectively raises the carrying capacity of tumor cells above the basal carrying capacity κ =

µ
.
c

In effect, this renders our model a relative of established dynamic

carrying capacity models for cancer growth [19, 136], but with the dynamics of
the carrying capacity increase being modulated by the cell population dynamics
instead of explicitly described.
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Assumption 4

TAM-targeted treatment changes the rate parameters governing interactions between cell populations. We assume that TAM-targeted drugs have an on-oroff effect, and do not introduce new processes to the network of intercellular signals, but modify the rates of existing interactions and of switching between TAM phenotypes. To this end, we introduce five parameters of varying
value that determine the effect of treatment on interactions between cellular
subpopulations. Reeducated neutral or anti-tumoral TAMs (R) induce cytotoxicity against tumor cells determined by the parameter α. The drug inhibits the
protumoral signaling of educated TAMs by a fraction β; for example, this could
represent the effect of inhibitors that negate angiogenic signals produced by
educated TAMs. The rate of nave macrophage education is modulated by the
coefficient γ. The rate of reeducation of educated TAMs is modulated by the
coefficient δ. Finally, the rate of recruitment of macrophages and microglia is reduced by a fraction . The values of these parameters are only used when drug
is present in the tumor; for untreated or vehicle-treated tumors, they default to
the values of β = 0, γ = 1, δ = 1,  = 0. α retains its set value regardless of drug
presence. By including the possibility of multiple alterations to the intercellular signaling network, we account for the variation in dynamics of anti-TAM
therapy between different tumors.
Figure 4.1E shows a diagram of tumor-macrophage interactions and the parameters affected by treatment in our model. The full set of differential equa-
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tions constituting the model is as follows:
dT
dt
dN
dt
dE
dt
dR
dt

= µT − cT 2 + g(1 − β)E − αRT
= rmax

1
− γk1 NT + k2 E
1 + (T crit /T )h

(4.1)
(4.2)

= γk1 NT − k2 E − δk3 E + k4 R

(4.3)

= δk3 E − k4 R

(4.4)

Table 4.1 lists the model parameters and their definitions. Calculations for estimating fixed-value parameters are described in the Methods section.
We performed numerical simulations of the model and analyzed the equations to predict the long-term tumor size, composition, and growth rate. We
make further simplifying assumptions about the model dynamics to obtain the
latter analytical solutions.

4.4

4.4.1

Rationale of parameter values

Estimation of tumor cell population size from MRI data

Vehicle-treated tumors have typical volumes of 10 − 100mm3 , as measured by
MRI. Approximating cells as cubes ≈ 10µm on a side (BNID 108941, [114]), a
typical eukaryotic cell has a volume of 10−6 mm3 . Hence, we estimate a tumor of
volume order 10mm3 to contain on the order of 107 cells, and a tumor of volume
order 100mm3 to contain 108 cells.
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Parameter Definition
µ
c
g

rmax
T crit

h
k1

k2

k3

k4

α

β

γ
δ


tumor cell growth rate
constant
tumor cell competition
rate constant
coefficient of promotion
by educated TAMs

Dimensions
(ND = nondimensional)
Tumor
cell/time
1/(tumor cell *
time)
1/(stromal cell
* time)

Values used

Rationale

0.7 cells/day

See 4.4.2

7 × 10−8 day

See 4.4.3
See 4.4.4

max rate of recruitment of
stromal cells
critical tumor cell population size for recruitment
of stromal cells
Hill constant of recruitment rate function
rate constant of education
of naı̈ve stromal cells to a
pro-tumoral phenotype
rate constant of reversion
of educated stromal cells
to the naı̈ve phenotype
rate constant of reeducation of educated stromal
cells to a neutral or antitumoral phenotype
rate constant of reversion of reeducated stromal cells to the educated
phenotype
cytotoxicity induced by
reeducated stromal cells

Stromal
cell/time
Tumor cell

6.3 × 10−7
/(stromal cell *
day)
106
stromal
cells/day
107 cells

ND

2

See 4.4.6

1/time

1000

See 4.4.6

1/time

0

See 4.4.6

1/time

0.001

See 4.4.6

1/time

1

See 4.4.6

1/(stromal cell
* time)

See 4.4.6

fractional inhibition of
pro-tumoral
signaling
from educated stromal
cells by treatment
modulation of educated
rate by treatment
modulation of reeducation rate by treatment
fractional inhibition of
stromal cell recruitment
by treatment

ND

[10−9 , 10−3 ]
/(stromal cell *
time)
[0, 1]

ND

[0.001, 1]

See 4.4.6

ND

[1, 104 ]

See 4.4.6

ND

[0, 1]

See 4.4.6

See 4.4.5
See 4.4.6

See 4.4.6

Table 4.1: Parameters used in the tumor-macrophage population dynamics
model
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4.4.2

Estimation of tumor cell growth constant

Assuming a population of T cells undergoing exponential growth, the effective
growth coefficient µ can be calculated from the population doubling time τ:

T (τ) = T (0)eµτ
T (τ)
= 2 = eµτ
T (0)
ln 2
µ=
e

4.4.3

(4.5)
(4.6)
(4.7)

Estimation of tumor cell competition constant

Linear regression of tumor reduction as a function of initial tumor size predicts
tumors of size approximately 20mm3 will not be reduced by BLZ945 treatment.
Assuming that the majority of cells in the tumor are tumor cells, and that this
volume is equal to the basal (logistic) carrying capacity of the tumor cells, which
is a function of the tumor cell growth and competition constants κ = 20mm3 ≈
µ
107 cells = , therefore
c

c = 7 × 10−8 (cells × day)−1

4.4.4

(4.8)

Estimation of educated TAM promotion constant

Experiments show TAMs to constitute roughly 10% of all cells in vehicle-treated
gliomas. Assuming this composition is steady-state,
53

∗
fmac
=

c
= 0.1
c+g

(4.9)

Therefore,

g = 6.3 × 10−7 (TAMs × day)−1

4.4.5

(4.10)

Estimation of max macrophage/microglia recruitment rate

The long-term growth rate of vehicle-treated tumors is predicted to be

dT
dt

!∗
=

grmax fE
c

(4.11)

Estimating from MRI measurements, the growth rate of vehicle-treated
tumors during the final week of experiment is constant and approximately
!∗
dT
= 107 cells/day. Assuming all TAMs in untreated tumors are educated
dt
( fE ≈ 1), we estimate

rmax = 106 macrophages/day
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(4.12)

4.4.6

Other parameters

T crit
µ
Simulations with various values of T crit as a function of κ = were performed
c
T crit
(see 4.6.1). Though variations in
produced noticeable variations in the
κ
early growth stage of simulated untreated tumors, the long-term dynamics were
T crit
identical. From the data in [133], the value of
cannot be determined. We
κ
thus used T crit = κ for simplicity in subsequent simulations.

h

We used a Hill function with exponent 2 to model a nonlinear transition in the
dynamics of monocyte recruitment from negligible at low glioma cell count to
saturated at high glioma cell counts. An upper limit for monocyte influx is reasonable, given that the circulating/peripheral monocyte population and tumor
blood vessel density are finite. Saturation dynamics in the form of MichaelisMenten functions have conventionally been used to model the dynamics of immune cell recruitment [47], identical to a Hill function with exponent 1. Using
an exponent of 2 additionally models weak recruitment of monocytes at low
glioma cell count. This can be interpreted as tumor inflammation, which correlates with immune cell infiltration and malignancy, being triggered only when
the glioma cell population size and cellular stress become significant [108].
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ki

Without time-resolved imaging of expression of polarization marker genes in
macrophages, it is difficult to set biologically accurate values for the rate constants of macrophage phenotypic transitions. Values were chosen such that alE
≈ 1).
most all TAMs in untreated tumors would be educated (i.e.
N+E+R
The actual relative abundance of educated TAMs in vivo may differ. Results
from [133] suggest several differentially-regulated genes associated with the
M2 polarization of macrophages that could be useful as an in vivo marker for
macrophages expressing the educated phenotype, including Arg1 and Mrc1.
However, though increased expression of these genes on the population level
correlates with increased tumor growth, macrophage polarization occurs along
a spectrum, and it is possible not all macrophages expressing these genes have
a protumoral educated phenotype. More rigorous methods of categorizing
macrophage phenotypes with respect to their phenomenological impact on the
growth of glioma cells is required to accurately determine these parameters.
Setting ki  µ, c, g could possibly lead to macrophage polarization dynamics
lagging the bulk tumor cell and macrophage population dynamics, and consequently generate oscillatory behavior. However, this would require the time
scale of macrophage intracellular regulatory signaling be far longer than the
time scale of cellular apoptosis and macrophage infiltration. Without further
knowledge of the dynamics of regulatory networks governing macrophage polarization, this possibility seems unlikely to be realistic.
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α, β, γ, δ, 

The five parameters governing the dynamics of TAM reeducation treatment represent phenomenological values of putative alterations to cell-cell interactions.
We performed a thorough parameter scan of each parameter (between 0 and 1
for parameters representing relative inhibitions in rate, where 0 is full inhibition
and 1 is no inhibition; across orders of magnitude for parameter representing
absolute values). Parameter values were further fixed for the specific case of
BLZ945 treatment of glioma (see 4.6.3).

4.5

Methods

A system of ordinary differential equations (eqs. 4.1-4.4) was implemented in
the Matlab programming language. The equations were solved numerically
using the integration routine ode15s.

4.6

4.6.1

Results and discussion

Simulations of untreated tumors

Analysis of the model reveals that in tumors that depend on educated TAMs
for progression, tumor growth occurs in compositionally distinct stages. Initially, when the tumor size is small, macrophage recruitment is negligible and
growth is limited by the intrinsic growth rate of cancer cells. At T ≈ T crit ,
macrophage recruitment accelerates until the rate of recruitment stabilizes to
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rmax . As a result, the macrophage content of the tumor increases rapidly. The recruited macrophages are educated by interactions with tumor cells and display
the protumoral TAM phenotype, increasing the rate of glioma cell proliferation
and rescuing tumor growth from self-limitation due to previous microenvironmental scarcity.
As a result, tumor growth occurs in three compositionally distinct phases:
an initial phase of macrophage-poor, glioma cell-autonomous growth, followed
by a transient phase of accelerating TAM enrichment and growth, and finally a
linear growth phase in which glioma cells and macrophages rapidly increase
in number while remaining in constant proportion (Fig 4.2). Assuming all
macrophages in the tumor are reeducated TAMs, the steady-state fraction of
∗ 
TAMs in untreated gliomas fmac
can be predicted as a function of the glioma
cell competition coefficient c and the educated TAM promotion coefficient g:
∗
fmac
=



c
T 
=
T+M
c+g

(4.13)

Given the above solution for the projected TAM content of a tumor, and assuming the equilibrium between naı̈ve and educated TAMs is rapidly reached, the
!∗
dT
is a function of the prorate of malignant glioma growth in the long-term
dt
motion coefficient, the maximum rate of macrophage recruitment rmax , and the
competition coefficient:
dT
dt

!∗
=

grmax fE
c

(4.14)

Notably, the final linear phase of tumor growth is faster than early, macrophagefree growth. This corroborates experimental observations that macrophage infiltration precedes the onset of angiogenesis and malignancy in vivo [25].
The specific dynamics of the transition from initial low-macrophage growth
to malignant macrophage-dependent growth depends on whether the basal car58
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Figure 4.2: Effects of varying Tcrit
κ
tumor cell count as a function of time. Left axes, bottom row: tumor cell growth
rate as a function of time. Right axes: relative macrophage abundance as a func< 1 generates an initial slow phase of TAM-independent
tion of time. (A) Tcrit
κ
growth of constant rate, followed by a fast phase of concurrent TAM-dependent
and TAM-independent growth, and finally a slower phase of TAM-dependent
= 1 generates an initial slow phase of
growth only of constant rate. (B) Tcrit
κ
TAM-independent growth of constant rate followed by a smooth acceleration
to TAM-dependent only growth of constant rate, with no overlap between the
> 1 generates an initial slow phase of TAM-independent
two phases. (C) Tcrit
κ
growth of constant rate, followed by an exponential TAM-independent growth
and quiescence, followed by TAM-dependent growth of saturating rate.
rying capacity of the glioma cells is reached before the transition from slow
T crit
. When
to rapid macrophage recruitment, that is the ratio of parameters
κ
T crit
≤ 1, rapid macrophage recruitment begins before the basal carrying capacκ
ity is reached: this leads to a transient phase when TAM-independent growth
and TAM-dependent growth proceed simultaneously, resulting in very fast
growth until the basal carrying capacity is reached, after which the tumor size
increases more slowly and only through TAM-dependent growth (Fig. 4.2A).
T crit
When
= 1, the tumor progresses via TAM-independent growth until reachκ
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ing the basal carrying capacity, followed immediately by a transition to TAMT crit
≥ 1, the tumor progresses via TAMdependent growth (Fig. 4.2B). When
κ
independent growth until reaching the basal carrying capacity, followed by a
period of apparent tumor dormancy. However, during this quiescent phase, the
tumor continues to recruit and educate macrophages, thus enabling growth at
a lower rate. Once the glioma cell population size reaches T crit , macrophage recruitment accelerates, and the tumor enters the final phase of fast, malignant
growth (Fig. 4.2C). Our model thus reveals multistage compositional dynamics
in early glioma growth that may be difficult to detect in vivo.
T crit
= 1, the dynamics generated by our model
κ
resemble those of the established exponential-linear model featuring two disInterestingly, in the case of

tinct growth phases separated by a threshold tumor mass, which has been
shown to describe accurately the growth of ovarian and colorectal [145] and
breast [19] xenograft tumors in mouse models. Our model thus reveals a possible cancer ecological explanation for previously observed bulk tumor growth
dynamics that may apply to solid tumors in different tissues.

4.6.2

Simulations of treated tumors

We first developed a generalized model of tumor treatment based on targeting
the macrophage compartment of stromal cells. Although this model was motivated by the success of BLZ945 glioma treatment in glioma models, the model
presented here also allows investigation of other treatments that target TAMs.
We assume that the properties of any TAM-targeted therapy fall within a fivedimensional parameter space (α, β, γ, δ, ). After performing a parameter scan of

60

this space (Table 1), we find that qualitative treatment outcomes fall into one of
four categories:

1. reduced and suppressed (regression)

2. reduced, but not suppressed (tumor rebounds after reaching a minimum
size: relapse)

3. not reduced, but suppressed (stasis)
4. not reduced, and not suppressed, with tumor progression continuing at a
slowed rate (progressive disease) (Fig. 4.3).

The model also predicts that the tumor cell population under continuous
treatment will achieve a minimum size before becoming suppressed or before
rebound occurs. For purposes of analysis, we assume that TAM reeducation is
effectively instantaneous, all macrophages in the tumor adopt either the educated TAM or the reeducated TAM phenotype, and that tumor reduction under
treatment occurs before any recruitment of nave macrophages into the tumor.
Under these assumptions, the reduction in tumor size achieved before relapse
or suppression is a function of the relative abundances of educated and reeducated TAMs, the basal carrying capacity of tumor cells, as well as the tumor cell
population size at the time of treatment initiation.
!#
"
α ∗
∗
∆T = T (td ) 1 − (1 − β) fE − fR − κ
g

(4.15)

Where T ( td ) is the number of tumor cells at the time of treatment initiation, and
fE∗ , fR∗ are the post-treatment steady-state solutions for the relative abundances
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Figure 4.3: Qualitative categories of TAM-targeted treatment outcomes. Transient tumor reduction efficacy does not guarantee effective long-term suppression of tumor progression, as illustrated by the panel “relapse”.
of educated TAMs and reeducated TAMs. These relative abundances are determined from the treatment parameter δ and the equilibrium ratio of reeducated
to educated TAMs Kr , which can be calculated from the rate constants of TAM
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reeducation and reversion to the educated phenotype:
Kr =

k3
k4

1
1 + δKr
δKr
fR∗ =
1 + δKr
fE∗ =

(4.16)
(4.17)
(4.18)

Assuming the parameters governing intercellular interactions are consistent
between pre-treatment tumors, this translates into a positive linear relationship
between the total number of cells in the tumor at time of treatment initiation
and residual tumor size after treatment. This replicates the linear correlation
between pre- and post-treatment tumor size seen in in vivo experiments with
the PDG model (Fig. 4.1C). It is also evident that any reduction of the tumor
beneath the basal carrying capacity (T min < κ) requires the reeducated TAMs
to possess antitumoral cytotoxicity greater than the ratio of the post-treatment
promotional coefficient g(1 − β) to the post-treatment reeducated to educated
TAM ratio δKr :
α>

g(1 − β)
δKr

(4.19)

Similarly to the pre-treatment case, we can solve the equations to obtain the
long-term change in tumor cell carrying capacity under continuous treatment,
which will determine whether tumor rebound occurs. The rate of change in
tumor cell carrying capacity is equal to the rate of change of the steady-state
solution for the tumor cell population size:
dT ∗ dM 1
=
(g(1 − β) fE∗ − α fR∗ )
dt
dt c

(4.20)

Assuming macrophage recruitment is the only source of fluctuations in the total number of macrophages in the tumor, that is, all other processes such as
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macrophage cell death and in situ proliferation sum to zero:
1
dM
= (1 − )rmax
dt
1 + (T crit /T )h

(4.21)

From this solution it is evident that tumor growth will be successfully suppressed by continuous treatment if at least one of the following conditions is
met:

1. The tumor cell population is reduced to a small enough size, such that
1
≈ 0;
1 + (T crit /T )h
2. Recruitment of nave macrophages is effectively blocked, i.e.  = 1;

3. The cytotoxic effect of reeducated macrophages is high enough such that
g(1 − β)
.
α>
δKr
Either of the first two conditions ensures further macrophage recruitment will
be inhibited, preventing TAM-dependent tumor relapse, while the third condition means any continued macrophage recruitment will have an overall antitumoral effect due to treatment-induced macrophage reeducation. On the
contrary, if none of these conditions are met, the tumor may rebound under
continuous treatment, despite initially effective tumor reduction. Our model
thus reveals a mechanism for the non-evolutionary emergence of resistance to
anti-TAM therapy under continuous treatment, enabled purely by population
dynamics.

64

4.6.3

Applying the model to explain BLZ945 mechanism of action in glioma mouse models

We then apply our generalized mathematical model to the specific case of
BLZ945 treatment of PDGF-driven glioblastoma in mice. The following experimental observations [133] allow us to constrain the model of untreated tumor
growth:

• Magnetic resonance imaging (MRI) of vehicle-treated mice shows linear
expansion of tumor volume within a seven-day observation period posttreatment initiation (Fig. 4.1A)

• linear regression of fractional tumor reduction as a function of tumor size
at time of treatment, as measured by MRI, predicts that tumors smaller
than ≈ 20mm3 will initially continue to grow during BLZ945 treatment,
slowing and eventually arresting as T approaches κ (Fig. 4.1C).

• immunostaining and flow cytometry of vehicle-treated tumors show relative TAM abundance of 10-20% [133].

The precise dynamics of early tumor growth in PDGF-driven glioma are unknown and may differ from other TAM-rich solid tumors. Our model predicts
that the value of T crit has no impact on the long-term tumor growth rate, which
makes it is difficult to estimate the value from in vivo MRI measurements. These
data represent later TAM-rich stages of glioma growth.

65

In addition to this, empirical values for T crit and κ may represent glioma cell
counts smaller than the MRI detection threshold and thus are below the detection limit. Research has shown that myeloid infiltration into murine gliomas
is largely dependent upon HIF-1α signaling and subsequent CXCL12 mediated
recruitment [55]. Further studies have shown a similar mechanism at play in
response to irradiation therapy [99]. We infer from these studies that cellular stresses experienced during early gliomagenesis and conventional therapy
are indicative of the stresses that a tumor experiences as it reaches its basal
carrying capacity, interpretable as the maximum allowable tumor size without macrophages. Thus, we assume that the rate of macrophage recruitment
increases dramatically as T → κ. In other words, we assume that the critical
tumor size equals the tumor intrinsic carrying capacity: T crit = κ.
In preclinical experiments, BLZ945 treatment is initiated when a tumor of detectable size is observed via MRI, usually around week 5 post-tumor initiation;
mice are thereafter dosed daily with drug [133]. We thus assume that BLZ945
enters and remains in the system at a constant level after treatment initiation.
When BLZ945 is present, educated TAMs are converted to the reeducated phenotype. We simulate tumor growth by initializing simulations (day 0) with 1
glioma cell and no other cellular species present. As in the experiments, we fix
the time of treatment initiation at tdrug = 35 days. Simulations were run for 42
days.
Fromin vivo experiments, it is known that circulating monocytes and brainresident microglia, the presumed precursors of TAMs, are depleted by BLZ945,
eliminating the reservoir of macrophages that may be recruited to the tumor to
expand the carrying capacity [133]. We thus assume that macrophage recruit-
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ment post-BLZ945 treatment is completely inhibited, or  = 1. From our solution to the generic model above, this is sufficient to explain the lack of tumor
rebound observed in the experimental system (Fig. 4.3).
The initial education of naı̈ve macrophages into a protumoral phenotype
and inhibition of the antitumoral phenotype is likely to be driven by a complex
set of signals not limited to CSF-1, including CCL2 [169], GM-CSF [144], IL-4, IL10, and IL-13 [76, 110]. We thus assume that the education of naı̈ve macrophages
is not inhibited by BLZ945, and therefore γ = 1.
Finally, if any TAMs remain in the educated compartment, it can be assumed
that the ability of glioma cells to benefit from their presence is not altered by
BLZ945, thus we set β = 0 [133].
Therefore, after considering the constraints imposed by experimental observations, the five-dimensional parameter space of the generic treatment model is
reduced to a two-dimensional subspace (α, δ), for the specific case of BLZ945
treatment of PDGF-driven glioblastoma. In other words, the efficacy of the
treatment is dependent only upon the anti-glioma cell cytotoxicity induced by
the reeducated TAMs (α) and the rate of TAM reeducation (δ). We performed
a parameter scan of the two-dimensional phase space across seven orders of
magnitude of α and five orders of magnitude of δ and found two distinct reg
(Fig. 4.4). In the lower region,
gions of behavior separated by the line α =
δKr
the tumor is not completely eliminated, even though further progression is suppressed. The efficiency of the regression is mainly a function of the reeducation
(parameter δ). In the upper region, the tumor cell population is completely
eliminated by BLZ945 treatment. The influence of α on the outcome of treatment largely disappears with values < 10−7 , meaning the cytotoxicity induced
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Figure 4.4: Minimum residual tumor size relative to the tumor size at time of
treatment initiation in the phase space of (δ, α). White dotted line indicates
the separation between the upper-right domain where the tumor cells are completely depleted, and the lower-left domain where they are not, and represents
the critical reeducated TAM cytotoxicity relative to rate of reeducation α = δKg r .
When α < 10−7 = g reeducated TAM cytotoxicity has a negligible effect on treatment outcome, and efficacy is determined solely by the rate of reeducation. Insets: representative time courses.
by reeducated TAMs is weaker than the protumoral effect of educated TAMs,
and the loss of educated TAMs and the consequent withdrawal of a protumoral
stromal microenvironment are responsible for generating the bulk of treatment
efficacy. With α > 10−7) , meaning the cytotoxicity induced by reeducated TAMs
is stronger than the protumoral effect of educated TAMs, antitumoral cytotoxicity in reeducated TAMs becomes a significant factor in treatment outcome.
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4.7

Discussion

Ecological interactions amongst cancer cells and between cancer cells and the
stroma drive the population responses of tumors to physiological challenges
during progression and treatment, leading to malignancy and drug resistance
[123]. Quantitative understanding of cancer ecology will be crucial to the development of successful therapeutic strategies, and effective categorization of
disease based on recognition of population-level ecological ‘biomarkers such
as tumor composition and intratumoral heterogeneity. Mathematical modeling
can be a powerful tool to describe and predict the dynamics of disease progression and treatment.
Pro-tumoral signaling from stromal cells such as TAMs (but also including,
for example, cancer-associated fibroblasts [142]) perform essential functions in
tumor progression. Our model shows the growth of such a tumor, composed of
a heterogenous and mutualistically-interacting population of tumor and stromal cells, and exhibits complex population dynamics and fluctuations of population composition. Similarly, the post-treatment dynamics of the cellular populations show that outcomes can be nonlinear and vary over time, as well as depend on the state of the tumor at time of treatment initiation. Our results raise
the possibility that the assessment of treatment efficacy for general stromaltargeted therapies is thus complicated even without considering the emergence
of resistance through evolutionary mechanisms, and may require differentiating
between short-term tumor regression and long-term tumor suppression.
Owing to factors such as tumor-associated inflammation [57] and the
fragility of tumor vasculature [46, 115], the tumor microenvironment is highly
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heterogeneous and unstable [59, 69, 71, 155]. Such an unstable microenvironment may require constant remodeling to maintain its pro-tumoral properties. TAMs expressing an alternatively activated, regenerative phenotype
may play important roles in maintenance of a pro-tumoral microenvironment
[81, 134, 141]. In treating a tumor system dependent on TAMs for microenvironmental maintenance with TAM reeducation factors, it may not be necessary
to induce expression of an anti-tumoral macrophage phenotype to successfully
regress the tumor. However, anti-tumoral killing by reeducated TAMs can suppress tumor regrowth in cases where residual macrophage recruitment and educated TAMs persist.
Specific to the activity of BLZ945 in the glioma model, we find induction of
anti-tumoral cytotoxicity in the re-educated TAMs not to be required for the effectiveness of treatment seen in in vivo experiments [133]. Indeed, our model
predicts that when anti-tumoral cytotoxicity mediated by re-educated TAMs is
weaker than pro-tumoral signaling in educated TAMs, this anti-tumoral activity will have negligible impact on treatment outcome (Fig. 4.4). However, this
cytotoxicity-independent efficacy is dependent on the inhibition of macrophage
recruitment, possibly due to the depletion of circulating monocytes, and alternative CSF-1R inhibitors or TAM-targeted agents that do not deplete circulating
monocytes or inhibit their recruitment may have different outcomes. Furthermore, variations between tumors, or between tumors of different types, mean
that some tumor cell populations may receive a greater beneficial effect from educated TAMs, i.e. g is greater. For these tumors, we predict with our model that
reeducated TAMs must induce greater cytotoxicity for TAM-targeted ecological
therapy to be effective, assuming the efficiency of re-education is the same.

70

The complexity of tumor-TAM signaling provides many possible mechanisms for intervention by treatment, and our general model provides a means
to predict the therapeutic efficacy of those interventions. For example, the effect
of inhibiting signals from pro-tumoral stromal cells, such as microglia-derived
IL-6 in glioma [169], without depleting or altering the phenotypes of the stromal cells, may be modeled by setting the parameter β > 0. The action of antiangiogenic factors such as anti-VEGF inhibitors [75] could be similarly modeled.
Interestingly, the (δ, α) phase space of BLZ945 treatment shows that the domains
of full response and no response are separated by a relatively narrow boundary,
implying that for some tumors with limited or no response, a small change in
parameters could generate a large change in response, possibly leading to full
regression of the tumor. This suggests a role for combinatorial treatments. For
example, BLZ945 combined with a hypothetical treatment increasing the antitumoral immune activity associated with reeducated TAMs (α) by 10-fold could
drive a partially responsive or non-responsive tumor to full response. For this
reason, TAM reeducation could serve as a powerful complement or alternative
to treatments aimed at depleting or preventing the recruitment of macrophages
[23].
We acknowledge that our model does not capture the full complexity of
tumor-stromal ecology and perturbations to it. Current analyses do not investigate the response of tumor ecology to conventional treatments, such as radiotherapy and chemotherapy, which rapidly deplete tumor cells but do not
target stromal cells. Modeling the response of the tumor-stromal system to a
sudden decrease in tumor cell count could be implemented in a future application of our model. We also have not modeled the protective effect of tumor
cell-secreted factors on TAMs in the face of CSF-1R inhibition, which specifi-
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cally prevented TAM killing, while microglia and other normal macrophages
were depleted [133]. Conceivably, loss of tumor cells upon initial TAM reeducation followed by TAM loss due to depletion of those protective tumor cells
could result in a feedback that would suffice for effective treatment. Finally,
it would be interesting to investigate the possibility of dynamic regulation of
multiple independent pro-tumoral signaling pathways within educated TAMs,
such as IGF-1 [68], as each macrophage phenotypic compartment is modeled as
internally homogeneous and invariant with time. In sum, we present a general
mathematical model to predict the outcomes of tumor growth and treatment
with respect to the complex interactions between tumor cells and associated
stromal cells, as well as alterations in their respective phenotypes after targeted
therapy. We have used our model to examine possible factors explaining the efficacy of BLZ945 treatment of PDGF-driven glioma in a mouse model [133]. The
model may be expanded to predict longer-term outcomes of continued treatment, including relapse after discontinuation of treatment, or loss of treatment
effectiveness through emergence of resistance.
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CHAPTER 5
CONCLUSIONS

5.1

The importance of being collective

In light of increased capability for characterizing tumors in terms of genomic alteration and gene expression on a per-patient basis, there has been anticipation
that the next paradigm shift in cancer treatment will come in the form of personalized medicine [102]. Under this paradigm, the disease of each cancer patient
would be categorized into a subtype based on identification of genomic and
transcriptomic biomarkers, after which the most effective course of treatment
for that subtype would be applied.
Despite the promise of personalized treatment, inter- and intra-tumoral heterogeneity present several possible obstacles to its success [61]:

• The initial number of qualified recipients of personalized therapy might
be small, as driving genetic alterations are difficult to identify in many
cancers, attributable to phenotypic complexity and genomic instability of
transformed cells [56];

• while sophisticated and specific treatments may be highly effective, the
number of cases in which they are useful may be limited, as driving genomic events that recur across cancer types are rare [3];

• due to intratumoral clonal heterogeneity, targeted treatments are unlikely
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to affect all cells in the tumor, leading to high risk of relapse driven by
non-responsive clones.

In short, there is a threat that perceived tumor complexity will explosively
increase with diagnostic resolution, resulting in the disintegration of cancer into
a plethora of individual complex diseases for which costly treatments must be
designed respectively, to a point that the impact of any novel targeted treatment
on the overall long-term cancer risk of the patient population becomes negligible and not worth the investment necessary to develop it. In anticipation of this
explosion of complexity, it is now essential to understand not only how tumors
are different, but how they are the same: to focus on discovering first principles
governing the behavior of tumors as intricate multicellular systems that are generalizable across patients and cancer types despite underlying heterogeneity at
the cellular and molecular levels.
Without understanding these principles, the qualitative large-scale and longterm outcomes of molecular events cannot be accurately predicted, and findings
cannot be transferred between mechanistically diverse systems. Because of this,
phenomenological models, such as those I have described here, inferred from
and validated against data will form a necessary complement to mechanistic
models and experiments. For while a mechanistic view of cancer may identify therapeutic targets, phenomenology describes the effects of perturbations of
mechanism on the flow of information through the system. Thus, phenomenological models can provide the means of predicting the observed evolution of a
system from its observed initial state.
Existing efforts to study complex systems such as cancer cell populations
and cellular signaling networks often take a hypothesis- and modeling-driven
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approach. Indeed, the two projects presented in this dissertation fall under this
category. Such approaches risk obscuring not only the true complexity and magnitude of biological populations or signaling networks, but perhaps more importantly, the characteristic ability of real biological systems to produce relevant
behaviors on multiple time- and length-scales [104]. The emerging challenge is
to learn the organizing principles of complex biological networks and populations directly from data, including large-scale genomic and transcriptomic data,
which is now becoming increasingly available [12]. In closing, I will outline
several proposals for experimentally probing the ecological and evolutionary
complexity of cancer in ways that can also yield meaningful theoretical insight.

5.2

Proposed experimental approaches to cancer ecology and
evolution

5.2.1

From ‘big data’

Intratumoral cellular heterogeneity in solid tumors on the genomic [74, 168]
and phenotypic [130] levels has been observed using sequencing techniques.
Although such datasets can reveal the cellular composition of tumors, an extra
layer of analysis is necessary to infer the population structure—that is, the topology of interactions between cellular subpopulations that generate and sustain
the expansionary population dynamics that characterize malignancy.
One promising course of research would be to infer quantitative, phenomenological models of interactions between cell subpopulations in cancers
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from sequencing data. Inspiration for this approach can be found in recent
studies of the human gut microbiome [148, 60].

In these works, time se-

ries of the abundances of bacterial species (more accurately operational taxonomic units, or OTUs) in human digestive systems are obtained by sequencing microbial DNA, then quantifying the abundance of each bacterial species
through qPCR amplification of distinguishing 16S ribosomal RNA. Coefficients
for Lotka-Volterra population dynamics models are then inferred from time series species abundances using various techniques.
Within the population of transformed cells, genome sequencing will be useful in reconstructing the phylogenetic tree of transformed clones [51]. The major
challenge in applying this methodology to cancer is that much of intratumoral
phenotypic heterogeneity is driven by microenvironmental regulation and the
plasticity of intracellular signaling networks. Hence, distinctive genomic variations between functional cellular subpopulations in tumors are likely to be rare.
All untransformed stromal and infiltrating immune cells, in particular, will be
genomically identical with each other and with all other untransformed cells of
the host. It thus becomes necessary to characterize cells phenotypically on the
level of gene expression, if not function.
A distribution of cells in gene expression space can be obtained through
single-cell transcriptome profiling [43], and categorized into transcriptional subtypes using machine learning methods such as unsupervised clustering. Alternatively, bulk tumor transcriptome data could be decomposed along mean gene
expression patterns of different cell types to reconstruct the abundances of cellular subpopulations. An example of decomposition of expression data along
expression patterns characteristic cell types exists for identifying putative can-
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cer stem cells in acute myeloid leukemia [72]. Time-resolved data of this kind
would allow the inference of a dynamical model of interactions between subpopulations from the time correlation of their abundances.
As time series data may be difficult to obtain in a clinical environment, an
alternative approach could be to search for correlations between phenotypic
subpopulations across samples of different tumors, or samples from different
spatial locations within the same tumor. As correlation between variables in a
network does not imply a direct interaction, a stepwise regression method such
as that used in [60] could be used to weed out indirect interactions from the
putative ecological network.
A parallel path could be to discover predictive population-level disease
markers within the network of intercellular interactions. Currently recognized
clinical markers such as tumor morphology and genetic signatures neglect the
role of the cellular ecosystem in determining the outcomes of cancer progression
and treatment [50, 98]. By inferring the underlying networks of interactions between cellular populations in cancer and analyzing their topologies, it could analyze the robustness of tumors to microenvironmental challenges and therapies,
and identify weak points in the ecological interaction network which, when perturbed with treatment, might drive the collapse or growth arrest of the cancer
cell population. Such weak points may involve, for example, positive feedback
interactions between cancer cells and protumoral stromal cells.
In addition, it is possible that the mapping of cancer cellular composition
to multicellular phenotype is degenerate, allowing tumors with disparate cellular compositions to exhibit similar large-scale and long-term behavior. If this
degeneracy is found to be relevant to cancer, this could reduce the functional
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complexity of intertumoral heterogeneity, and explain non-cell autonomous resistance of cancer to treatments that deplete or inhibit the activity of certain cell
subpopulations.

5.2.2

From in vivo experiment

Novel experimental methods such as intravital microscopy have allowed for
the direct imaging of fluorescent-tagged cell subpopulations in solid tumors [2].
Using such techniques, experimentalists have been able to observe the in vivo
emergence of collective cancer cell streaming as a result of pro-invasive feedback signaling between breast cancer cells and tumor-associated macrophages
through the EGF/CSF-1 paracrine loop [140]. However, such experiments require keeping the host animal in a stressed and weakened state, and may not be
feasible for more long-term observations.
For shorter time scale phenomena such as collective motion, spinning disk
confocal microscopy can provide real-time live-animal imaging of single cells
[58, 32]. From such videos, correlation functions can be calculated for cell clusters engaged in collective migration. This would open the path to a quantitative and phenomenological model of information transfer between moving
cells. Such a study would be analogous to animal studies [28, 8, 107] where
phenomenological interactions governing collective motion have been inferred
from high-resolution videos of moving groups. Fluorescence correlation spectroscopy measurements of the same collective migration events could corroborate phenomenological interactions with molecular mechanisms by recording
the formation and aggregation of E-cadherin complexes [153], through which
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biochemical and mechanical signals are communicated between collectively migrating cells.
Longer time scale population-dynamical experiments could be performed
using conventional mouse model techniques. A recent study [111] observes
clonal interference in a mouse xenograft system. Cell lines of a common genetic
background were divided into sub-lineages each over-expressing a single secreted factor, mixed, and transplanted into mice. In perhaps their most striking
result, a subclone over-expressing interlelukin 11 proved capable of driving the
expansion of the bulk tumor while decreasing in frequency, exhibiting what is
defined evolutionarily as altruistic behavior. Studies in fruit flies also observed
tumorigenesis driven by clonal cooperation [163, 121].
The weakness of these existing studies is they rely on synthetic generation
of a panel of cellular subpopulations. Hence, the phenotypic heterogeneity observed is a result of artificial manipulations and not the native selective pressures and noise experienced by cells residing in a nascent tumor in living tissue.
Thus, even when one observes interesting cell population dynamics and tumor
growth patterns resembling those of clinical tumors, these may not prove an
accurate reproduction of either the small-scale mechanisms or the long-term
bulk dynamics of clinical tumors. Indeed, the long-term population dynamics
of [163] and [111] both result in the extinction of the tumor-driving clone, and
presumably the arrest of tumor progression, at which point the salient question
then becomes: how does a tumor exploit either evolution or phenotypic plasticity to adapt when it, e.g., exhausts a source of key cytokines?
For this reason, a more ideal approach may be to initiate tumors natively
using transgenic techniques, or an (ostensibly) clonal xenograft inoculum, then
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observe the development and evolution of the cell population over time. For
such an approach, a useful platform may be the transparent casper zebrafish
model [159]. This model allows non-invasive imaging of fluorescent-tagged
cells as they proliferate and migrate through the host animal. Combined with a
Cre-based lineage tracing technique (a.k.a. ‘zebrabow’) [129], this would enable
descendent lineages of a clonal xenograft inoculum to be tracked through the
full timescale of disease progression. Using this method, it may be possible to
infer Lotka-Volterra population dynamics models of differentially-labeled subclones at primary and metastatic sites.

5.2.3

From in vitro experiment

Ecological and evolutionary experiments have been performed over long
timescales in microbial populations [154, 161]. Such experiments show potential for translating to in vitro co-culture experiments using cancer cell lines and
possibly stromal cell lines. The problem is that the collective response observed
would be stripped of the context of the selective pressures of the in vivo tumor microenvironment. Over longer time scales, the discrepancy in culture
conditions could have an increasing impact on the relevance of observations.
A biomimetic culture platform could approximate in vivo microenvironmental conditions [92], but in general more large-scale evolutionary experiments
should probably be left for in vivo settings.
On the other hand, in vitro studies could be useful in probing the emergent dynamics of specific signaling pathways of interest in collectives of cells.
As evidenced in modeling-driven collective motion studies, simple stimuli-
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response mechanisms may nonetheless produce interesting behavior when integrated across an interconnected network of individuals differentially affected
by spatial positioning and thermodynamic fluctuation. Culture experiments
have yielded results observing collective motion of cells in chick keratocytes
sufficient for parameterizing an SPP model [150]. The SPP model of collective
motion can be regarded as a 1- to 3-dimensional analogue of the Ising model of
ferromagnetism [156]. That is, the 1- to 3-dimensional velocity vector of each
moving individual aligns and becomes correlated with that of other individuals
as a function of their spatial positions and velocities. For experimental systems
of interaction cells in motion, an interaction matrix can be inferred from the
velocity correlations.
This approach can perhaps be further generalized to correlations between
n-dimensional gene expression vectors of individual cells in culture, where for
experiments that will be both relevant and tractable, n is constrained at the lower
bound by the number of relevant signaling molecules in a given paracrinecoupled regulatory pathway, and at the upper bound by the number of signaling molecules that may be quantified in real-time with multichannel fluorescent
labeling. An elemental example of such an experiment may be found in the
studies of Gregor et al. [143] on cyclic AMP signaling in the social amoeba Dictystelium. Here, the correlated variable is a 1-dimensional vector consisting of
the cytosolic cAMP concentration of each cell.
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Zena Werb, and Gabriele Bergers. HIF1alpha induces the recruitment of

87

bone marrow-derived vascular modulatory cells to regulate tumor angiogenesis and invasion. Cancer Cell, 13(3):206–220, March 2008.
[56] W. Du and O. Elemento. Cancer systems biology: embracing complexity
to develop better anticancer therapeutic strategies. Oncogene, September
2014.
[57] H.F. Dvorak. Tumors: Wounds that do not heal. New England Journal of
Medicine, 315(26):1650–1659, 1986.
[58] Mikala Egeblad, Elizabeth S Nakasone, and Zena Werb. Tumors as organs:
complex tissues that interface with the entire organism. Developmental cell,
18(6):884–901, June 2010.
[59] Veronica Estrella, Tingan Chen, Mark Lloyd, Jonathan Wojtkowiak,
Heather H Cornnell, Arig Ibrahim-Hashim, Kate Bailey, Yoganand Balagurunathan, Jennifer M Rothberg, Bonnie F Sloane, Joseph Johnson,
Robert a Gatenby, and Robert J Gillies. Acidity generated by the tumor
microenvironment drives local invasion. Cancer research, 73(5):1524–35,
March 2013.
[60] Charles K. Fisher and Pankaj Mehta. Identifying keystone species in the
human gut microbiome from metagenomic timeseries using sparse linear
regression. arXiv:1402.0511 [q-bio], February 2014. arXiv: 1402.0511.
[61] Rosalie Fisher, James Larkin, and Charles Swanton. Inter and intratumour
heterogeneity: a barrier to individualized medical therapy in renal cell
carcinoma? Genitourinary Oncology, page 49, 2012.
[62] Keith T. Flaherty, Igor Puzanov, Kevin B. Kim, Antoni Ribas, Grant A.
McArthur, Jeffrey A. Sosman, Peter J. O’Dwyer, Richard J. Lee, Joseph F.
Grippo, Keith Nolop, and Paul B. Chapman. Inhibition of mutated, activated BRAF in metastatic melanoma. New England Journal of Medicine,
363(9):809–819, August 2010.
[63] Jasmine Foo and Franziska Michor. Evolution of resistance to targeted anti-cancer therapies during continuous and pulsed administration
strategies. PLoS computational biology, 5(11):e1000557, November 2009.
[64] Peter Friedl and Stephanie Alexander. Cancer invasion and the microenvironment: Plasticity and reciprocity. Cell, 147(5):992–1009, November
2011.

88

[65] Peter Friedl and Darren Gilmour. Collective cell migration in morphogenesis, regeneration and cancer. Nature reviews. Molecular cell biology,
10(7):445–57, July 2009.
[66] Peter Friedl, P.B. Noble, P.A. Walton, D.W. Laird, P.J. Chauvin, R.J. Tabah,
Martin Black, and K.S. Zänker. Migration of coordinated cell clusters
in mesenchymal and epithelial cancer explants in vitro. Cancer research,
55(20):4557, 1995.
[67] Peter Friedl and Katarina Wolf. Plasticity of cell migration: a multiscale
tuning model. The Journal of cell biology, 188(1):11–9, January 2010.
[68] Jason M. Fritz, Lori D. Dwyer-Nield, and Alvin M. Malkinson. Stimulation of neoplastic mouse lung cell proliferation by alveolar macrophagederived, insulin-like growth factor-1 can be blocked by inhibiting MEK
and PI3k activation. Mol. Cancer, 10:76, 2011.
[69] Dai Fukumura and Rakesh K. Jain. Tumor microenvironment abnormalities: Causes, consequences, and strategies to normalize. J. Cell. Biochem.,
101(4):937–949, July 2007.
[70] Cedric Gaggioli, Steven Hooper, Cristina Hidalgo-Carcedo, Robert
Grosse, John F Marshall, Kevin Harrington, and Erik Sahai. Fibroblastled collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells. Nature cell biology, 9(12):1392–400,
December 2007.
[71] Robert A. Gatenby, Edward T. Gawlinski, Arthur F. Gmitro, Brant Kaylor,
and Robert J. Gillies. Acid-mediated tumor invasion: a multidisciplinary
study. Cancer Res, 66(10):5216–5223, May 2006.
[72] Andrew J. Gentles, Sylvia K. Plevritis, Ravindra Majeti, and Ash A. Alizadeh. A leukemic stem cell gene expression signature is associated with
clinical outcomes in acute myeloid leukemia. JAMA, 304(24):2706–2715,
December 2010.
[73] M. Gerlinger and C. Swanton. How darwinian models inform therapeutic
failure initiated by clonal heterogeneity in cancer medicine. Br J Cancer,
103(8):1139–1143, October 2010.
[74] Marco Gerlinger, Andrew J. Rowan, Stuart Horswell, James Larkin, David
Endesfelder, Eva Gronroos, Pierre Martinez, Nicholas Matthews, Aengus

89

Stewart, Patrick Tarpey, Ignacio Varela, Benjamin Phillimore, Sharmin
Begum, Neil Q. McDonald, Adam Butler, David Jones, Keiran Raine,
Calli Latimer, Claudio R. Santos, Mahrokh Nohadani, Aron C. Eklund,
Bradley Spencer-Dene, Graham Clark, Lisa Pickering, Gordon Stamp,
Martin Gore, Zoltan Szallasi, Julian Downward, P. Andrew Futreal, and
Charles Swanton. Intratumor heterogeneity and branched evolution revealed by multiregion sequencing. NEJM, 366(10):883–892, 2012.
[75] Elizabeth R. Gerstner and Tracy T. Batchelor. Antiangiogenic therapy for
glioblastoma. Cancer J, 18(1):45–50, February 2012.
[76] Vasilena Gocheva, Hao-Wei Wang, Bedrick B Gadea, Tanaya Shree,
Karen E Hunter, Alfred L Garfall, Tara Berman, and Johanna a Joyce. IL-4
induces cathepsin protease activity in tumor-associated macrophages to
promote cancer growth and invasion. Genes & development, 24(3):241–55,
February 2010.
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[156] T. Vicsek, A. Czirók, Eshel Ben-Jacob, I. Cohen, and O. Shochet. Novel
type of phase transition in a system of self-driven particles. Physical Review Letters, 75(6):1226–1229, 1995.
[157] Tamás Vicsek and Anna Zafeiris. Collective motion. arXiv, pages 1–85,
2012.
[158] Joe Yuichiro Wakano, Martin a Nowak, and Christoph Hauert. Spatial
dynamics of ecological public goods. Proceedings of the National Academy
of Sciences of the United States of America, 106(19):7910–4, May 2009.
[159] Richard Mark White, Anna Sessa, Christopher Burke, Teresa Bowman,
Jocelyn LeBlanc, Craig Ceol, Caitlin Bourque, Michael Dovey, Wolfram
Goessling, Caroline Erter Burns, and Leonard I. Zon. Transparent adult
zebrafish as a tool for in vivo transplantation analysis. Cell Stem Cell,
2(2):183–189, February 2008.
[160] K. P. Wilkie and P. Hahnfeldt. Mathematical models of immune-induced
cancer dormancy and the emergence of immune evasion. Interface Focus,
3(4):20130010–20130010, June 2013.
[161] Michael J. Wiser, Noah Ribeck, and Richard E. Lenski. Long-term dynam-

98

ics of adaptation in asexual populations. Science, 342(6164):1364–1367, December 2013.
[162] Adam Wu, Jun Wei, Ling-Yuan Kong, Yongtao Wang, Waldemar Priebe,
Wei Qiao, Raymond Sawaya, and Amy B. Heimberger. Glioma cancer
stem cells induce immunosuppressive macrophages/microglia. Neuro
Oncol, 12(11):1113–1125, November 2010.
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