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Table S2. Core model assumptions with justification

Core Model Assumption

Rationale/Reference

Tumor cells do not evolve.

Our model endeavors to describe the
establishment of novel tumors following
metastasis of cancer cells that are already
invasive (including the capacity to degrade
extracellular matrix, for example by secretion
of matrix metalloproteinases). Additional
tumor cell evolution was assumed to require
time scales longer than the time spans being
simulated (~5 days). Thus, each simulation
considers a single invasive tumor cell
phenotype.

All tumor cells are constrained equally

by surrounding epithelial cells and thus
divide at the same rate throughout the

simulation.

As described above, we do not consider evolution of
invasiveness over the timescale being simulated,
and all tumor cells are assumed to be equally
invasive. Along with this, because we are most
interested in understanding the role of
immunological heterogeneity in tumor survival, we
do not include heterogeneity of ECM or surrounding
epithelia in our model, as done in previous work [1-
3]. Due to these assumptions we can describe
tumor cell division with a single parameter (the
tumor cell division time) that captures the effects of
both matrix rigidity and cell division.

Naive macrophages can functionally
polarize to one of two states: M1
(tumor suppressing); M2 (tumor
promoting).

Although macrophage polarization represents a
continuum of functional states, we discretize this
continuum into a single M1 and a single M2 state in
order to consider phenotypic extremes that are most
associated with tumor-associated immune
responses. M1 macrophages have the capability of
inducing protective inflammation against cancer
cells. On the other side of the spectrum, M2
macrophages have been shown to promote tumor
growth [4-6]. Specifically, in our study, we
highlighted the M2c phenotype that was polarized by
IL-10 exposure, due to the role of IL-10 in
immunosuppressive environments [4,6].

Macrophage polarization depends only
an “Activator” molecule secreted by the
tumor (e.g., HMGB1) and an M2
inducer signal (e.g. IL-10) secreted by
the tumor and M2 cells.

Previous experiments have demonstrated that
macrophages will not functionally polarize in the
presence of cytokines known to induce polarization
in vivo (e.g., IL-10) without the presence of a
secondary “Activator” signal, e.g., LPS or HMGB1
[7]. We model this relationship by requiring a
threshold of “Activator” be present for polarization of
naive macrophages to occur, and a threshold of M2
inducer (M2S) be present for macrophages to
polarize to the M2 state.
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M2 macrophages reinforce their own
lineage strongly.

M2-like macrophages secrete IL-10, a known M2-
inducer [4-6].

All cell types die from anoxia
conditions.

It is well known that all cell types will die in the
absence of oxygen.

Upon death tumor cells will secrete a
large dose of macrophage Activator.

Tumor cells secrete HMGB1, a macrophage
activator, upon death [8].

Increased vasculature will develop in
response to VEGF, which is secreted
by tumor cells and M2 cells.

VEGEF is shown to be angiogenic and to be secreted
by both tumor cells and M2 macrophages [5].

Vasculature does not exist within the
tumor.

It is known that the interiors of fast growing,
aggressive tumors are poorly vascularized [9]. To
capture this effect in our model we assumed that the
growing tumor replaces or destroys all vasculature
in the spots it expands into, ensuring a hypoxic
tumor interior.

Initial tumor is small and genetically
homogeneous.

We assume that the initial tumor is the result of an
implantation event at a site distal from the primary
tumor. Such events are typically assumed to involve
a small cluster (1-100) of cells [10]. Since this
cluster is small we assume it to be genetically
homogeneous. We consider the effects of different
initial tumor sizes in the MPSA analysis.

Secreted VEGF (represented via the
lumped mediator M2S) will not
generate substantially new vascular
architecture.

We assume that the tumor-adjacent tissue
possesses some vasculature prior to the initiation of
the simulation, and that substantial vasculature
remodeling will not occur during the simulation time
frame (~5 days). Thus, we assume that the effect of
VEGF would be primarily to enhance blood supply
via the existing vascular and we do not explicitly
describe spatial changes in blood supply due to
remodeling of the vasculature.

All secreted proteins diffuse at the
same rate, and oxygen diffuses 10x
faster than do proteins. We consider
only changes to diffusion rates that
equally impact all diffusible species.

M2S (IL-10, VEGF), TLS (TNFa) and Activator
(HMGB1) proteins all have similar molecular
weights, and oxygen is much smaller; see Table S1
for a justification of specific numerical values used.
We assume that the primary biological feature that
would impact diffusion of all species is tissue
density, and thus we assume that changing the
single model parameter describing diffusion rates
would impact all diffusible species in a manner that
maintains the relative rates.

New macrophages are recruited
proportional to the vascularization.

Increased vascularization increases the flow of
blood to a lattice site, and since macrophages and
macrophage precursors such as monocytes (which
are not explicitly considered in this model) may enter
a tumor site via the blood, we assume that

increased vascularization would result in increased
rates of macrophage infiltration.
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Degradation of all diffusible factors and
uptake of diffusible proteins (M2S,
TLS, Activator) is not explicitly
represented in the model.

In our simulations, these diffusible proteins diffuse
out of TME in approximately 2 hours, which is much
shorter than the half-life of the proteins considered,
such that degradation is not expected to impact the
outcomes of our analyses. Active uptake of the three
diffusible proteins was not included explicitly in the
model because the cellular response to these
molecules is assumed to occur in a way that does
not alter their overall mean-field concentrations.
Active uptake of oxygen was included in our model,
however, since oxygen is known to be a limiting
resource within the TME that is also actively taken
up by all cell types.

Macrophages chemotax
deterministically.

Macrophages are known to be highly motile cells
that move relatively quickly. Thus, although on a
short time scale movement of macrophages may
have a stochastic component to it, on the time
scales considered in our simulation and in the
presence of a suitably strong gradient of M2S, their
net movement would be effectively deterministic.

A 2-D lattice can capture general
features 3-D dynamics.

As in previous models [1], the use of a 2-
dimensional lattice is assumed to represent a slice
through a 3-dimensional piece of cancerous tissue.
While 3-dimensional models can provide more
accurate or patient-specific predictions, a number of
previously developed 2-d lattice models have
provided useful insights in cancer development [1-
3]. Examples of where a 2-D model was used to
make verifiable, experimental predictions include:

1. [1] used a 2-D lattice model to predict that more
invasive phenotypes would evolve in more
heterogeneous microenvironment.

2. [2] used a 2-D lattice model to predict that TGF-f
does not have a significant role in tumor survival,
which was later experimentally validated.

3. [3] used a 2-D lattice model to predict that
increased heterogeneity or rigidity in the ECM
surrounding a tumor would generate a less isotropic
tumor morphology.

Thus, while such 2-D models may not replicate the
in vivo environment with complete accuracy, they
can successfully be used to make experimentally
verifiable predictions about tumor growth and
development.
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