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Table S1. Parameter estimation and rationale 
 

Name Symbol Value in Base Case Notes 
Macrophage speed p1 0.01 !!

!"#
 (1) 

Diffusion coefficients p2 30 !!
!

!"#
 (2) 

Diffusion coefficient of O2 p2 300 !!
!

!"#
 (3) 

Rate of M2 secretion by 
tumor 

p3 1 x 10-11 !"
!"##  ×  !"#

 (4) 

Rate of M2 secretion by M2 
cells 

p4 6 x 10-9 !"
!"##  ×  !"#

 (5) 

Rate of tumor lethality 
signal secretion by M1 cells 

p5 4.5 x 10-9 !"
!"##  ×  !"#

 (6) 

Rate of Activator signal 
secretion by tumor cells 

p6 6 x 10-8 !"
!"##  ×  !"#

 (7) 

Oxygen uptake ratio p7 100 (dimensionless) (8) 
Tumor division time p8 18 hours (9) 
Macrophage recruitment 
rate 

p9 1 x 10-8 !"##$
!"##$%&  !"#$  ×  !"#  ×  !"#$%&"'%()

 (10) 

Initial macrophage density p10 2 x 10-3 !"##$
!"##$%&  !"#$

 (11) 

Initial M2 signal 
concentration 

p11 2 x 10-8 !"
!"##$%&  !"#$

 (12) 

Tumor threshold of tumor 
lethality signal 

p12 2 x 10-6 !"
!"##$%&  !"#$

 (13) 

Macrophage threshold for 
M2 signal 

p13 4 x 10-8 !"
!"##$%&  !"#$

 (14) 

Naïve macrophage 
polarization threshold of 
Activator signal 

p14 8 x 10-6 !"
!"##$%&  !"#$

 (15) 

Activator signal produced by 
tumor death 

p15 6 x 10-7 !"
!"##  ×  !"#

 (16) 

Macrophage polarization 
stochasticity 

(“Functional heterogeneity”) 

p16 1 (dimensionless) (17) 

Initial M2S spatial variation 

(“Spatial heterogeneity”) 

p17 5 x 104 !"
!"##$%&  !"#$

 (18) 

Initial tumor size p18 25 cells (19) 
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Table S1 Notes 
 
Parameters estimated from experimental measurements 
 
Base values for the following parameters were estimated based upon direct comparisons with 
previously reported experimental measurements. 
  
1. Macrophage chemotaxis rate 
The speed of macrophage chemotaxis is a rate-of-travel parameter. Because space is 
discretized, macrophages cannot move continuously, and thus this parameter represents the 
average speed of macrophage chemotaxis. The value selected for this parameter was based 
upon an investigation in which macrophage chemotaxis speed was measured in the presence of 
CSF-1 [1].  
 
2. Diffusion 
Diffusion is one of the main processes by which soluble factors are transported throughout the 
cell. To simplify our simulations, we approximate the diffusion constant for each of the three 
secreted factors (M2 signal, Activator signal, and tumor lethality signal) in tissue as being 
approximately 1/3 that of green fluorescent protein in water, which was measured by correlation 
fluorescence microscopy [2]. This is a reasonable approximation because the “lumped” factors 
above represent actual proteins (e.g., IL-10, HMGB1, TNFα), all of which have a molecular 
weight that is within an order of magnitude of the weight of GFP, and the apparent diffusion 
coefficient in human tissue is generally measured to be between 1/2 to 1/3 of the value 
measured in water [3]. 
 
3. Diffusion of oxygen  
Soluble oxygen is much smaller than all of the diffusible proteins discussed above and in 
general will diffuse faster than proteins. As such, we approximate the diffusion of oxygen as 
occurring 10 times faster than protein factors. Importantly, this value is set to always be 10 
times the diffusion constant of the soluble protein factors, effectively making this parameter a 
function of p2 (as indicated in Table S1). The base value used for the oxygen diffusion rate is 
within an order of magnitude of the estimated value for the diffusion of oxygen in tissue [4]. 
 
4. Secretion of M2 signal by the tumor 
The secretion rate of M2 signal by the tumor was estimated based upon the secretion rate of IL-
10 by a tumor cell line (B16 melanoma cell) using ELISA [5]. 
 
5. Secretion of M2 signal by M2 cells.  
The secretion rate of M2 signal by M2 cells was estimated based upon the secretion rate of IL-
10 by M2 macrophages, which was measured by ELISA [6].  
 
6. Secretion of tumor lethality signal by M1 macrophages.  
The secretion rate of tumor lethality signal by M1 cells was estimated based upon the secretion 
rate of TNFα by M1 macrophages, which was measured following stimulation with amyloidβ [7]. 
 
7. Secretion of Activator signal by tumor cells.  
The secretion of Activator signal by tumor cells was estimated based upon the secretion rate of 
high mobility group box 1 (HMGB1) by tumor cells (human mesothelioma cells) [8]. 
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8. Oxygen consumption ratio 
Oxygen is both consumed and released into this system at a very high rate. To simplify our 
parameterization of this process, we use only a single, non-dimensional ratio that measures 
how much faster oxygen is consumed compared to how fast it is released, at the basal level of 
vascularization. The base value of this ratio was set so that approximately 50% of the tumor 
would be necrotic without additional macrophage influx/vascularization. All cells are estimated to 
consume oxygen at a rate of 8 x 10-4 pg/(cell sec), based upon direct measurements [9].  
 
9. Tumor division time 
Tumor cell division time was estimated based upon the division time of HeLa cells in culture 
(representing aggressive growth), which is similar to other cells lines and has been measured 
as approximately 20 hours [10]. 
 
19. Initial tumor size 
Distal metastases are assumed to begin as a small cluster of cells originating from circulating 
tumor cells (CTCs) [11]. In accordance with experimental estimates measuring CTC size in 
prostate cancer, we estimate the average initial tumor size to be 25 cells [12]. 
 
Parameters estimated using indirect measurements, approximations, or phenomena 
 
Base values for the following parameters were estimated or approximated indirectly using 
reported experimental values, and when necessary, were selected to recapitulate known 
biological phenomena with model behavior.  
 
10. Macrophage recruitment rate 
This parameter sets the rate at which macrophages are recruited to individual lattice sites and is 
proportional to the vascularization at that site. At the tumor site, macrophages occupy between 
1% to 10% of the surrounding tumor microenvironment (TME) [13]. To account for this, we 
selected the base value of the macrophage recruitment rate such that on average, at the base 
values of other parameters, the macrophage population would grow to cover approximately 3 - 
4% of available space surrounding the tumor. 
 
11. Initial macrophage density 
This parameter sets the initial average density of naïve macrophages throughout the TME. The 
base value of this parameter was selected so that there would be approximately the same 
number of immune cells as tumor cells (approximately 20) at the start of each simulation, which 
we deemed to be the most reasonable and conservative assumption to be made in the absence 
of evidence that one or the other population is substantially larger at the time of implantation. 
 
12. Initial M2 signal level 
The parameter sets the average amount of M2 signal at each lattice site at the start of each 
simulation. The base value was estimated (approximately) using the concentration of IL-10 in 
the serum of healthy humans [14]. 
 
13. Tumor threshold to tumor lethality signal 
This parameter sets the level of tumor lethality signal above which the tumor will die. This value 
was set such that tumor survival probability was approximately 0.5 at the base values of all 
other parameters, enabling us to evaluate model behavior in a regime that is not dominated by 
(trivial) tumor death or tumor survival, and recapitulating the expected workings of partial control 
of new tumors by immune surveillance [15]. 
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14. Macrophage polarization threshold 
This parameter sets the level of M2 signal above which naïve macrophages, in the presence of 
high enough levels of Activator signal, will polarize to M2 (when polarization is deterministic – 
see Note 18 for the case of stochastic polarization). We set the base value of this parameter 
(p13) to be twice that of the base value of the initial M2 signal (p11), reasoning that a 2x 
increase in cytokine concentration over the basal level may comprise a reasonable lower bound 
to the fold-change in an environmental signal required to induce a cellular response. Note that 
aside from setting base values, the value of p13 is independent of the value of p11.  
 
15. Naive macrophage polarization threshold for Activator signal 
This parameter sets the concentration of Activator signal above which a naïve macrophage will 
become activated and polarize to either an M1 or M2 state, depending on the local level of M2 
signal. We estimated this value based upon the concentration of lipopolysaccharide (LPS) 
needed to activate macrophages via TLR4 [16], which is also the receptor responsive to 
HMGB1 [8].  
 
16. Activator produced upon tumor cell death via necrosis 
Cells that die via necrosis release macrophage-activating signals including HMGB1 [17]. In a 
study comparing the secretion rate of HMGB1 by apoptotic and necrotic cancer cells, the latter 
released approximately 10 times as much HMGB1 as the former, when measured via ELISA 
[18]. To capture this effect in the model, the base value of this parameter was set at 10 times 
the base value of the secretion level of HMGB1 by tumor cells (p6). Note that aside from setting 
base values, the value of p15 is independent of the value of p6.  
 
Heterogeneity parameters  
 
These parameters tune of the amount of functional and spatial heterogeneity (respectively) in 
our model.  Because they are more phenomenological than the other parameters in our model, 
these parameters were tuned independently to enable robust characterization of the qualitative 
behaviors of the model.  
 
17. Stochastic macrophage polarization (“Functional heterogeneity”) 
This parameter tunes the functional heterogeneity in the TME by altering the probability that, for 
a given ratio of M2 signal to M2 polarization threshold, an activated macrophage will polarize to 
the M2 state. The base value for this parameter was set such that when the ratio of initial M2 
signal to M2 polarization threshold (p11/p13) is equal to 1 (the lowest value of p11 where 
polarization to an M2 state would occur universally, in the absence of spatial and functional 
heterogeneities), the probability of polarization to the M2 state is 50%.  
 
18. Initial M2S spatial variation (“Spatial heterogeneity”) 
This parameter tunes spatial heterogeneity in the TME by altering the variance of the spatial 
distribution of the initial M2 signal. Specifically, to initialize the M2S array at the start of a 
simulation, a random normal number with mean p11 and variance p17 is chosen at each lattice 
site. This grainy distribution is smoothed out almost immediately from diffusion. This parameter 
was set so that when the model was run using base parameter values, on average there would 
be pockets of M2 signal above the M2 threshold (p13) at the time when macrophages begin to 
activate (around 2.5-3 h after simulation initiation).  
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