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Frequency-dependent interactions
determine outcome of competition
between two breast cancer cell
lines

Audrey R. Freischel**3*/, Mehdi Damaghi'**, Jessica J. Cunningham?,
Arig Ibrahim-Hashim?, Robert J. Gillies?, Robert A. Gatenby'? & Joel S. Brown-?

Tumors are highly dynamic ecosystems in which diverse cancer cell subpopulations compete for space
and resources. These complex, often non-linear interactions govern continuous spatial and temporal
changes in the size and phenotypic properties of these subpopulations. Because intra-tumoral blood
flow is often chaotic, competition for resources may be a critical selection factor in progression and
prognosis. Here, we quantify resource competition using 3D spheroid cultures with MDA-MB-231 and
MCF-7 breast cancer cells. We hypothesized that MCF-7 cells, which primarily rely on efficient aerobic
glucose metabolism, would dominate the population under normal pH and low glucose conditions;
and MDA-MB-231 cells, which exhibit high levels of glycolytic metabolism, would dominate under
low pH and high glucose conditions. In spheroids with single populations, MCF-7 cells exhibited equal
or superior intrinsic growth rates (density-independent measure of success) and carrying capacities
(density-dependent measure of success) when compared to MDA-MB-231 cells under all pH and
nutrient conditions. Despite these advantages, when grown together, MCF-7 cells do not always
outcompete MDA-MB-231 cells. MDA-MB-231 cells outcompete MCF-7 cells in low glucose conditions
and coexistence is achieved in low pH conditions. Under all conditions, MDA-MB-231 has a stronger
competitive effect (frequency-dependent interaction) on MCF-7 cells than vice-versa. This, and

the inability of growth rate or carrying capacity when grown individually to predict the outcome of
competition, suggests a reliance on frequency-dependent interactions and the need for competition
assays. We frame these results in a game-theoretic (frequency-dependent) model of cancer cell
interactions and conclude that competition assays can demonstrate critical density-independent,
density-dependent and frequency-dependent interactions that likely contribute to in vivo outcomes.

Each malignant tumor typically contains diverse and heterogeneous habitats due to spatial and temporal vari-
ations in cell density, immune infiltration, and blood flow!'-*. Here, we investigate the evolutionary effects of
variations in substrate (e.g. glucose, oxygen, and glutamine) and metabolites (e.g. H*) that are typically governed
by alterations in blood flow. These changes, in turn, can alter the local fitness (competitive advantage) of the
extant cell populations that can have dramatic evolutionary effects on the phenotypic and genotypic properties
of the cancer cells.

Recently, two general “niche construction” strategies (Fig. 1a) were observed in clinical and pre-clinical
cancers*’. The first consists of cancer cells that possess high levels of anaerobic glycolysis that generate an acidic
environment, which promotes invasion and protects cells from the immune system. These cells are typically
invasive and motile. In the second niche construction strategy, cancer cells promote growth by recruiting and
promoting blood vessels. This angiogenic phenotype is typically non-invasive and maintains near-normal aerobic
metabolism of glucose. These divergent phenotypes can be found within the same tumor®=. The invasive “pio-
neer” phenotype is optimally adapted to survive and thrive at the tumor edge. There it can co-opt normal tissue
vasculature as it invades, and its acidic environment provides protection from immune cells at the tumor-host
interface. In contrast, the “engineer” cancer cells are well suited to the interior regions of the tumor where their
angiogenic phenotype can, with varying degrees of success, provide blood flow necessary to deliver substrate and
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Figure 1. Cell line descriptions and experimental design. (a) Phenotype and source information for the “niche
constructing” MCF-7 and the “pioneer” MDA-MB-231 cell lines. (b) Growth dynamics of monoculture and
mixed population tumor spheroids in glucose concentrations of 0 g/L and 2 g/L (in dark gray) and of 1 g/L and
4.5 g/L (in light gray) were compared at physiological (7.4) and low (6.5) pH. (c¢) Experiment 2 measured the
growth dynamics of mixed population tumor spheroids in 4.5 g/L glucose and 0 g/L glucose, in physiological
(7.4) and low (6.5) pH, and with (in dark gray) and without (in light gray) glutamine to evaluate differences in
growth due to the presence of a secondary nutrient.

remove metabolites. When the pioneers and engineers interact, they presumably compete for both space and sub-
strate. However, the specific phenotypic traits that confer maximal fitness under different micro-environmental
conditions have not been well established.

Competition between two species leads to four possible outcomes: (1) species A outcompetes B, (2) B outcom-
petes A, (3) A or B outcompetes the other depending upon who establishes first (alternate stable states), or (4)
the two species coexist. These population dynamics can be mathematically framed through the Lotka-Volterra
equations for inter-specific competition'®!!. Derived independently by Lotka'® and Volterra'!, the eponymous
equations were first tested empirically by Gause'? in the, now classic, competition experiments using various
species of Paramecium and yeast'>'®. This, and subsequent work on fruit flies, flour beetles, and various natural
systems, have confirmed the predictive power of the Lotka-Volterra equations'*'°. Such assays utilize growth
dynamics to elucidate the critical phenotypic properties that determine fitness under different environmental
conditions!®.

In ecological systems, growth dynamics are divided into three categories: density dependent (DD), density
independent (DI), and frequency dependent (FD) effects. Density dependent (DD) effects occur when one can-
cer cell type outcompetes another because it can achieve a higher equilibrium cell density (carrying capacity)
under conditions of space or nutrient limitations. Density independent (DI) effects include intrinsic growth rate,
which measures the capacity of a cell line to grow exponentially under ideal conditions. In cell biology, these
(DD and DI) are often used as indicators of cell fitness!’~'°. This, however, ignores the FD interactions, which
often determine competitive outcomes. Frequency dependent (FD) effects occur when one cell type outcompetes
another because its phenotype disproportionately depresses the growth rate of another as a result of more rapid
resource uptake, or via direct interference with the other cell type. This game theoretic effect implies that the
success of an individual cell is context dependent. It depends not only on the density of other cells around it, but
the phenotypes of those cells as well?*>. Because of this, FD effects and the outcome of competition can only
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be evaluated using Gause-style competition assays in which mixtures of the two cell types are grown together
using different starting frequencies.

Here, we utilize Gause-style competition assays to investigate the competitive interaction between engineer
and pioneer phenotypes. These strategies will be represented by the well-characterized MDA-MB-231 and MCF-7
cell lines, which are regularly used in vitro and in vivo as representative of highly glycolytic and invasive, and
low glycolytic and non-invasive phenotypes, respectively**->°. Any number of cancer cell lines would be good
candidates for competition assays covering the myriad of potential factors that affect cellular growth and viability.

Assays were conducted in 3D spheroid cultures with varying starting frequencies of each cell type. The sphe-
roid system was selected as an in vitro intermediate between 2D cell culture, which may reach an equilibrium state
through confluence rather than resource competition, and in vivo subcutaneous mouse models, which provide
less opportunity for replication and frequent monitoring of the two cell populations?’~**. Spheroids were grown
in various combinations of pH and glucose concentrations, letting the 3D structure establish natural nutrient
and oxygen gradients. Glutamine availability was also varied to test for growth and competition effects due to
secondary nutrients.

As in the Gause experiments, measures of growth dynamics were used to evaluate competitive ability. DI,
DD, and FD effects corresponded to selection for higher growth rates, carrying capacities, and competitive abil-
ity, respectively. Carrying capacities (DD) were estimated from monoculture spheroids under varying culture
conditions. Initial growth rates (DI) of each cell type were estimated from both mono- and co-cultured sphe-
roids. As FD effects rely on interactions between cell types, their values were estimated using the Lotka—Volterra
competition model. In order to remain agnostic to the mode of tumor spheroid growth, our growth model was
selected by first fitting monoculture spheroids to four common growth models (exponential, Monod, logistic,
and Gompertz), then selecting the model which best approximated the growth of monoculture spheroids in
all culture conditions. This model was then expanded to its two-species competition form and used to obtain
estimates of competition coeflicients for each cell line under eight different nutrient conditions.

We expected both cell types to have higher growth rates and carrying capacities at physiological pH (pH 7.4)
and higher nutrient levels. MCF-7 cells, which predominantly use oxidative phosphorylation for metabolism
of glucose, were predicted to be significantly inhibited by low pH, while MDA-MB-231 cells, which exhibit the
Warburg phenotype with high levels of anaerobic glycolysis, were expected to be more tolerant. Because the
glycolytic MDA-MB-231 cells need more glucose to produce energy compared to the oxygen-consuming MCF-7
cells, we expected the former to respond more favorably to increased glucose concentrations than the latter. We
also predicted that, based on their metabolic differences, MCF-7 cells would be fitter under conditions of normal
pH and low glucose; and vise-versa for the MDA-MB-231 cells.

Herein, we test our hypothesis through competition experiments between the MCF-7 and MDA-MB-231
cells under varying environmental conditions. We report the outcome of these competition assays as well as the
effect of nutrient availability on DD and DI effects and evaluate their ability to indicate competitive outcome.
We used fluorescent measurements to approximate cell growth in the spheroid and propose that the logistic
growth equation best approximates the growth of both cell types in the majority of culture conditions. We then
used Lotka—Volterra competition equations to determine the contribution of population growth rates (DI),
maximal population size (DD) and/or competition coefficients (FD) on the outcome of interspecific competi-
tion. Lastly, we compared these results to the outcome of competition between MDA-MB-231 and MCF-7 from
mixed tumors in vivo.

Results

MDA-MB-231 generally out-compete MCF-7 cells under all pH, glucose and glutamine levels,
and starting frequencies. Fluorescently labeled MCF-7 (GFP) and MDA-MB-231 (RFP) cells allowed us
to non-destructively measure population dynamics within each micro-spheroid. We used this spheroid system
to: (1) observe the outcome of competition (mixed culture), (2) compare population growth models (mono-
cultures), (3) measure intrinsic growth rates (DI), (4) measure carrying capacities (DD), and (5) determine
competition coefficients (FD). In experiments 1 and 2, spheroids started with a plating density of 20,000 and
10,000 cells, respectively, with initial conditions of 0%, 20%, 40%, 60%, 80% and 100% MDA-MB-231 cells rela-
tive to MCF-7 cells. In experiment 1, additional treatments included neutral (7.4) versus low (6.5) pH and vary-
ing levels of glucose (0, 1, 2, 4.5 g/L) (Fig. 1b). Experiment 2 had treatments of pH (7.4, 6.5), glucose (0, 4.5 g/L),
and glutamine positive and starved media (Fig. 1¢). The ranges of these values encompass both physiologic and
extreme tumor conditions. For example, pH ~ 6.5 and very low levels of glucose have been measured near the
necrotic core of the tumor. Conversely, high glucose and physiologic pH are present at the tumor edge and near
vasculature, and also reflect standard culture conditions for our cell lines. In experiment 1, microspheres were
grown for 670 h with fluorescence measured every 24-72 h. In experiment 2, microspheres were grown for 550 h
with fluorescence measured every 6-12 h. Growth medium was replaced every 4 days without disturbing the
integrity of the microsphere.

Counter to our hypothesis, MDA-MB-231 outcompete MCF-7 cells in physiologic (2 g/L glucose, 7.4 pH)
conditions (Fig. 2). However, in more acidic conditions (2 g/L glucose, 6.4 pH) the MCF-7 cells appear to persist,
suggesting coexistence (Fig. 3, Supplementary Fig. 1). Furthermore MCF-7 cells persist in either pH condition
with high 4 g/L glucose (Fig. 4). This raises two questions: (1) Is the success of MDA-MB-231 in most conditions
a consequence of higher initial growth rates, increased carrying capacity, or consistently favorable competition
coeficients? and, (2) what characteristics of MCF-7 cells allow them to competitively persist at high glucose
conditions?

Scientific Reports |

(2021) 11:4908 | https://doi.org/10.1038/s41598-021-84406-3 nature portfolio



www.nature.com/scientificreports/

2g/L Glucose, 7.4 pH

DAY
\ 0 2 9 14 20 26
RFP/GFP

100/0

80/20

60/40

40/60

20/80

0/100

Figure 2. Photographs of spheroids illustrative of the progression and outcome of competition in normal pH.
This series shows the progression of spheroids grown physiological conditions (2 g/L glucose, 7.4 pH). Note that,
in this case, the MDA-MB-231 cells appear to take over the spheroids by day 20.

Analysis of growth rate.  The growth rate of MCF-7 and MDA-MB-231 cells was quantified by measuring
the instantaneous exponential growth rate (in units of per day) for each monoculture during the first 72 h. In
general, MCF-7 cells had equal or higher growth rates under all growth conditions when compared to MDA-
MB-231 cells. MCF-7 cell growth rate with lower (10,000 initial cells) plating density was reduced when grown
in low pH 6.5 (Fig. 5b,c) environments compared to physiologic pH 7.4 (Fig. 5e,f). The higher (20,000 initial
cells) plating density resulted in reduced growth rates in normal pH compared to low 6.5 pH (Fig. 5a,d). Not
surprisingly, in the harshest environment of low pH 6.5, no glucose, and no glutamine, MCF-7 cells had the low-
est, even negative, growth rate (Fig. 5¢). Interestingly, the absence of glutamine (Fig. 5¢,f) reduced the difference
in growth rates between the two cell types, regardless of pH or glucose concentration, consistent with glutamine’s
role as a substrate for respiration, which is more pronounced in MCF-7 cells.

While the growth rates of MDA-MB-231 cells during these early time points were generally unaffected by
changes in environmental conditions, the initial plating density had a significant effect. The higher (20,000
initial cells) plating density (Fig. 5a,d) resulted in slower, even negative, growth rates when compared to the
lower (10,000 initial cells) plating density. This suggests that these plating densities may be approaching MDA-
MB-231’s carrying capacities.

Analysis of carrying capacity. Due to small differences in the RFU intensity between the GFP and RFP
used for the MCF-7 and MDA-MB-231 cells respectively, a direct comparison of carrying capacity using these
RFU measurements cannot be made. In this way we split the results in to two figures (Figs. 6 and 7). We see
RFU’s higher than 60 in the MCEF-7 data while the maximum RFU for MDA-MB-231 data is never greater than
20 (please note the varying y-axis limits in the corresponding figures). Even with this difference in RFU intensity,
it is not unreasonable to assume, due to the large difference, the MCF-7 cells do indeed have a higher carrying
capacity across all experimental conditions.
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Figure 3. Photographs of spheroids illustrative of the progression and outcome of competition in acidic pH.
This series shows the progression of spheroids grown in acidic conditions (6.5 pH) with 2 g/L glucose. Note that,
in this case, the MCF-7 cells appear to persist to the end of the experiment.

For MCF-7 cells, an increase in glucose resulted in an increase in carrying capacity across experimental
conditions, as would be expected (Fig. 6a-f). Surprisingly, the MCF-7 cells experience a decrease in carrying
capacity under normal pH conditions when compared to acidic pH 6.5 conditions suggesting an advantage in
acidic conditions.

For the MDA-MB-231 cells, after a high seeding density of 20,000 cells, an increase in glucose resulted in an
increase in carrying capacity, just like the MCF-7 cells (Fig. 7a,d). For the low seeding density of 10,000 cells, the
opposite occurred (Fig. 7b,c,e, and f), though not as dramatically. Furthermore, the MDA-MB-231 cells experi-
ence an increase in carrying capacity in normal pH when compared to acidic pH 6.5 conditions suggesting an
advantage in normal pH conditions.

Analysis of initial seeding frequencies. For the analysis of frequency dependent interactions of the two
cells lines we analyzed the instantaneous growth rates (in units of per day) during the first 72 h in the mixed
spheroids (Figs. 8 and 9). The figures are split between low glucose conditions of 0 g/L (Fig. 8) and high glucose
conditions of 4.5 g/L (Fig. 9). Interestingly, under both glucose environments, MDA-MB-231 cells have their
maximum growth rates when there are high initial frequencies of MCF-7 cells in the spheroid. This suggests
some benefit to the MDA-MB-231 cells from the presence of MCF-7 cells, or less inhibition of growth rates from
MCE-7 cells. Furthermore, we see that the MCF-7 cells generally show a maximum growth rate when the seed-
ing frequencies are 40%/60% or 60%/40% (Figs. 8 and 9b,c,e, and f), again suggesting possible benefits to having
both cell types in the spheroid.

In low glucose and at the high seeding density of 20,000 cells, the MCF-7 cells experience a significant
decrease in growth rate, even negative growth rates, as the seeding frequency of MDA-MB-231 cells increase.
This points to the MDA-MB-231 cells potentially approaching the carrying capacity provided within these
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Figure 4. Three time points spanning from the middle to the end for all culture conditions.

nutrient starved conditions, essentially fully depleting all the resources for other cell types. When the glucose is
increased, these MCF-7 growth rates increase, suggesting there are now sufficient nutrients for both cell types
(Figs. 8 and 9a,d). Upon seeding it appears that both cell types generally have higher initial growth rates when

the starting frequencies of MDA-MB-231 are low.

The logistic model best describes individual cell growth. Frequency-dependent effects (here meas-
ured as competition coefficients) can only be quantified by modeling the growth of multiple interacting types or
species. In order to obtain an accurate estimate of these, the mode of growth must first be determined. In this
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Figure 5. Growth rates (per day) of both MCF-7 and MDA-MB-231 cells as measured by the instantaneous
exponential growth rate for each monoculture in the first 72 h under all experimental conditions. ANOVA
analysis is provided in Supplementary Tables 1-3.
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Figure 6. Carrying capacities of MCEF-7 cells under all experimental conditions, as measured by the mean
fluorescence of the final ten time points. ANOVA analysis is provided in Supplementary Tables 4, 5.

way, we use the monoculture spheroids of either MCF-7 or MDA-MB-231 alone as a data set to first understand
the growth dynamics without the added complexity of the mixed cultured spheroids. Although several growth
models have been proposed for spheroids, tumors, and organoids, no specific consensus has been reached**.
Because of this, we agnostically compared four population growth models: exponential, logistic, Gompertz, and
Monod-like (Table 1).

The exponential growth model is commonly used in bacterial studies and assumes unlimited resources.
Logistic population growth is the simplest constrained growth model and assumes that per capita population
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Figure 7. Carrying capacities of MDA-MB-231 cells under all experimental conditions, as measured by the
mean fluorescence of the final ten time points. ANOVA analysis is provided in Supplementary Tables 4, 5.
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Figure 8. Based on the first 72 hours, estimates of growth rates (per day) for mixed population tumor spheroids
under glucose starved conditions of 0 g/L. ANOVA analysis is provided in Supplementary Tables 1-3.

growth rate declines linearly with population size or density*®. Although it gives a similar shape, Gompertz
growth is exponentially constrained by increasing population. Several authors and works have suggested that the
Gompertz equation provides a better fit to the growth of tumors in vivo”. The Monod-like equation imagines
resource matching where per capita growth rates are proportional to the amount of resources supplied per indi-
vidual. It provides a good fit to the population growth curves of bacteria and other single cell organisms grown
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Figure 9. Based on the first 72 hours, estimates of growth rates (per day) for mixed population tumor spheroids
under glucose rich conditions of 4.5 g/L. ANOVA analysis is provided in Supplementary Tables 1-3.

Growth model Equation Parameters

Exponential &N - N

Logistic ﬂ.lTN — rN(l — %) r is the instantaneous per capita growth rate
! N is population size

Gompertz ’L—Ij = rN*ln(% ) K is the carrying capacity

Monod N = r(K-N)

Table 1. The four models considered for estimating the mode of growth of the cancer cells based on data from
monoculture spheroids seeded at a low density of 10,000 cells.

in chemostats®. Here, we consider all four models when estimating the DI parameter of intrinsic growth rate
(r) and the latter three models for estimating the DD parameter of carrying capacity (K).

Using constrained parameter optimization, all four models were fit to the mono-culture spheroid growth
of MCF-7 or MDA-MB-231 cells under the eight environmental conditions (Supplementary Fig. 1). Due to the
lower number of time points in the experiments with a high seeding density of 20,000 cells, these experiments
were not used. Quality of fit for each model was evaluated using adjusted R?, Root Mean Square Error (RMSE),
and Akaike Information Criterion (AIC) (Table 2, Supplementary Table 6).

Two-way ANOVAs (one for each cell type with pH and nutrient levels as independent variables) showed
that adjusted R?s were similar for the three density-dependent models and significantly lower for the expo-
nential model (Supplementary Table 6). Conversely, the RMSE indicated the best fit for exponential growth
(lowest value), lowest quality fit for the Monod-like equation, and similar, intermediate values for the logistic
and Gompertz growth models. AIC analysis suggests logistic fits to be the best fit in the majority of scenarios.

While any of these four models could be used to model this system, this analysis suggests either an expo-
nential or logistic model provides the best fit to the data. The principal difference between these two models is
that logistic growth includes density-dependence and the growth curve approaches a carrying capacity, whereas
exponential growth ultimately leads to extinction (if negative growth rates) or infinitely large population sizes
(if positive growth rates). In this way, we evaluated whether the spheroids showed evidence of approaching or
reaching a carrying capacity. To do this, we examined the slope of the final ten time points for both the red and
green fluorescent values (RFU’s) for all experimental conditions (Supplementary Table 7). As most mono-culture
spheroids showed declining slopes, or slopes near to zero, we favor the logistic model for this study.

Parameter estimation for Lotka-Volterra competition model.

With the logistic equation showing

the best fit for the mono-culture experimental data, we expanded to the Lotka-Volterra competition equations
to model the mixed population tumor spheroids. The Lotka—Volterra equations represent a two species exten-
sion of logistic growth with the addition of competition coefficients.
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45g/L 45g/L 45g/L 45g/L 0g/L 0g/L
Glucose, Glucose, Glucose, Glucose, Glucose, Glucose, 0 g/L Glucose, | 0 g/L Glucose,
7.4 pH, 7.4 pH, 6.5 pH, 6.5 pH, 7.4 pH, 7.4 pH, 6.5 pH, 6.5 pH, — Glutamine
Model Cell line Measure +Glutamine | -Gl ine | +Gl -Gl ine | +Gl — Glut: +Glutamine | ExponentialMCF
Adjusted R> | 0.86375925| 0.986878377| 0.981146959| 0.948234222| 0.878382763| 0.988394753| 0.680927938|  0.862338251
MCE-7 RMSE 4350169084 | 1.132653242| 1.69847635| 3.695432283|  3.27179314| 1.075082735| 2.671205198|  8.252546774
" AIC 266.6386 24.91957 97.35169 | 242.5059 215.3609 1532116 178.8554 390.336
Fxponentia Adjusted R? | 0.965940219| 0.961195759| 0.405939888| 0.837579643| 0.984098581| 0.920137544| 0.673358471|  0.792081228
ﬁBD-é-ﬂ RMSE 0.464566345 | 0.395146745| 0.808032208| 0.430099077| 0.389104518| 0.495043084| 0.684053081|  0.61219965
AIC -135.997 - 168.844 -36.3676 | -153.248 -167.903 -127.372 -66.3496 -88.2882
Adjusted R? | 0.95109814| 0.987162238| 0.981296804| 0.948907945| 0.989835743| 0.990746769| 0.706812568|  0.954187534
MCE-7 RMSE 2.569889623 | 1.119624296| 1.693018458| 3.678532642| 0.920541516| 0.955498916| 2.560276438|  5.403291938
» AIC 173.8953 24.79074 98.77234 | 243.6626 -10.9028 -4.37598 173.2207 314.4095
Logistic Adjusted R? | 0.96590504| 0.984894861| 0.912214515| 0.956642704| 0.984068806| 0.961748527| 0.975726308|  0.917447748
I\I\;IIBD_/; . RMSE 0.464826241 | 0.244756935| 0.311220709| 0.221858188| 0.389432857| 0.341782758| 0.186174247|  0.385055441
AIC ~133.896 -254.978 ~206.106 ~273.052 -165.751 ~193.539 -298.593 ~171.604
Adjusted R? | 0.931940694| 0.970120375| 0.927134074| 0.865196707|  0.96774423| 0.944005043| 0.715360107|  0.784133576
MCE-7 RMSE 3.027431032| 1.708127542| 3.338320975| 5.959270988| 1.669117432 2.349660049| 2.5224599121|  1.38349256
AIC 203.3886 102.5132 220.9842 332.4305 96.2131 161.1858 170.5422 451.5182
Monod Adjusted R? | 0.942552982| 0.987666692| 0.874817759| 0.962825606| 0.939280229| 0.972592786| 0.965887218|  0.921638951
ﬁBD 3'31 RMSE 0.603401178 | 0.221046584| 0.370619137| 0.205360395| 0.759417203| 0.288935986| 0.220623679|  0.375119346
AIC -86.9311 | -273.726 ~174.664 -287.27 -455367 | -224.445 -268.033 -176.414
Adjusted R? | 0.943527504| 0.987314557| 0.981080261| 0.948061608| 0.985336984| 0.990179344| 0.711173682|  0.945493131
MCE-7 RMSE 2760461987 | 1.112887278| 1.702046991| 3.705015484| 1.111112845| 0.983955476| 2.540994298|  5.737193572
AIC 186.7716 23.68023 99.7297 244.9825 22.96517 1.023868 | 171.86 325.4425
Gompertz Adjusted R> | 0.965812133| 0.986346591| 0.896293181| 0.960341196| 0.983941859| 0.967290012| 0.972497979|  0.920364898
ﬁgf;l RMSE 0.465418306 | 0.232605999| 0.337719056| 0.212122131|  0.39072316| 0.315765537| 0.198161845|  0.378158388
AIC ~133.667 -264.347 -191.397 -281.309 ~165.156 ~208.107 -287.361 ~174.929
Table 2. Average adjusted R%, RMSE, and AIC when fitting the four growth models to monoculture spheroids.
dN; ( Ny +aN, )
— =N 171 1—-—
dt K;
dN, ( N, + BNy )
—_— = Nzrz 1—-—
dt K;
where N; are population sizes, r; are intrinsic growth rates and K; are carrying capacities. We let species 1 and 2
be MCF-7 and MDA-MB-231, respectively. The competition coefficients (a and p) scale the effects of inter-cell-
type competition where a is the effect of MDA-MB-231 on the growth rate of MCF-7 in units of MCF-7, and
vice-versa for . If a (or B) is close to zero, then there is no inter-cell-type suppression; if a (or p) is close to 1
then intra-cell-type competition and inter-cell-type competition are comparable; if o (or B) is > 1 then inter-cell-
type competition is severe, and if a (or B) is <0 then a cell type actually facilitates the growth of the other type.
The values of the carrying capacity of MCF-7 cells Kycr, the carrying capacity of MDA-MB-231 cells Kypa,
and the competition coeflicients, a and B, predict the outcome of inter-specific competition. MCF-7 cells are
expected to outcompete MDA-MB-231 cells if Kycr> Kypa/P and Kygcp/o> Kypa. Similarly, MDA-MB-231 cells
are expected to outcompete MCF-7 cells if Kyrpa/P > Kycr and Kyipa > Karcr/a. Either MCF-7 or MDA-MB-231
will out-compete the other depending upon initial conditions (alternate stable states) when Kycr>Kympa/p and
Knpa > Knicr/a. The stable coexistence of MCF-7 and MDA-MB-231 cells is expected when Kypa/p > Kycr and
Kycrla>Kypa.
To estimate the values for Kyicr, Kmpa, o, and B, we fit the co-culture data with low seeding density to the
two-species Lotka—Volterra equation creating different fits for each combination of experimental conditions. It
is important to note here that the Lotka—Volterra competition equations are not spatially explicit. From Figs. 2, 3
and 4, it can be seen that the cells are segregated within the tumor spheroid. In our application, the Lotka—Volterra
competition equations simply provide a first-order linear approximation of between cell-type competition, not a
mechanistic model of the consumer-resource dynamics or the spatial dynamics that likely occur in the spheroids.
Using nonlinear constrained optimization, we varied the values for instantaneous growth rates, carrying
capacities, and competition coeflicients o and p to minimize the RMSE between the Lotka—Volterra model and
the experimental data (Fig. 10). In addition to estimating the competition coefficients, this uses the mixed culture
data to re-estimate the growth rates and carrying capacities previously estimated from the monoculture spheroids
as growth rate and carrying capacity depend on initial seeding density (Figs. 8 and 9).
As in the monoculture parameter estimation, MCF-7 had higher intrinsic growth rates and carrying capaci-
ties than MDA-MB-231 under all culture conditions. For all culture conditions, a>1 (as high as 12.6) and =0
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Figure 10. (a) Estimates for growth rates, carrying capacities, and competition coefficients using nonlinear
constrained optimization fitting to the Lotka—Volterra competition growth curves using the low (10,000 cell)
seeding density experiments. The average of the four replicates for each experimental condition are shown
along with the optimized fit to the Lotka—Volterra model. (b) Optimized parameters for growth rates (per day),
carrying capacities, and competition coeflicients are shown for each experimental condition. The predicted
outcome of competition is given in the last column.
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(the magnitude of six of the eight ’s was less than 0.1). Under two conditions (normal Ph and glutamine), the
B’s are less than zero allowing for the possibility that MCF-7 cells are actually facilitating the per capita growth
rates of the MDA-MB-231. Thus, across all treatments MDA-MB-231 cells had large competitive effects on
MCEF-7 growth, while the MCF-7 cells had virtually no inhibitory effects on the growth of MDA-MB-231 cells.
It appears that this frequency dependent (FD) effect provides a competitive advantage for the MDA-MB-231
cells that allows them to remain in the tumor spheroids despite MCF-7’s higher intrinsic growth rates (DI) and
carrying capacities (DD).

The greatest frequency dependent effect of MDA-MB-231 on MCF-7 (highest a) occurred under conditions
of 4.5 g/L glucose, 6.5pH, and no glutamine. The greatest effect of MCF-7 cells on MDA-MB-231 (highest )
occurred in the absence of glucose and glutamine at neutral pH. This fits our original predictions; however,
the effect of B is not strong enough to rescue MCF-7 cells from competitive exclusion. In accordance with the
hypothesis that glucose permits MDA-MB-231 cells to be highly competitive, o’s (the effect of MDA-MB-231 on
MCEF-7) were generally lower under glucose-starved conditions. Further, both cell types appear to experience
decreased growth efficiency and competition when glucose/glutamine starved, and under acidic conditions.
This is consistent with more general ecological studies showing that competition between species is generally
less under harsh physical conditions*°.

Using the optimized parameters values calculated by the constrained optimization analysis of the Lotka—Volt-
erra equations can predict the outcome of competition. This analysis suggests that under physiologic pH, regard-
less of glucose or glutamine concentration, MDA-MB-231 cells will outcompete the MCF-7 cells. Furthermore,
under acidic pH, regardless of glucose or glutamine concentration, MDA-MB-231 cells and MCF-7 cells will
actually coexist. This is observed experimentally in Figs. 2 and 3 where acidic pH results in coexistence of the
two cell types and normal pH results in no MCF-7 cells remaining at the end of the experiment. While a robust
result, this does not accord with our original expectations.

In vivo exploration of cell competition. MDA-MB-231 and MCF-7 cells were grown in the mammary
fat pads of 8-10 week old nu/nu female mice. Three tumor models were evaluated: only MCF-7, only MDA-
MB-231, and 1:1 mix of both cell types with three replicates for each (total of nine mice). Tumor volumes were
measured weekly. At 5 weeks, the tumors were harvested and evaluated for ER expression which marks MCF-7
(ER positive) cells providing estimates of the ratio of MDA-MB-231 to MCF-7 cells.

H&E staining indicates that MCF-7 tumors had the greatest viability and lowest necrosis while MDA-MB-231
tumors displayed decreased viability and increased necrosis (Fig. 11a). The small differences in necrotic and viable
tissue between the MDA-MB-231 and mixed tumors are indicative of the expansive effect that MDA-MB-231
phenotype has on tumor progression (Fig. 11c).

Changes in tumor size over 5 weeks indicated that MCF-7 cell tumors grew more slowly than MDA-MB-231
tumors and mixed tumors (Fig. 11b; ANCOVA of natural logarithm of standardized size with day as a covariate,
F, 49=248.0 p<0.001, and a significant interaction between day and treatment, F, 4,4=9.57 p<0.001, indicating
differences in the growth rates of the different treatments). Estimated per day growth rates were 8.65%, 7.25% and
5.7% for the Mixed, MDA-MB-231 and MCEF-7 tumors, respectively. This is an interesting result as the in vitro
analysis would have predicted that the MCF-7 tumors would grow the fastest due to both higher growth rate
and higher carrying capacity. Only in the harshest in vitro condition with 0 g/L glucose, acidic pH 6.5, and no
glutamine did MCF-7 cells grow more slowly than MDA-MB-231. This potentially suggests that mammary fat
pads may exhibit a harsh environment for MCE-7 cells.

Of interest, the mixed tumors in vivo grew significantly faster than the MCE-7 tumors, and potentially faster
than the MDA-MB-231 tumors alone beyond 24 days. This supports the in vitro experiments in Figs. 8 and
9 where both cell types gain some growth advantage when grown together. Biomarker staining indicated the
presence of microenvironment regulating membrane transporters. Variation in CAIX expression between the
three tumor types suggests little difference in active pH regulation. Glutl expression is higher in MDA-MB-231
containing tumors, reflecting the increased capacity for glucose uptake by these cells (Fig. 11d).

ER staining was also used to identify the final frequency of MDA-MB-231 and MCF-7 cells. The amount of ER
staining in the mixed tumors (mean of 0.0207) was comparable to the amount found in the MDA-MB-231 only
tumor (mean of 0.0227), indicating significant loss of MCEF-7 clones at the experiment’s end point. This reiterates
the results from the in vitro spheroid experiments demonstrating that MDA-MB-231 cells have a competitive
advantage. Interestingly, in one of the mixed tumors (Fig. 11e), we note the presence of a cluster of ER posi-
tive cells concentrated in an area of interior viable cells. From in vitro and theoretical analysis, we predict that
coexistence of these two cells lines is possible under acidic conditions. In the presumably acidic interior of the
in vivo tumor, while the density of the MCF-7 cells is low, coexistence may be occurring. This clumping MCF-7
cells in vivo closely matches the mixed culture in vitro spheroids. The spatial distributions of the two cell types
may be an important component for coexistence.

Discussion
To understand competition among cancer cell phenotypes within a tumor, we hypothesized that direct com-
petition experiments are critical for understanding factors that may promote or inhibit coexistence. Similar to
the classic experiments by Gause, we conducted competition experiments between two well-established breast
cancer cell lines that exhibit classic phenotypic and in vivo growth patterns of the (1) “Pioneer” MDA-MB-231
cells, which are highly invasive, non-angiogenic, and glycolytic and the (2) “Engineer” MCF-7 cells which are
angiogenic, non-invasive, estrogen dependent and have near normal glucose metabolism.

While here we focused specifically on nutrition and pH as factors that affect cellular competition, there are a
number of other factors that undoubtedly play a role. For example, hormonally driven cell lines might elucidate
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Figure 11. Results of in vivo mono- and co-culture tumors. (a) Histology slides of MCF-7, MDA-MB-231, and
1:1 co-cultured tumors. Slides were stained with H&E and ER immune stain. (b) Changes in the standardized
tumor volume with time (3 mice per treatment). (c) Tumor viability for all three tumor types. Notice a decrease
in viability and increase in necrosis in the MDA-MB-231 and mixed tumors. (d) Measures of CAIX, Glutl,

and ER biomarker staining for each tumor type. (e) The presence of small clumps of ER staining in mixed
tumors reflect the clumping of MCF-7 cells in the progression of the mixed tumor spheroids (these are enlarged
photos of the indicated portions of the co-cultured tumors shown in a), suggesting the coexistence of these two
phenotypes in certain tumor microenvironments. All error bars show standard error of the mean.

the role of systemic and intratumoral hormone levels in competition experiments such as T47D (ER+, PgR+,
HER2-) as another "engineer" instead of MCF?7. Or interestingly, one could use the mouse breast cancer cell
line MMTV-PyMY (ER-, PgR— Her2+/-) as a "pioneer" instead of MDA-MB-231 cells to observe cell competi-
tion phenomena without considering protein-protein interactions. In actuality, any number of cancer cell lines
would be good candidates for competition assays covering additional factors that might affect cellular growth
and viability.

Here, our first experiments investigated monocultures in various nutrition and pH conditions likely to be
present in some regions of an in vivo tumor. In our experimental spheroid model, the growth rate (r) and carrying
capacity (K) for MCF-7 cells in monoculture were the same or greater than those of MDA-MB-231 cells under
all conditions. We expected these advantages would allow the MCF-7 cells to dominate the MDA-MB-231 cells
in co-culture, but surprisingly, MDA-MB-231 cells dominated in all experimental conditions. This counterintui-
tive result was also found in vivo, where MCF-7 tumors generally grew slower than MDA-MB-231 tumors. This
suggested that the density dependent and density independent interactions cannot fully explain cell competition.

In this way, the frequency dependent interactions become paramount. The magnitude of frequency depend-
ent competitive effects of one cell type on the other depends on culture conditions. In spheroids, MDA-MB-231
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cells displayed their greatest competitive effect in high glucose and low pH culture conditions while MCF-7 cells,
although overall less competitive, showed their greatest competitive effect in low glucose and neutral pH culture
conditions. This aligns with the “pioneer” and “engineer” phenotypic patterns and suggests that tumor heteroge-
neity is driven not only by clonal growth efficiency but also by the landscape of the tumor microenvironment. The
mechanisms of this competition is unknown, but there are a number factors that could play a role beyond those
tested here such as cytokine production, growth and inhibitory signal dynamics, and direct contact-dependent
signals to name a few. There were two conditions (normal pH and glutamine present) where MCF-7 might
actually benefit MDA-MB-231 cells. If so this would likely be through the production of some public good*!.

In general, the outcome of competition appeared to be pH specific with MDA-MB-231 cells dominating in
normal pH conditions and MCF-7 and MDA-MB-231 cells coexisting in acidic conditions both in vitro and
in vivo. This is evident not only in the overall growth dynamics of competition between MCF-7 and MDA-
MB-231 cells, but also by the spatial patterns observed both in vitro and in vivo. The emergence of spatial pat-
terns implicates differences between the cell types in cell-cell adhesion and motility. In the co-culture spheroids
and in the example shown in vivo, MCF-7 cells form a ring or cluster of highly clumped cells away from the
spheroid’s edge. The MDA-MB-231 cells, on the other hand, formed the spheroid or tumor edge by extending
their range outward beyond that of the MCF-7 cells. This same pattern, where cells on the periphery of a tumor
leave an open niche for another cell type in the interior, has been shown experimentally and also analyzed using
Lotka-Volterra competition equations in the Drosophila imaginal disc*>-**.

We used the Lotka—Volterra competition equation to model competition between the two cell types because
of the good fit of logistic growth to the mono-cultures, and the ability to simultaneously estimate all of the key
parameters: r’s as density-independent, K’s as density-dependent, and competition coeflicients as frequency-
dependent processes. As noted by Nishikawa et al.*%, such modelling “has the advantage of using mathematical
analysis to capture the general characteristics of the cell competition phenomena.” The L-V competition model
can fail as a good representation of the dynamics for reasons of (1) higher order interactions in the ways cell
abundances influence competitive interactions, (2) non-equilibrium population dynamics due to time lags or
stochastic events, and (3) spatial dynamics in terms of the dispersion patterns of the two cell types with respect
to each other. Fascinating dispersion patterns do appear in the spheroids inviting agent based, spatially explicit,
computational modelling of the cell types’ population dynamics (Nishikawa et al.** provide examples of doing
both). In time this could be valuable and informative. But, in our present work, spatial modelling would require
a host of assumptions regarding how cell’s interact (directly or simply through resource consumption), resource
dynamics and diffusion, cell-cell adhesion and lack thereof, proliferation and mortality rates, and rates of cell
motility.

The competitive superiority of MDA-MB-231 over MCF-7 from our in vitro and in vivo experiments suggests
new hypotheses. Several eco-evolutionary mechanisms may be responsible. In the competition experiments, the
cancer cells experienced pulsed resource renewal every 3-4 days. Thus, over a 4 day period the culture media
likely went from nutrient rich to poor, while metabolite concentrations, including acid, increased*. In both
natural and malignant ecosystems, oscillating resources and metabolites favor traits of (1) priority, (2) speed,
and( 3) efficiency**-.

Here, priority is defined by the ability to localize, move to, and invade areas of high resource availability. The
higher motility and invasiveness of the MDA-MB-231 allowed them to occupy the outer margins of the spheroid
where nutrient concentrations would be highest*. Speed is defined by the rate at which an organism can forage.
A high speed allows an organism to pre-empt other organisms via interference with uptake by competitors®. The
high glycolytic capacity of the MDA-MB-231 permits them to acquire glucose faster than their MCF-7 competi-
tors on a per cell basis. Furthermore, MDA-MB-231 do not adhere to each other as the MCF-7 cells did. This gives
the MDA-MB-231 a higher surface area for nutrient uptake and less cell-to-cell interference in nutrient uptake.
Finally, the motility and speed of nutrient uptake may both contribute to rapid but inefficient foraging. High rates
of uptake benefit the cell both through acquisition of resources and by making them unavailable to competitors.

However, high motility and speed of nutrient uptake often result in rapid but inefficient foraging. The lower
intrinsic growth rates and carrying capacities of MDA-MB-231 are consistent with this. Efficiency is the capac-
ity of an organism to cheaply and profitably exploit resources when they are scarce. The MCF-7 may be slower,
more efficient foragers thus depleting nutrients following the pulse more slowly but in a manner that allowed
for greater per cell survival and proliferation, thus explaining their higher growth rates and carrying capacity
when grown in mono-culture®*2,

The outcome of competition between the two populations were almost entirely frequency dependent as
reflected in the highly asymmetric and strong competitive effect of MDA-MB-231 cells on MCF-7 cells. Yet, we
saw an important role for MCF-7’s higher carrying capacity (density-dependent effects) in promoting coexist-
ence under some circumstances, and the differences in intrinsic growth rates (density-independent effects) likely
influenced the transient dynamics within the mixed cultures.

Conclusions

Mixed-culture competition experiments in spheroids can successfully track competitive outcomes between cell
lines of interest®->*. Because alterations in glucose and pH can significantly affect the competitive ability of differ-
ent cell phenotypes, manipulation of the microenvironment via therapies could directly influence intra-tumoral
evolution and cell-type composition®*~*%, Such experiments in spheroids may be valuable for quantifying the
costs of resistance. Experiments could consider competing a resistant cell line against its sensitive parental cell
line under conditions of no therapy (sensitive would be expected to outcompete the resistant cell line) and under
conditions of therapy (resistant should outcompete the sensitive cell line)*®. As accomplished here, one could
determine differences in growth rates, carrying capacities and competition coefficients. These metrics would be
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valuable for informing adaptive therapy trials that modulate therapy so as to maintain a population of sensitive
cells as a means for competitively suppressing the resistant cells®-2.

Mixed culture competition experiments demonstrate how both the densities and the frequencies of cell
types influence the growth rates and population dynamics of cancer cells. Measurements of resource availability
and carrying capacities determine limits to growth. The extent to which inter-specific competition coefficients
differ significantly from 1, reveal the extent to which cancer cells engage in eco-evolutionary games where the
success of a given cancer cell depends both on its phenotype and the phenotypes of the other cancer cells. Such
understanding of how cancer cell types respond to each other and to therapy will be crucial to evolutionarily
informed therapies that aim to anticipate and steer the cancer’s eco-evolutionary dynamics.

Methods

Cell Culture and acid adaptation in vitro. MCF-7 and MDA-MB-231 cells were acquired from Ameri-
can Type Culture Collection (ATCC, Manassas, VA, 2007-2010) and were maintained in DMEM-F12, no glu-
tamine, no glucose, no HEPES (Life Technologies) supplemented with 10% FBS (HyClone Laboratories). Cells
were tested for mycoplasma contamination and authenticated using short tandem repeat (STR) DNA typing
according to ATCC guidelines that is approved by Moffitt Cancer Center. Growth media was supplemented to
contain adjusted glucose and glutamine concentrations, depending on desired environmental conditions. Media
was also supplemented with 25 mmol/L each of PIPES and HEPES to increase the buffering capacity of the
media and the pH adjusted to 7.4 or 6.5 for each spheroid growth condition.

Transfection (GFP/RFP plasmids). To establish stable cell lines, the MCF-7 and MDA-MB-231 cells were
infected with Plasmids expressing RFP or GFP using Fugene 6 (Promega) at an early passage and were selected
using 2 pg/ml puromycin (Sigma).

3D spheroid co-culture. Perfecta3 96-Well Hanging Drop Plates or non-adhesive U shape bottom 96 well
plates were used to grow the primary spheres containing 10,000 or 20,000 total cells. For each experimental
condition, the ratio between MCF-7-GFP and MDA-MB-231-RFP was from 0 to 100 percent as follows: 0/100,
20/80, 40/60, 60/40, 80/20, 100/0. Each ratio had four replicates for each experiment. An Incucyte microscope
kept at 37 °C and 5% CO2 was used to image the spheroid growth over approximately 30 days. Images and
fluorescent intensity were analyzed in Incucyte built-in software and ImageJ®. Relative fluorescent units (RFUs)
were normalized by averaging red/green fluorescence when the corresponding cell type was absent then sub-
tracting this value from other fluorescent values of that cell type.

Experimental conditions. Two experiments were conducted. The first consisted of spheroids with a start-
ing density of 20,000 cells under conditions of high (4.5 g/L), medium (2 g/L), intermediate (1 g/L) and no glu-
cose fully crossed with physiological (7.4) and low (6.5) pH. Spheroids were allowed to grow for roughly 670 h
with fluorescence measured every 24-72 h. Relative fluorescent units (RFUs) were used to generate estimates of
growth rates and carrying capacities.

Observations from these spheroids prompted us to conduct a second set of experiments consisting of sphe-
roids with a lower starting density (10,000 cells) cultured under the extremes of nutrient concentration (0 g/L and
4.5 g/L glucose) fully crossed with physiological and low pH. Resilience of growth under no glucose prompted
a repeat of the experiment 0 g/L and 4.5 g/L glucose fully crossed with physiological and low pH with medium
lacking glutamine. To improve accuracy of model-fitting, fluorescent values were collected every 6 or 12 h.

Calculation of growth rate and carrying capacity of mono-cultures. Growth rates were calculated
as the log change of the first 72 h after plating. Carrying capacities were calculated as the mean fluorescence of
the final ten time points for each experiment. Since their values were similar regardless of starting frequency, and
since they dominated the tumor spheroid in all experiments, we could estimate the carrying capacities of MDA-
MB-231 cells using all cultures with a starting frequency of >20% MDA-MB-231. Due to competitive effects,
MCE-7 carrying capacities were estimated using only the 100% MCF-7 spheroids.

Testing among growth models. Nonlinear constrained optimization was used for parameter estima-
tion of r and K to identify the best fit of the monoculture experiments. The objective function minimized the
RMSE between the theoretical curves for exponential, Monod-like, logistic, and Gompertz growth models to the
growth dynamics of each monoculture spheroids growth dynamics.

Competition coefficient estimation. Nonlinear constrained optimization was used for parameter esti-
mation of the two-species competition Lotka—Volterra equations. The objective function minimized the cumula-
tive RMSE of all initial seeding densities in order to obtain the parameters that could best explain all experimental
initial conditions. For these estimations we allowed the optimization technique to optimize all four parameters:
1, K, a, and . While we could have fixed the growth rates and carrying capacities using the values found during
the growth model analysis, we instead allowed them to also vary due to the experimental evidence showing that
initial seeding frequency can significantly change the growth rates and carrying capacities of these cells.

In vivo tumor culture. MCF7 and MDA-MB-231 breast cancer cell lines were purchased from ATCC. Both
cells were authenticated by short tandem repeat analysis and tested for mycoplasma. Xenograft studies were per-
formed by the guidelines of the IACUC of the H. Lee Moffitt Cancer Center (that was approved by University of
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South Florida IACUC committee) using 8- to 10-week-old female nu/nu mice (Envigo). Mice had free access to
water and food for the whole duration of the experiment. For MDA-MB-231 and MCF7 mono-tumor formation,
10 million cells were injected into cleared mammary fat pads as described previously*. For mixed cultures, a 1:1
mixture of 5 million MDA-MB231 and 5 million MCF?7 cells were injected. One week before cell injection, an
estrogen pellet (0.72 mg slow-release, Innovative Research of America) was implanted to allow for the growth of
ER-positive MCF7 tumors. Five weeks later, tumors were harvested.

Ethical approval and consent to participate. All animal studies completed were approved and main-
tained under University of South Florida’s Institutional Animal Care and Use Committee (IACUC) at H. Lee
Moffitt Cancer Center. The reference number for this protocol is 4306R.

Animal study is in accordance with the ARRIVE guidelines for the in vivo study carried out on animals.
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