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Abstract

Feedback mechanisms within cell lineages are thought to be important for maintaining tis-
sue homeostasis. Mathematical models that assume well-mixed cell populations, together
with experimental data, have suggested that negative feedback from differentiated cells on
the stem cell self-renewal probability can maintain a stable equilibrium and hence homeo-
stasis. Cell lineage dynamics, however, are characterized by spatial structure, which can
lead to different properties. Here, we investigate these dynamics using spatially explicit
computational models, including cell division, differentiation, death, and migration / diffusion
processes. According to these models, the negative feedback loop on stem cell self-renewal
fails to maintain homeostasis, both under the assumption of strong spatial restrictions and
fast migration / diffusion. Although homeostasis cannot be maintained, this feedback can
regulate cell density and promote the formation of spatial structures in the model. Tissue
homeostasis, however, can be achieved if spatially restricted negative feedback on self-
renewal is combined with an experimentally documented spatial feedforward loop, in which
stem cells regulate the fate of transit amplifying cells. This indicates that the dynamics of
feedback regulation in tissue cell lineages are more complex than previously thought, and
that combinations of spatially explicit control mechanisms are likely instrumental.

Author summary

Tissues in higher organisms are maintained at a homeostatic setpoint level, which is deter-
mined by a complex set of regulatory mechanisms. Negative feedback loops from differen-
tiated cells onto stem cell division patterns, which have been experimentally documented,
are thought to contribute to homeostatic regulation. This is in part based on the analysis
of mathematical models. Typically, however, such models are based on ordinary differen-
tial equations, which assume perfect mixing of cells and molecule, while in vivo, tissues
are characterized by pronounced spatial structure. Here, we show that this negative feed-
back mechanism loses the ability to maintain tissue homeostasis in spatially explicit
computational models. Negative feedback on stem cell division, however, can lead to the
organization of stem and differentiated cells into distinct, spatially separated islands,
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where stem cells comprise a small fraction of the cell population. Reduction of negative
feedback control in the model results in a breakdown of these spatial structures and stem
cell enrichment. We further show that control loops can maintain homeostasis in this spa-
tial setting if the negative feedback on stem cell divisions is combined with other, experi-
mentally documented, spatially explicit control mechanisms, indicating that more
complex combinations of control loops are instrumental.

Introduction

Tissue homeostasis is central to the functioning and survival of higher organisms. Adult tissues
are maintained by tissue stem cells that can both self-renew and differentiate to give rise to
transit amplifying cells, which in turn give rise to terminally differentiated cells. Stem cells can
divide asymmetrically [1], where one daughter is another stem cell and the other is a differenti-
ating cell. In mammalian systems, however, data indicate that a stochastic symmetric division
model also plays an important part, where a stem cell gives rise to either two daughter stem
cells or to two daughter differentiated cells [2-4]. In such settings, it is thought that feedback
mechanisms are required to prevent unbounded cell growth and to maintain homeostasis.
Corresponding feedback signaling molecules have been much discussed in the literature in dif-
ferent tissues, and loss of feedback signals has been implicated in carcinogenesis [5,6]. Several
feedback molecules have been shown to determine the fate of cell divisions, influencing
whether self-renewal or differentiation can occur. Examples include growth differentiating fac-
tor 11 (GDF11) and Activin BB (ACTBB), which negatively regulate self-renewal rates in pro-
genitor and stem cells in the olfactory epithelium of mice [7,8]; transforming growth factor
beta (TGF-B) [9], which is mutated in a variety of tumors [10-12]; the bone morphogenetic
protein 4 pathway (BMP4) that is inactivated in glioblastomas [13]; and the adenomatous pol-
yposis coli (APC) tumor suppressor gene that is inactivated in colorectal cancer, with concom-
itant activation of the Wnt cascade [14].

A growing mathematical literature has emerged that investigates feedback control in rela-
tion to tissue homeostasis, and loss of feedback control in relation to carcinogenesis [6-8,15-
26]. One particular approach focused on the notion that feedback factors produced by differ-
entiated cells might play an important role for determining the fate of cell divisions. Specifi-
cally, in the olfactory epithelium, there appears to be negative feedback from differentiated
cells both on the probability of stem cell self-renewal and on the rate of cell division, mediated
by GDF11 and Activin B [7,8]. These observations motivated mathematical models showing
that such negative feedback from differentiated cells onto stem cell division patterns can play
an important role in the maintenance of tissue homeostasis [8,21-24,27]. Mathematical mod-
els predicted that in the absence of this feedback, unbounded growth occurs, while negative
feedback from differentiated cells inhibiting stem cell self-renewal can result in a stable
equilibrium.

These mathematical models of negative feedback regulation are typically based on ordinary
differential equations (ODEs), which assume perfect mixing (mass action or meanfield
assumption) of cells and molecules. In other words, no spatial structure was assumed. This
applies to most mathematical models of stem cell regulation, with a few exceptions, e.g. [28].
Here, we re-formulate negative feedback models within cell lineages assuming spatially
restricted dynamics, and specifically examine how this affects the ability of negative feedback
loops to maintain tissue homoeostasis. We further construct models of other control mecha-
nisms where spatial interactions are important, and determine their effect on tissue
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homeostasis. We start by briefly reviewing the previously published ODE models that were
used to study negative feedback from differentiated cells on stem cell division patterns in rela-
tion to the ability to maintain tissue homeostasis. We then introduce the spatial modeling
framework and explore how this affects the dynamics.

Previously published, basic models without spatial restriction

An ordinary differential equation model has been used to describe tissue hierarchy dynamics
in a healthy tissue [8,15,24], and the models presented here build on these approaches. While
cell lineages consist of stem cells, transit amplifying cells, and terminally differentiated cells,
we can make a simplification and take into account only stem cells (which encompass all the
proliferating cells) and differentiated cells. Hence, with this simplification, the stem cell com-
partment can be thought to contain both stem and transit amplifying cells, and such models
have been shown to display qualitatively similar properties compared to three-compartment
models with respect to the types of dynamics investigated here [6,24] (below we explore a
more complex model that requires three compartments to be explicitly included). Denoting
stem cells (SC) by S and differentiated cells (DC) by D, the model is given by:

ds
—=rS(2p - 1) (1)

%? =2rS(1 —p) —oD

Stem cells divide with a rate r. With a probability p, the division results in two daughter stem
cells (self-renewal), and with a probability (1-p), the division results in two daughter differenti-
ated cells (differentiating division). Differentiated cells are assumed to die with a rate o.. These
equations capture a probabilistic model of tissue control, where on the cell population level a
fraction of the symmetric divisions result in two daughter stem cells and the remaining frac-
tion results in two daughter differentiated cells. In addition to symmetric divisions, asymmet-
ric divisions may play a role in tissue renewal. With asymmetric cell division, a stem cell gives
rise to one stem cell and one differentiated cell, thus maintaining a constant population of
stem cells. While not included here, it has been previously shown that the incorporation of
asymmetric cell divisions into this modeling framework does not fundamentally alter the
properties of the model [29], and in fact mathematically can be reduced to the same equation
structure as (1)[30]. System (1) is only characterized by a neutrally stable family of nontrivial
equilibria if p = 0.5 [6,8]. If p>0.5, infinite growth is observed. If p<0.5, the cell population
goes extinct.

If we include the assumption that differentiated cells secrete negative feedback factors that
influence stem cell division patterns, however, more realistic dynamics can be observed
[6,8,24]. In particular, it has been shown that negative feedback from differentiated cells onto
the probability of self-renewal, p, results in the existence of a stable equilibrium of cells, which
might contribute to tissue homeostasis. This is because increased numbers of differentiated
cells shift the division pattern in favor of differentiation, which limits overall cell growth.
Mathematically, this has been expressed by p(D) = p’/ (1+£,D*Y), where constant p’ is the basic
self-renewal probability of stem cells in the absence of any feedback, and parameters f; and «;
determine the strength and power of the feedback. The existence of a stable equilibrium
requires p’>0.5.

In addition, feedback loops have been proposed where differentiated cells reduce the rate of
stem cell division [8,24], which can be expressed as r = r’/(1+f,D*?), where 1’ is the basic stem
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cell division rate in the absence of any feedback (and similarly, parameters f, and k, determine
the strength and power of the feedback). While this feedback can influence the dynamics of
the system, it does not contribute to the existence of a stable equilibrium, and hence
homeostasis.

Under these assumptions, the stable equilibrium population size is given by [29]

2 (P (o)

. mﬂ1>$
D=t =
(7

An agent-based model with diffusion of feedback mediators

Results

We consider a two-dimensional spatial model of growing cell populations that are regulated
by a population of diffusing negative feedback mediators. The model contains a cell layer and
a layer that describes the dynamics of feedback factors.

The dynamics of the cell population are described by a stochastic agent-based model, which
assumes two cell populations: stem cells and differentiated cells. The agent-based model is
given by a 2-dimensonal grid that contains nxn spots. Each spot can be empty, contain a stem
cell, or contain a differentiated cell. During one time step, the grid is sampled N times, where
N is the total number of cells in the system. If the sampled spot contains a stem cell, a division
event can occur with a probability pg;,. A target spot is chosen randomly from the eight nearest
neighboring spots, into which the offspring cell can be placed. If that spot is already occupied,
the division event is aborted, introducing density dependence into the model (similar to logis-
tic growth in ODEs). If the target spot is empty, a new stem cell is placed there with a probabil-
ity pseir (self-renewal), and a differentiated cell is placed there with a probability 1- ps.r. A stem
cell can die with a probability psgearn. If the sampled spot contains a differentiated cell, cell
death occurs with a probability ppgean- In addition to these processes, stem and differentiated
cells can attempt a migration event with a probability pp,;,. A spot is selected randomly from
the eight nearest neighbors and if this spot is empty, the cell moves there. While the division
events can in principle be formulated differently, the rules implemented here are meant to cor-
respond to the previously published ODEs [6,8,24], with the addition of logistic growth rather
than unlimited growth in the absence of feedback (see next section).

In contrast to previously published ODE models reviewed above [6,8,24], we here include
the possibility of stem cell death for two reasons. First, tissue stem cells do die, although with a
relatively small rate. In addition, when the model formulation contains a carrying capacity for
the cell population, the absence of stem cell death leads to an artificial model outcome where
the stem cells can exclude (or “outcompete”) the differentiated cells population, which is bio-
logically unrealistic.

Note that in this algorithm, not all the cells will necessarily be sampled (and some might get
sampled more than once). It is however necessary to tie a (biological) time-step with popula-
tion size, to be able to compare different populations with each other. The following simple
scaling argument can be made: in a simple birth process with a per-cell division rate L time ™"
and a population size N, during one time unit a cell will divide with probability L, so a total of
NL cells will be expected to divide per time-unit. Similarly, in a spatial system, we need to sam-
ple N times per time-unit to achieve that average population division rate. In general, the larger
the population size, the more events will happen during a time unit. Our approach is one of a
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number of ways to simulate this type of a stochastic process, another being the spatial Gillespie
simulation, which implements a similar idea by setting the expectation of the time to the next
reaction by the inverse of the sum of all the propensities (given by NL in the above example).
Further details are provided in previous work [6].

The probability of self-renewal is influenced by the presence of feedback factors that can be
secreted from differentiated cells. The dynamics of the feedback factors are described by a
deterministic patch model, which includes production by differentiated cells, degradation, and
diffusion of factors to the neighboring patches. Each spot on the cell grid is associated with a
patch, in which the level of feedback factors is recorded. In each patch i, the level of the feed-
back factor, z;, is given by the following ODE: dz,/dt = c-bz;—mgz; + gZ;. The parameter c repre-
sents the production rate of the feedback factor. We set ¢ = 0 if the spot does not contain a
differentiated cell, otherwise ¢>0. Feedback factors are assumed to decay with a rate b in each
patch. Feedback factors move to the nearest neighboring patches with a rate g, representing
diffusion processes. The parameter m denotes the number of neighboring patches. For our
grid, m = 8, except for boundary patches, where m<8. The variable Z; = 2z denotes the sum
of all feedback factor populations, z;, among the patches adjacent to i. For each time step of the
agent-based model, the ODEs in each patch were run for one time unit. The probability of
self-renewal for a given cell in the agent-based part of the model is thus given by p,.;r= p@ seif/
(1+hz;), where p(o)self denotes the self-renewal probability in the absence of any feedback. The
more feedback factors are locally present in the patch corresponding to the spot in the cellular
grid, the lower the probability of stem cell self-renewal (and the larger the probability of differ-
entiation). The parameter h describes the strength of feedback inhibition, with larger values of
h corresponding to more potent inhibition. For simplicity, we do not include feedback on the
stem cell division rate, because this has been shown in the ODE:s to not contribute to the exis-
tence of a stable equilibrium. This feedback can, however, be easily incorporated into the
model in the same way.

We note that the time scales of the agent-based portion of the model and the ODEs are the
same, but that the processes occurring in these two parts of the model can occur at very differ-
ent rates. As mentioned above, in the agent-based model, one time unit is defined by sampling
N times, where N is the number of cells in the system. For each time unit in the agent-based
model, the ODEs describing the dynamics of the feedback factor are also advanced by one
time unit (as both cell dynamics and factor diffusion happen concurrently in the system). The
amount of change that occurs during that one time unit can be very different for the agent-
based portion and the ODEs, and is expressed in the rate constants and probabilities that
determine the rate at which processes happen in the two parts of the model. We explore a large
parameter space where time-scales of these different processes vary significantly.

The degree of spatial restriction in this system is given by two parameters: the migration
rate of cells, ;g and the rate of feedback diffusion, g. If pyyis = 0 and the value of g is low, the
system is characterized by strong spatial restriction. For large values of py;; and g, the system
approaches mass action dynamics (perfect mixing).

As initial conditions, a square of 7x7 spots in the center of the grid was filled with stem
cells, and the simulation was run according to the rules described above. Parameter values
are largely unknown, and hence were chosen for the purpose of demonstration. Parameters
quoted in the figures are picked such that stem cells divide on average once a day [31,32],
and terminally differentiated cells on average live for 10 days. The reported results, how-
ever, do not depend on these particular values, as was explored by repeated simulations
and parameter sweeps. The basic codes that simulate the different models are provided in
S1-54 Data.
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Dynamics assuming strong mixing of cells and feedback mediators

We start by assuming large values of p,,;; and g, i.e. the migration rate of cells and the diffusion
rate of feedback factors. In this limit, the average dynamics of the agent-based model converge
to those predicted by the corresponding set of ordinary differential equations. Denoting the
populations of stem cells, differentiated cells, and feedback factors by S, D, and Z, respectively,
the ODEs are given as follows.

ds S+D
E—r8(2p—1)<1—7> _

‘;_lt)zgrsu —p)<1 —HTD> — oD (2)

daz
—=¢D-pZ
=gz,
where negative feedback from differentiated cells onto the probability of self-renewal is given

byp = ﬁfz, and p’ is the self-renewal probability of stem cells in the absence of feedback. In

contrast to model (1) above, here we explicitly track the population of secreted feedback fac-
tors, Z. They are produced by differentiated cells with a rate  and decay with a rate B. Another
change in the model (compared to model (1)) is the inclusion of a carrying capacity K, which
corresponds to the maximum population size the system can sustain, independent of the nega-
tive feedback loop. This describes the finite grid size underlying the agent-based model. In the
term describing the negative feedback on the stem cell self-renewal probability, the abundance
of the secreted feedback mediator is divided by the carrying capacity K. The reason is that in
the agent-based model, a larger system results in a lower amount of soluble feedback mediators
available per cell due to diffusion, and this has to be captured in the corresponding ODE.
Finally, we assumed that stem cells can die with a rate 1, in addition to being removed through
differentiation.

Fig 1A shows that this system of ODEs describes the average behavior of the agent-based
model well for the limit of large cell migration and feedback diffusion rates. More generally,
this ODE model is characterized by two equilibria. If p’<0.5, the cell population goes extinct
and the system converges to the trivial equilibrium S = 0, D = 0, Z© = 0. If p’>0.5, the sys-
tem converges to a stable equilibrium at which all cell populations exist (not written down
here due to complexity of expressions). An important property of this equilibrium is that the
total cell population size is proportional to the carrying capacity, K (Fig 1B). As the value of
the carrying capacity increases towards an infinitely large size, the number of cells also increase
to an infinitely large size, despite the occurrence of negative feedback regulation. Therefore, in
this model, negative feedback alone cannot maintain homeostasis of the cell population,
defined as keeping the number of cells constant. The strength of negative feedback does, how-
ever, regulate the density of cells for a given carrying capacity, K. This behavior is in contrast
to model (1) that does not take into account a carrying capacity. The reason is that model (1),
as well as similarly structured models [24], assume that a given total amount of feedback medi-
ators is equally effective regardless of the system’s size, while model (2) assumes that the same
amount of feedback mediators becomes less effective at suppressing stem cell self-renewal for
larger system sizes. In other words it assumes that locally, biological processes respond to con-
centrations rather than the total amounts of an factor, which corresponds to the formulation
of the agent-based model and might be biologically more realistic.
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Fig 1. Properties of the spatially explicit computational model with negative feedback. (A) Dynamics of the agent-based model, depending on the carrying
capacity K under the assumption that cells migrate with a high rate (large p;¢) and feedback mediators move across space at a high rate (large g). The
horizontal lines represent equilibrium values derived from the corresponding ODE system (2). Parameters are given as follows. For agent-based model: Py;, =
4.17x107%, p© 6= 0.7, Psgeatn = 0, Ppeath = 8.3X10°>, Ppmig = 0.67, h = 1.6, ¢ = 8.33,b = 4.17, g = 83.3; n = 100 and n = 200 for the small and large system,
respectively. The average over 46 simulations are shown for each case; standard errors are too small to see. For ODEs: r = 4.17x107%, 1= 0, o0 = 8.3x10°>, £ = 8.33,
B=4.17,p’ =0.7,f= 1.6, K = 100x100 and 200x200 for the small and large systems, respectively. (B) Equilibrium properties of the corresponding ODE system
(2) as a function of the carrying capacity, K. Parameters were the same as in (a). (C) Dynamics of the agent-based simulation, depending on the carrying
capacity K under the assumption of spatial restriction (pp;g = 0, low g). Parameters were chosen as follows. Pg;, = 4.17x107%, p(O)Se]f = 0.7, Psdearn = 8.3x107,
Ppdeath = 4.17X10°>, Ppnig = 0, h = 4.0x10, ¢ = 8.33,b = 8.3x10”, g = 0.83; n = 100 and n = 200 for the small and large system, respectively. The average over 46
simulations are shown for each case; standard errors are too small to see. Units of parameters are in hours.

https://doi.org/10.1371/journal.pcbi.1010039.g001

Dynamics assuming spatial restrictions

Here we assume that the processes of cell migration and the diffusion of feedback mediators
are spatially restricted. For simplicity, we assume the strongest form of spatial restriction of
cell migration, i.e. no migration occurs, and cells are assumed to place their offspring in a near-
est neighboring spot. For feedback mediators, the rate of diffusion will be varied from low to
high. In general, similar properties are observed compared to the well-mixed system studied in
the previous section. That is, negative feedback can only regulate the density of the cells, but
not total numbers: the larger the size of the grid, the larger the total cell population size (Fig
1C). Beyond the properties of the well-mixed model, however, we find that negative feedback
inhibition can result in pronounced spatial patterns, in which a number of islands of stem and
differentiated cells exist, separated by space that is not occupied by cells (Fig 2A). Within these
islands, stem cells cluster in the inside, while differentiated cells are located around the periph-
ery of the islands. Biological relevance of these clusters is discussed further below (Discussion
Section). As the strength of feedback inhibition is reduced (lower value of parameter h), the
distribution of cells within the space becomes uniform (Fig 2B). We quantified the degree of
clustering by calculating the ratio of the variance to mean of the number of cells (which we
denote by I, for index of dispersion) assuming the grid is subdivided into a number of rela-
tively small squares. A ratio that is significantly greater than one indicates that the cell popula-
tion is clustered across space. Fig 2C shows that as the strength of negative feedback inhibition
is reduced, there is a remarkably sharp transition from a clustered distribution of cells towards
a uniform distribution. This indicates the existence of two distinct states in the system,
depending on whether the negative feedback can control density (leading to the patchy config-
uration) or whether this breaks down, resulting in a significantly higher density. If the clus-
tered population structure corresponds to a normal state, then it is possible that the transition
to a uniform distribution due to reduced negative feedback corresponds to a first step towards
abnormal growth. Interestingly, in the presence of strong negative feedback and clustered pop-
ulation structure, the stem cell population is in the minority (Fig 2). For weak negative
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Fig 2. Spatial patterns observed in the agent-based model with negative feedback. Dark blue is empty space, light
blue represents stem cells, and yellow represents differentiated cells. (A) With a stronger degree of negative feedback
on the stem cell self-renewal rate, clumped spatial patterns are observed. Islands of stem and differentiated cells form,
separated by empty space. Stem cells are in the minority. (B) For weaker negative feedback, these spatial patterns break
down, and a uniform distribution of cells across space is observed. Also, stem cells become the dominant population.
For A and B: The spatial picture is a snapshot in time at equilibrium, and the time series represents the average over 46
simulations; standard errors are too small to see. (C) The degree of clustering of cells across space can be quantified by
dividing the space up into relatively small squares (10x10), and recording the number of cells per square. If the ratio of
Laisp = variance / mean is greater than 1, the spatial pattern is clumped. If the ratio I is less than one, the distribution
is uniform. The graph shows the value of 14, at the end of the simulation (at equilibrium). As the rate of negative
feedback inhibition is increased from low to high, we observe a relatively sharp transition in the ratio Iy, i.e. from a
uniform to a clumped distribution of cells across the space. Baseline parameter values were chosen as follows. Pg;, =
4.17x107, pPgeip = 0.7, Psdeatn = 8.3x10”, Ppeatn = 17X107, ppoig = 0, h = 4x10°, ¢ = 8.33, b = 8.3x107, g = 0.83;
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n = 200. For (A) h =4x107, (B) h = 107>, and for (C) the value of h was varied, as indicated. Units of rate parameters
are in hours™.

https://doi.org/10.1371/journal.pcbi.1010039.9002

feedback and uniform cell distribution, however, the stem cell fractions are significantly larger
(Fig 2), corresponding to stem cell enrichment [33].

Finally, we note that if the strength of negative feedback inhibition is large and crosses a
threshold in this model, extinction of the cell population is observed.

Next, we investigated how the different outcomes depend on model parameters. This was
done by randomly drawing the logarithm of parameter values from a uniform distribution and
recording the ratio I4;p. In Fig 3, two parameters were varied simultaneously for any given
plot: The rate of negative feedback inhibition on stem cell self-renewal, h, was always varied,
together with a second parameter. The outcome of the simulation is color-coded in Fig 3,
where each dot in the parameter space represents the outcome of an individual simulation. A
value of I4;sp >1.5 (clustering) is recorded in red, and a value of Ly;s, <1.5 (uniform distribu-
tion) is recorded in blue. Runs in which population extinction occurred are shown in yellow.
As mentioned above, clustered cell population persistence occurs for intermediate rates of neg-
ative feedback inhibition, while larger and smaller rates of feedback inhibition result in popula-
tion extinction, or a uniform distribution of cells across space, respectively. The width of the
parameter region in which cell clusters are observed depends on parameters (Fig 3). In particu-
lar, it depends on the diffusion rate of feedback mediators, and on the decay rate of the feed-
back mediators. Larger diffusion rates, g, and slower decay rates of feedback mediators, b, lead
to a broader region of feedback inhibition rates for which cell clusters are observed (Fig 3). If
the diffusion rate of feedback mediators is low and their decay rate is high, the mediators
secreted by a given cell mostly act locally, and the clustering regime is narrow. In the limit, the
clustering regime is so narrow that the behavior of the system essentially transitions from
extinction to a uniform invasion of the space by cells (Fig 3). If the diffusion rate of feedback
mediators is faster and they decay slower, then the mediators secreted from a given cell affect
cells in a larger area of the space, and the clustering behavior becomes pronounced (Fig 3).
Therefore, the model suggests that the clustered persistence of cells requires feedback media-
tors to act beyond the immediate neighborhood of the cell from which they are secreted. Other
model parameters do not have a significant influence on the range of feedback inhibition val-
ues across which clustered cell persistence is observed (Fig 3).

Feedforward loop

So far, we have considered regulatory loops where differentiated cells influence the behavior of
stem cells. Data from the airway epithelial tissue from mice [34], however, indicate that stem
cells can also send a signal forward to their progeny and influence their behavior. In fact, this
“feedforward” regulation is inherently spatial. The stem cells secrete a notch ligand to their
daughter transit amplifying cells (secretory cells), and this signal is necessary to maintain the
transit amplifying cell population. In the absence of this signal, the transit amplifying cells
undergo terminal differentiation to become ciliated cells. Hence, the further the transit ampli-
fying cells are located away from stem cells, the weaker this signal, and the more likely terminal
differentiation occurs. Transit amplifying cells that are located closer to stem cells receive a
stronger signal and are more likely to self-renew.

We adapt our agent-based model to describe this scenario. To do so, we expand the model
complexity to include a population of transit amplifying cells (TA) in addition to stem cells.
Now, stem cell differentiation results in the generation of two TA cells. Similarly to stem cells,
TA cells have a probability to divide (qa;y). With a probability qses, this is a self-renewing
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Fig 3. Parameter dependencies of outcome. Each dot in the graph represents the long-term outcome of an individual
simulation. Each simulation was run up to a time threshold, and the spatial distribution was determined by calculating
Liisp» the index of dispersion. The time threshlold was determined by waiting until the temporal average of the stem
cells did not change by more than 0.1% for 1000 consecutive time steps, after which the simulation was allowed to run
for an amount of time that corresponds to 10 years in the simulation, to ensure that the dynamics are well in the steady
state pase. Yellow indicates the extinction of the cells. Blue indicates a distribution that is characterized by I, < 1.5
(mostly uniform distribution). Red indicates I, > 1.5 (clumped distribution of cells). For each graph, two parameters
were varied: the strength of negative feedback on the stem cell self-renewal probability, h, and a second parameter, as
indicated in the individual graphs. The ranges of the parameters were chosen such that all three outcomes are seen, to
illustrate how the different outcomes depend on parameters. Baseline parameters were chosen as follows. Pg;, =
4.17x107, pVeip = 0.7, Psdeatn = 8.3x10™, Ppgeat = 417107, Py = 0., ¢ = 8.33, b = 8.3x107, g = 0.833; n = 200. Units
of rate parameters are in hours™.

https://doi.org/10.1371/journal.pcbi.1010039.g003

division, giving rise to two TA daughter cells; with a probability 1-qses, this is a terminally dif-
ferentiating division, giving rise to two daughter differentiated cells. TA cells are assumed to
die with a probability qrgeamn. Feedforward mediators are secreted from stem cells. The dynam-
ics of the feedforward factors are again described by a deterministic patch model. In each
patch i (associated with a spot on the grid), the level of the feedforward factor, w;, is given by
the following ODE: dw/dt = ¢, -b,w,—mg,w; + g,W,. The parameter c, represents the
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production rate of the feedback factor. We set ¢, = 0 if the spot does not contain a stem cell,
otherwise ¢,>0. Feedforward factors are assumed to decay with a rate b, in each patch. Feed-
forward factors move to the nearest neighboring patches with a rate g, representing diffusion
processes. The parameter m again denotes the number of neighboring patches. The variable
W; = Z;w; denotes the sum of all feedforward factor populations, w;, among the patches adja-
cent to i. Importantly, the probability of TA cell self-renewal (and thus maintenance) is deter-

mined by the amount of the feedforward factor according to q,,,, = 1 — m’ consistent with

the experimental observations [34]. For large feedforward factor levels, the probability of TA
self-renewal converges to one. In the absence of feedforward factors, the probability of TA self-
renewal is zero. In other words, the feedforward factors secreted by stem cells are responsible
for the maintenance of the TA cell population, and in the absence of these mediators, terminal
differentiation is the only fate of the division.

It is instructive to start examining the dynamics of this system under the assumptions that
stem cells and TA cells do not die (and only disappear through differentiation). In this case, a
structure forms where stem cells are located in the center, surrounded by an area of TA cells,
with differentiated cells at the periphery (Fig 4Ai). Interestingly, this structure is self-contained
and stops growing after an initial phase of expansion. The size of this structure is independent
of the grid size, and determined by the diffusion rate of the feedforward factor. The further the
feedforward factors can diffuse from the stem cells, the larger the area of the TA cell popula-
tion. In other words, in this scenario, the feedforward regulation can maintain homeostasis of
cell numbers, and the same cell numbers are maintained no matter how large the available
space is. Hence, homeostasis is maintained by the control loops and not by the carrying capac-
ity of the system. The reason for this behavior is that there is competition between stem and
TA cells for space, similar to the dynamics described by Hillen et al [35]. Stem cells enable self-
renewal of TA cells in their immediate vicinity, and the TA cells block the stem cells from
dividing further. Hence, the growth of the overall cell population is limited.

This homeostasis, however, represents a somewhat artificial situation due to the assumption
that stem and TA cells can only be eliminated through differentiation processes, and no
explicit cell death is assumed to occur. If cell death is assumed to occur in stem and TA cells,
the spatial competition dynamics either go in favor of the TA cells, resulting in the exclusion
of stem cells and thus in the extinction of the whole cell population, or in favor of stem cells, in
which case the stem cell population can expand outward over time, leading to cell population
growth limited only by the available space (Fig 4Aii), similar to the simulations with negative
feedback on stem cell self-renewal. Hence, the control-loop-mediated homeostasis observed in
this system is lost in the presence of stem cell death.

Combination of negative feedback and feedforward regulation

The above sections considered negative feedback on the stem cell self-renewal probability, and
feedforward regulation separately. For each model, these mechanisms failed to maintain con-
trol loop-mediated homeostasis of cell numbers. Here, we consider a modified version of the
agent-based model that includes both of these control processes at the same time. The two con-
trol mechanisms are implemented in the same way as before. We now observe parameter
regions in which the control loops maintain a constant number of cells independent of the car-
rying capacity of the system. In other words, it is the control loops that maintain homeostasis
and not the carrying capacity (Fig 4B), i.e. the number of cells converges to an equilibrium
value that is independent of the size of the grid or carrying capacity (including parameter
regions where stem and transit amplifying cells are assumed to die). The reason for this behav-
ior is as follows. With the feedforward loop, the death of transit amplifying cells can make
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Fig 4. (A) Properties of the agent-based models with the feedforward control loop only. Dark blue represents empty space, light blue stem cells, green transit
amplifying cells, and yellow terminally differentiated cells. (i) In the absence of stem and transit amplifying cell death, the cell population stops growing and
converges to an equilibrium that is independent of the carrying capacity, K (not shown). The transit amplifying cells block stem cell divisions due to lack of
available space, and this prevents the cluster of cells from expanding. The picture shown corresponds to the population at steady state. Parameters were as
follows: Pyy, = 4.17x102, pVeie = 0.8, qaiy = 5.83%10°%, Psgeatn = 0, Praeath = 0, Ppearn = 4.17X10°>, Pruig = 0., ¢; = 0.833, b, = 8.3x107, g, = 0.417, h, = 2, n = 200.
(ii) In the presence of cell death, however, this mechanism breaks down and the stem cells can continuously expand into empty space, provided by the death of
transit amplifying cells. The picture represents a snap-shot during this cell expansion. Parameters were chosen as follows: Pg;, = 4.17x102, p©@ ¢ = 0.8, qaiy =
5.83x1072, Psgeath = 8-3%x10°, Praeath = 10 Ppeary, = 4.17x107, Prmig = 0., C; = 0.833,b, = 8.3x107, g, =0.417, h, =2, n = 200. (B) Properties of the agent-based
model that contains both the feedforward and the feedback loop, and assumes the occurrence of death for all cell populations. (i) Time series, in which the
system / grid size was varied, n = 100 vs n = 150. Blue and purple show stem cells for the smaller and larger grid size, respectively. Light green and dark green
show TA cells, for the smaller and larger grid size, respectively. Yellow and orange show differentiated cells, for the smaller and larger grid size, respectively.
The lines present the average time series over 46 iterations of the simulation, and the dashed lines represent the average plus minus standard errors. The
simulation was run for 100 years to show that this mechanism can in principle maintain tissue homeostasis for long human life-spans (in the absence of any
mutations that might allow cell growth) (ii) A snapshot of the spatial configuration of cells at a specific time point during steady state. Parameters were chosen
as follows. Py, = 4.17x102, pVuie = 0.8, qaiy = 5.83%10°7%, Pygean = 8.3%10°°, Praeatn = 107, Ppgeqn = 4.17x107, ppig = 0., ¢ = 8.33,b = 8.33x107, g = 0,
h=6.0x107 ¢, = 8.33, b, = 8.33x10°%, g, = 3.33, h, = 2.5. Units of rate parameters are in hours ™.
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space for the invasion of self-renewing stem cells. If only the feedforward loop exists, this
results in a continuous expansion of the stem cell population through space, which results in a
concomitant expansion of transit amplifying and differentiated cells, and hence in uncon-
trolled growth. The addition of negative feedback on stem cell self-renewal, however, counters
this process. The negative feedback mediators are assumed to be secreted from differentiated
cells, which are located predominantly at the surface of the cell mass (Fig 4B). As the stem cells
expand in space and reach locations closer to the differentiated cells, the negative feedback
loop becomes important and counters this outward stem cell expansion by forcing terminal
differentiation to occur. This prevents the unbounded expansion of the stem cells and ensures
the existence of an equilibrium that is independent of the grid size (carrying capacity). This
effect is observed even if the negative feedback factors act predominantly on a local level,
including with zero diffusion rates (as long as the feedback mediators remain present for long
enough to stop an expanding front of stem cells).

Exploration of the parameter space is computationally not feasible on a larger scale because
each parameter combination needs to be run many times to obtain the average trajectories and
thus to determine whether grid size determines the equilibrium number of cells. Additional
simulations, however, are described in S1 Text (ii), demonstrating that these dynamics are
observed over large parameter ranges.

It is important to point out that spatial dynamics are essential to observe homeostasis that is
maintained by the control loops and independent of the carrying capacity of the system. It is
possible to describe a non-spatial version of the feedforward control mechanism, where stem
cells promote the self-renewal of TA cells regardless of spatial location. A corresponding ODE
model that takes into account both the feedforward and the negative feedback mechanisms is
presented in S1 Text (i). In the absence of space, the ability of these controls to maintain
homeostasis is lost, and the equilibrium cell population sizes are directly proportional to the
carrying capacity of the system.

Discussion

Previous mathematical modeling approaches [6,8,24,27], based on the assumption that cells
mix perfectly (mass action), suggested that negative feedback from differentiated cells on the
self-renewal probability of stem cells is an important determinant of tissue homeostasis. Here,
we extended this analysis into a spatially explicit scenario where cells grow in a finite space,
characterized by a given carrying capacity (maximum possible number of cells the system can
sustain). This suggests that the negative feedback from differentiated cells onto the stem cell
self-renewal probability cannot by itself maintain tissue homeostasis. The number of cells at
equilibrium always scales with the carrying capacity of the system, even under the assumption
that cells and feedback mediators mix relatively well due to fast migration and diffusion pro-
cesses. In these models, an infinitely large space available for cell growth will lead to infinitely
large cell population sizes, despite the presence of the negative feedback loop.

The negative feedback on stem cell self-renewal can only maintain cell density, not total cell
numbers in the models considered here. In the spatially explicit model versions (without sig-
nificant migration of cells), this negative feedback can further lead to the formation of spatial
patterns. In the presence of relatively strong negative feedback, clumps of cells (containing
both stem and differentiated cells) form in the model, separated by empty space. This is inter-
esting, because it suggests that this negative feedback loop might be involved in the formation
of spatial structures in the cellular microenvironment. At the same time, however, the forma-
tion of spatial structures around stem cell populations, in particular the formation of stem cell
niches, is highly complex and includes many (partially unknown) components not currently
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taken into account in our model [36]. Therefore, it is difficult to interpret details of these spa-
tial structures, such as the location of stem cells in the center and the location of differentiated
cells around the periphery in Fig 2A. While this could be quantified further in the model, the
physiological relevance remains unclear because these predicted spatial arrangements can be
easily altered when further biological complexities, characteristic of stem cell niches, are intro-
duced into the model. This was therefore not explored further.

As the strength of feedback inhibition is reduced, there is a sharp transition in the model
away from the clumped spatial structure towards a uniform distribution of cells, where the
stem cell population is dominant. This means that loss of negative feedback on stem cell self-
renewal might lead to a collapse of spatial organization, which might be a first step towards
malignancy, even though unbound growth does not yet occur. Whether this is indeed the case
requires further investigation, in particular using models that take into account a higher bio-
logical complexity that characterize stem cell niche morphology.

In this context, it is interesting to note that in the regime with relatively strong feedback,
where pronounced spatial structures form, stem cells are in the minority and form a small frac-
tion of the total cell population (Fig 2A). As feedback inhibition becomes weaker and spatial
structures disappear, the fraction of stem cells markedly increases in the model, i.e. we observe
stem cell enrichment (Fig 2B). Stem cell enrichment is a phenomenon that occurs during car-
cinogenesis [33], supporting our notion that the transition from spatial structures to a more
uniform distribution of cells could correlate with disease development.

While the model suggests that negative feedback on stem cell self-renewal can lead to spatial
structures, the model further indicates that stronger spatial restrictions of feedback mediator diffu-
sion limits the parameter regime in which this behavior is observed. The pattern formation is
observed over relatively wide parameter regions only if the rate of feedback mediator diffusion is
fast, i.e. if feedback factors secreted by a given cell can affect cells in a location further away. If feed-
back mediators are assumed to act only locally (through limited diffusion), the parameter region
where the spatial patterns form becomes extremely narrow. In this case, as the strength of the nega-
tive feedback is reduced from high to low, the model behavior more or less transitions from popu-
lation extinction (stronger feedback) to a uniform distribution of cells (weaker feedback).

It was interesting to observe, however, that a combination of the negative feedback loop
with a feedforward loop from stem cells to transit amplifying cells can lead to homeostasis that
is maintained by the control loops and independent of the carrying capacity (e.g. a self-limiting
solution); that is, cell numbers settle around an equilibrium that is independent of the amount
of space available. The feedforward loop assumed in the model was based on data from the air-
way epithelium in mice, where stem cells were shown to secrete a notch ligand, which enabled
the maintenance of the transit amplifying cells [34]. In the absence of this feedforward signal,
transit amplifying cells were shown to undergo terminal differentiation. This is an inherently
spatial process, since the concentration of the feedforward mediator decreases with distance
from the originating stem cell. This leads to the formation of a structure, where stem cells are
located in the center, surrounded by transit amplifying cells, while differentiated cells are
located at the surface of this area. The presence of only the feedforward control loop cannot
maintain homeostasis because the stem cell population can expand outward and replace transit
amplifying cells. The concomitant presence of the negative feedback loop, however, results in
increased differentiation (rather than self-renewal) of stem cells, limiting their ability to spread
outwards in space. This contributes to a stable equilibrium that is independent of the carrying
capacity of the system. This type of equilibrium is observed even if the diffusion rate of the neg-
ative feedback mediator is assumed to be slow, i.e. if the negative feedback loop acts largely on
alocal level. Importantly, an equivalent non-spatial model does not exhibit control-mediated
cell homeostasis. These results suggest that the interplay between different feedback control
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mechanisms within a cell lineage in a spatial setting can lead to homeostasis that is maintained
only by the control loops (independent of carrying capacity), which we could not observe in a
model without spatial structure.

While the combination of these particular feedback and feedforward mechanisms can
maintain control loop-mediated homeostasis in our model (independent of carrying capacity),
it is likely that other feedback configurations exist that give rise to similar results. In addition,
it is important to point out that this is a relatively simple model that was aimed to test how pre-
viously described homeostatic mechanisms [6,8,24] translate into spatial settings. Nevertheless,
this model is based on solid experimental data that document the biological importance of the
feedback and feedforward loops underlying the mathematical models. As mentioned above,
however, additional biological complexities, especially those that characterize stem cell niches,
need to be considered to gain a more detailed picture of cell dynamics under homeostatic con-
ditions. Besides the control loops involved in cells of a given lineage, complex signaling mecha-
nisms between the cell lineage and its microenvironmental components exist that together
yield homeostatic properties. These processes will need to be decoded with a combination of
experiments and dynamical models. The results described here form a basis for understanding
feedback dynamics in such more complex and realistic settings.

Materials and methods

The core computational models underlying this study are given by stochastic agent-based
models that describe the dynamics of cell populations, coupled with a deterministic patch
model that describes the dynamics of soluble feedback mediators. The models are described in
detail in the Results section. They were coded in Intel Fortran, and simulated on a computer
cluster. The basic codes that simulate the different models are provided in S1-54 Data. For the
limit of perfect mixing, the dynamics can be given by ordinary differential equations, which
are also described in detail in the Results section.

Supporting information

S1 Text. Additional mathematical and computational details about the modeling analysis.
(PDF)

S1 Data. Computer code that generates data that were used for Fig 2. Details about the code
and how to run it are given within the file.
(F90)

$2 Data. Computer code that generates data that were used for Fig 2. Details about the code
and how to run it are given within the file.
(F90)

$3 Data. Computer code that generates data that were used for Fig 3. Details about the code
and how to run it are given within the file.
(F90)

S$4 Data. Computer code that generates data that were used for Fig 4. Details about the code
and how to run it are given within the file.
(F90)

Author Contributions

Conceptualization: John Lowengrub, Natalia Komarova, Dominik Wodarz.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1010039 May 6, 2022 15/17


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010039.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010039.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010039.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010039.s004
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010039.s005
https://doi.org/10.1371/journal.pcbi.1010039

PLOS COMPUTATIONAL BIOLOGY Spatial dynamics of feedback regulation

Formal analysis: Peter Uhl.

Funding acquisition: John Lowengrub, Dominik Wodarz.
Investigation: Peter Uhl, Dominik Wodarz.

Methodology: Peter Uhl.

Supervision: John Lowengrub, Natalia Komarova, Dominik Wodarz.
Writing - original draft: Dominik Wodarz.

Writing - review & editing: Peter Uhl, John Lowengrub, Natalia Komarova, Dominik
Wodarz.

References

1. Inaba M, Yamashita YM. Asymmetric stem cell division: precision for robustness. Cell stem cell. 2012;
11(4):461-9. https://doi.org/10.1016/j.stem.2012.09.003 PMID: 23040475

2. Simons BD, Clevers H. Strategies for homeostatic stem cell self-renewal in adult tissues. Cell. 2011;
145(6):851-62. https://doi.org/10.1016/j.cell.2011.05.033 PMID: 21663791.

3. Snippert HJ, van der Flier LG, Sato T, van Es JH, van den Born M, Kroon-Veenboer C, et al. Intestinal
crypt homeostasis results from neutral competition between symmetrically dividing Lgr5 stem cells.
Cell. 2010; 143(1):134—44. https://doi.org/10.1016/j.cell.2010.09.016 PMID: 20887898.

4. Nicolas P, Kim KM, Shibata D, Tavare S. The stem cell population of the human colon crypt: analysis
via methylation patterns. PLoS computational biology. 2007; 3(3):e28. hitps://doi.org/10.1371/journal.
pcbi.0030028 PMID: 17335343; PubMed Central PMCID: PMC1808490.

5. Leed, Son MJ, Woolard K, Donin NM, Li A, Cheng CH, et al. Epigenetic-mediated dysfunction of the
bone morphogenetic protein pathway inhibits differentiation of glioblastoma-initiating cells. Cancer cell.
2008; 13(1):69-80. https://doi.org/10.1016/j.ccr.2007.12.005 PMID: 18167341

6. Rodriguez-Brenes IA, Komarova NL, Wodarz D. Evolutionary dynamics of feedback escape and the
development of stem-cell-driven cancers. Proceedings of the National Academy of Sciences of the
United States of America. 2011; 108(47):18983-8. Epub 2011/11/16. 1107621108 [pii] https://doi.org/
10.1073/pnas.1107621108 PMID: 22084071; PubMed Central PMCID: PMC3223454.

7. Gokoffski KK, Wu HH, Beites CL, Kim J, Kim EJ, Matzuk MM, et al. Activin and GDF11 collaborate in
feedback control of neuroepithelial stem cell proliferation and fate. Development. 2011; 138(19):4131—
42. https://doi.org/10.1242/dev.065870 PMID: 21852401; PubMed Central PMCID: PMC3171217.

8. Lander AD, Gokoffski KK, Wan FY, Nie Q, Calof AL. Cell lineages and the logic of proliferative control.
PLoS biology. 2009; 7(1):e15. Epub 2009/01/27. https://doi.org/10.1371/journal.pbio.1000015 [pii].
PMID: 19166268; PubMed Central PMCID: PMC2628408.

9. Neuzillet C, Tijeras-Raballand A, Cohen R, Cros J, Faivre S, Raymond E, et al. Targeting the TGFbeta
pathway for cancer therapy. Pharmacology & therapeutics. 2015; 147:22—31. https://doi.org/10.1016/j.
pharmthera.2014.11.001 PMID: 25444759.

10. Jakowlew SB. Transforming growth factor-beta in cancer and metastasis. Cancer metastasis reviews.
2006; 25(3):435-57. https://doi.org/10.1007/s10555-006-9006-2 PMID: 16951986.

11. Tian M, Neil JR, Schiemann WP. Transforming growth factor-beta and the hallmarks of cancer. Cellular
signalling. 2011; 23(6):951-62. https://doi.org/10.1016/j.cellsig.2010.10.015 PMID: 20940046; PubMed
Central PMCID: PMC3076078.

12. DrabschY, ten Dijke P. TGF-beta signalling and its role in cancer progression and metastasis. Cancer
metastasis reviews. 2012; 31(3—4):553-68. https://doi.org/10.1007/s10555-012-9375-7 PMID:
22714591.

13. Lim DA, Tramontin AD, Trevejo JM, Herrera DG, Garcia-Verdugo JM, Alvarez-Buylla A. Noggin antago-
nizes BMP signaling to create a niche for adult neurogenesis. Neuron. 2000; 28(3):713-26. https://doi.
org/10.1016/s0896-6273(00)00148-3 PMID: 11163261

14. Krausova M, Korinek V. Wnt signaling in adult intestinal stem cells and cancer. Cellular signalling. 2014;
26(3):570-9. https://doi.org/10.1016/j.cellsig.2013.11.032 PMID: 24308963

15. Kunche S, Yan H, Calof AL, Lowengrub JS, Lander AD. Feedback, Lineages and Self-Organizing Mor-
phogenesis. PLoS computational biology. 2016; 12(3):e1004814. https://doi.org/10.1371/journal.pcbi.
1004814 PMID: 26989903; PubMed Central PMCID: PMC4798729.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1010039 May 6, 2022 16/17


https://doi.org/10.1016/j.stem.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/23040475
https://doi.org/10.1016/j.cell.2011.05.033
http://www.ncbi.nlm.nih.gov/pubmed/21663791
https://doi.org/10.1016/j.cell.2010.09.016
http://www.ncbi.nlm.nih.gov/pubmed/20887898
https://doi.org/10.1371/journal.pcbi.0030028
https://doi.org/10.1371/journal.pcbi.0030028
http://www.ncbi.nlm.nih.gov/pubmed/17335343
https://doi.org/10.1016/j.ccr.2007.12.005
http://www.ncbi.nlm.nih.gov/pubmed/18167341
https://doi.org/10.1073/pnas.1107621108
https://doi.org/10.1073/pnas.1107621108
http://www.ncbi.nlm.nih.gov/pubmed/22084071
https://doi.org/10.1242/dev.065870
http://www.ncbi.nlm.nih.gov/pubmed/21852401
https://doi.org/10.1371/journal.pbio.1000015
http://www.ncbi.nlm.nih.gov/pubmed/19166268
https://doi.org/10.1016/j.pharmthera.2014.11.001
https://doi.org/10.1016/j.pharmthera.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25444759
https://doi.org/10.1007/s10555-006-9006-2
http://www.ncbi.nlm.nih.gov/pubmed/16951986
https://doi.org/10.1016/j.cellsig.2010.10.015
http://www.ncbi.nlm.nih.gov/pubmed/20940046
https://doi.org/10.1007/s10555-012-9375-7
http://www.ncbi.nlm.nih.gov/pubmed/22714591
https://doi.org/10.1016/s0896-6273%2800%2900148-3
https://doi.org/10.1016/s0896-6273%2800%2900148-3
http://www.ncbi.nlm.nih.gov/pubmed/11163261
https://doi.org/10.1016/j.cellsig.2013.11.032
http://www.ncbi.nlm.nih.gov/pubmed/24308963
https://doi.org/10.1371/journal.pcbi.1004814
https://doi.org/10.1371/journal.pcbi.1004814
http://www.ncbi.nlm.nih.gov/pubmed/26989903
https://doi.org/10.1371/journal.pcbi.1010039

PLOS COMPUTATIONAL BIOLOGY Spatial dynamics of feedback regulation

16. Youssefpour H, Li X, Lander AD, Lowengrub JS. Multispecies model of cell lineages and feedback con-
trol in solid tumors. Journal of theoretical biology. 2012; 304:39-59. https://doi.org/10.1016/}.jtbi.2012.
02.030 PMID: 22554945; PubMed Central PMCID: PMC3436435.

17. Rodriguez-Brenes IA, Kurtova AV, Lin C, Lee YC, Xiao J, Mims M, et al. Cellular Hierarchy as a Deter-
minant of Tumor Sensitivity to Chemotherapy. Cancer research. 2017; 77(9):2231-41. https://doi.org/
10.1158/0008-5472.CAN-16-2434 PMID: 28235762; PubMed Central PMCID: PMC5487257.

18. Stiehl T, Ho AD, Marciniak-Czochra A. Mathematical modeling of the impact of cytokine response of
acute myeloid leukemia cells on patient prognosis. Sci Rep. 2018; 8(1):2809. https://doi.org/10.1038/
541598-018-21115-4 PMID: 29434256; PubMed Central PMCID: PMC5809606.

19. Arino O, Kimmel M. STABILITY ANALYSIS OF MODELS OF CELL PRODUCTION SYSTEMS Mathe-
matical Modeling. 1986; 7:1269-300.

20. Marciniak-Czochra A, Stiehl T, Ho AD, Jager W, Wagner W. Modeling of asymmetric cell division in
hematopoietic stem cells—regulation of self-renewal is essential for efficient repopulation. Stem Cells
Dev. 2009; 18(3):377-85. hitps://doi.org/10.1089/scd.2008.0143 PMID: 18752377.

21. Komarova NL. Principles of regulation of self-renewing cell lineages. PloS one. 2013; 8(9):e72847.
https://doi.org/10.1371/journal.pone.0072847 PMID: 24019882; PubMed Central PMCID:
PMC3760876.

22. Komarova NL, van den Driessche P. Stability of Control Networks in Autonomous Homeostatic Regula-
tion of Stem Cell Lineages. Bulletin of mathematical biology. 2017. https://doi.org/10.1007/s11538-017-
0283-4 PMID: 28508298.

23. YangJ, Axelrod DE, Komarova NL. Determining the control networks regulating stem cell lineages in
colonic crypts. Journal of theoretical biology. 2017; 429:190-203. https://doi.org/10.1016/j.jtbi.2017.06.
033 PMID: 28669884; PubMed Central PMCID: PMC5689466.

24. LoWC, Chou CS, Gokoffski KK, Wan FY, Lander AD, Calof AL, et al. Feedback regulation in multistage
cell lineages. Math Biosci Eng. 2009; 6(1):59-82. Epub 2009/03/19. https://doi.org/10.3934/mbe.2009.
6.59 PMID: 19292508; PubMed Central PMCID: PMC2756546.

25. Nakata VY, Getto P, Marciniak-Czochra A, Alarcén T. Stability analysis of multi-compartment models for
cell production systems. Journal of biological dynamics. 2012; 6(sup1):2—18. https://doi.org/10.1080/
17513758.2011.558214 PMID: 22873671

26. Stiehl T, Marciniak-Czochra A. Characterization of stem cells using mathematical models of multistage
cell lineages. Mathematical and Computer Modelling. 2011; https://doi.org/10.1016/j.mcm.2010.07.007
PMID: 21076663

27. Konstorum A, Hillen T, Lowengrub J. Feedback Regulation in a Cancer Stem Cell Model can Cause an
Allee Effect. Bulletin of mathematical biology. 2016; 78(4):754—85. https://doi.org/10.1007/s11538-016-
0161-5 PMID: 27113934.

28. Chou C-S, Lo W-C, Gokoffski KK, Zhang Y-T, Wan FY, Lander AD, et al. Spatial dynamics of multistage
cell lineages in tissue stratification. Biophysical journal. 2010; 99(10):3145-54. https://doi.org/10.1016/j.
bpj.2010.09.034 PMID: 21081061

29. Rodriguez-Brenes IA, Wodarz D, Komarova NL. Characterizing inhibited tumor growth in stem-cell-
driven non-spatial cancers. Mathematical biosciences. 2015; 270(Pt A):135—41. https://doi.org/10.
1016/j.mbs.2015.08.009 PMID: 26344137.

30. Weiss LD, vanden Driessche P, Lowengrub JS, Wodarz D, Komarova NL. Effect of feedback regulation
on stem cell fractions in tissues and tumors: Understanding chemoresistance in cancer. Journal of theo-
retical biology. 2021; 509:110499. https://doi.org/10.1016/}.jtbi.2020.110499 PMID: 33130064

31. Simons BD, Clevers H. Stem cell self-renewal in intestinal crypt. Experimental cell research. 2011; 317
(19):2719-24. https://doi.org/10.1016/j.yexcr.2011.07.010 PMID: 21787769

32. Ritsmal, Ellenbroek SI, Zomer A, Snippert HJ, de Sauvage FJ, Simons BD, et al. Intestinal crypt
homeostasis revealed at single-stem-cell level by in vivo live imaging. Nature. 2014; 507(7492):362-5.
https://doi.org/10.1038/nature 12972 PMID: 24531760

33. Enderling H. Cancer stem cells: small subpopulation or evolving fraction? Integrative Biology. 2014; 7
(1):14-28. https://doi.org/10.1007/s11538-014-9976-0 PMID: 24840956

34. Pardo-Saganta A, Tata PR, Law BM, Saez B, Chow RD-W, Prabhu M, et al. Parent stem cells can
serve as niches for their daughter cells. Nature. 2015; 523(7562):597—-601. https://doi.org/10.1038/
nature14553 PMID: 26147083

35. Hillen T, Enderling H, Hahnfeldt P. The tumor growth paradox and immune system-mediated selection
for cancer stem cells. Bulletin of mathematical biology. 2013; 75(1):161-84. https://doi.org/10.1007/
$11538-012-9798-x PMID: 23196354.

36. Jones DL, Wagers AJ. No place like home: anatomy and function of the stem cell niche. Nature reviews
Molecular cell biology. 2008; 9(1):11-21. https://doi.org/10.1038/nrm2319 PMID: 18097443

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1010039 May 6, 2022 17/17


https://doi.org/10.1016/j.jtbi.2012.02.030
https://doi.org/10.1016/j.jtbi.2012.02.030
http://www.ncbi.nlm.nih.gov/pubmed/22554945
https://doi.org/10.1158/0008-5472.CAN-16-2434
https://doi.org/10.1158/0008-5472.CAN-16-2434
http://www.ncbi.nlm.nih.gov/pubmed/28235762
https://doi.org/10.1038/s41598-018-21115-4
https://doi.org/10.1038/s41598-018-21115-4
http://www.ncbi.nlm.nih.gov/pubmed/29434256
https://doi.org/10.1089/scd.2008.0143
http://www.ncbi.nlm.nih.gov/pubmed/18752377
https://doi.org/10.1371/journal.pone.0072847
http://www.ncbi.nlm.nih.gov/pubmed/24019882
https://doi.org/10.1007/s11538-017-0283-4
https://doi.org/10.1007/s11538-017-0283-4
http://www.ncbi.nlm.nih.gov/pubmed/28508298
https://doi.org/10.1016/j.jtbi.2017.06.033
https://doi.org/10.1016/j.jtbi.2017.06.033
http://www.ncbi.nlm.nih.gov/pubmed/28669884
https://doi.org/10.3934/mbe.2009.6.59
https://doi.org/10.3934/mbe.2009.6.59
http://www.ncbi.nlm.nih.gov/pubmed/19292508
https://doi.org/10.1080/17513758.2011.558214
https://doi.org/10.1080/17513758.2011.558214
http://www.ncbi.nlm.nih.gov/pubmed/22873671
https://doi.org/10.1016/j.mcm.2010.07.007
http://www.ncbi.nlm.nih.gov/pubmed/21076663
https://doi.org/10.1007/s11538-016-0161-5
https://doi.org/10.1007/s11538-016-0161-5
http://www.ncbi.nlm.nih.gov/pubmed/27113934
https://doi.org/10.1016/j.bpj.2010.09.034
https://doi.org/10.1016/j.bpj.2010.09.034
http://www.ncbi.nlm.nih.gov/pubmed/21081061
https://doi.org/10.1016/j.mbs.2015.08.009
https://doi.org/10.1016/j.mbs.2015.08.009
http://www.ncbi.nlm.nih.gov/pubmed/26344137
https://doi.org/10.1016/j.jtbi.2020.110499
http://www.ncbi.nlm.nih.gov/pubmed/33130064
https://doi.org/10.1016/j.yexcr.2011.07.010
http://www.ncbi.nlm.nih.gov/pubmed/21787769
https://doi.org/10.1038/nature12972
http://www.ncbi.nlm.nih.gov/pubmed/24531760
https://doi.org/10.1007/s11538-014-9976-0
http://www.ncbi.nlm.nih.gov/pubmed/24840956
https://doi.org/10.1038/nature14553
https://doi.org/10.1038/nature14553
http://www.ncbi.nlm.nih.gov/pubmed/26147083
https://doi.org/10.1007/s11538-012-9798-x
https://doi.org/10.1007/s11538-012-9798-x
http://www.ncbi.nlm.nih.gov/pubmed/23196354
https://doi.org/10.1038/nrm2319
http://www.ncbi.nlm.nih.gov/pubmed/18097443
https://doi.org/10.1371/journal.pcbi.1010039

