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Abstract Immunotherapy is a newly emerging approach to cancer treatment
that seeks to stimulate a body’s immune defenses, especially T cells, to combat
and potentially eliminate tumors. Relevant tumor-immune interactions depend
on stochasticity, since the dynamics involve a small and decreasing number of
cells, and spatiotemporal heterogeneity, since the dynamics occur in a localized
tumor environment. To account for these two aspects of the system, we develop
mathematical models of an anti-tumor immune response using a cellular automaton
and a system of partial differential equations. We explicitly model immune cell
recruitment to the tumor via cytokine secretion and chemotaxis of immune cells.
Our models exhibit three types of behavior: tumor elimination, oscillation, and
uncontrolled tumor growth that depend substantially on the strength of immune cell
chemotaxis, or recruitment, to the tumor site.

1 Introduction

The early stages of tumor growth are important to understand in medicine. It is the
time when the tumor is most vulnerable, but also the least likely to be detected.
A modern approach to combat tumor development is cancer vaccination [42].
Vaccination takes advantage of the immune system’s natural capacity to fight
pathogens and is seen as an effective means of controlling infectious diseases. Now,
researchers are attempting to use a similar technique in the treatment of cancer, and
experimental evidence has repeatedly shown that the immune system is capable of
selectively targeting tumor cells [21,52,53,56]. However, the dynamics of the anti-
tumor immune response remain poorly understood making it difficult to translate
these results into effective clinical treatments [17,49].

By developing mathematical and computational models, we can gain a bet-
ter understanding of the dynamics of the system and help us determine which
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parameters most strongly influence the success or failure of an anti-tumor immune
response. In this study, we are most interested in cytotoxic T lymphocytes, or
effector T cells, since these are the immune agents that are most commonly
stimulated by cancer vaccines and other immunotherapies [42]. Effector T cells
interact with cells via a T cell receptor that binds to specific protein sequences,
called antigens, and when an effector T cell interacts strongly enough, it kills the
target cell [22]. Effector T cells that react to unique and specific antigens on tumor
cells are called tumor-specific or anti-tumor effector T cells.

A variety of mathematical models have applied a range of modeling approaches
to study tumor—immune interactions. Tumor—immune models have been formulated
using ordinary differential equations (ODE) [1, 8, 23,27, 29-32, 38, 40, 47], delay
differential equations (DDE) [3,4,6,11,12,26,45,55], partial differential equations
(PDE) [14, 35, 36], impulsive differential equations [5], and fractional differential
equations [15]. A recent review of tumor immune models using ODE systems can be
found in [13]. Other papers develop agent-based models (ABM), cellular automata
(CA), and hybrid formulations [25, 34,46, 48].

In this chapter, we focus particularly on the hybrid CA-PDE model in Mallet
and De Pillis [34] and the hybrid ABM-DDE model of Kim and Lee [25]. Inspired
by these models, we formulate a simplified CA to model tumor cell and effector T
cell interactions. Extending these two models, we add a chemoattractant population
and incorporate the chemotaxis of effector cells up the gradient. During an immune
response, effector cells recruit other effectors to the target site by secreting several
immunostimulatory cytokines, such as IL-2 and IL-15, and chemokines, such as
MIP-1« [7,33,37,61]. Experiments have also demonstrated that the same type of
effector recruitment occurs during an effector response against a tumor [52,53].

Neither [34] or [25] explicitly model effector recruitment via chemotaxis, both
opting for a simplified, phenomenological approach. An important extension to
these two models is to incorporate effector recruitment by chemotaxis, so that we
can understand if chemotactic recruitment influences the effectiveness of an anti-
tumor immune response. In this chapter, we discuss how we can develop a CA
model and derive an analogous PDE model of tumor—effector interactions with
chemotaxis.

The chapter is organized as follows: In Sect. 2, we present a probabilistic CA, in
which tumor and effector cell motion and interactions are modeled probabilistically,
while cytokine diffusion is modeled deterministically, and we show numerical
simulations of the CA and discuss how chemotaxis influences the success or failure
of the anti-tumor immune response. In Sect. 3, we show how to derive an analogous
PDE model as a mean field approximation of the probabilistic CA, and we show
numerical simulations of the PDE model and compare them to simulations of the
CA. In Sect. 4, we discuss similarities and differences between the CA and PDE
approaches and suggest possible directions for future work.



Models of Tumor-Immune Dynamics and Chemotaxis 23
2 Individual Cell-Based Model

In this section, we develop a probabilistic CA model of tumor—immune interactions.
For simplicity, we model the tumor—effector system on a two-dimensional plane as
in [34], although it is straightforward to extend the system to three-dimensions as
in [25]. As in [34], we consider a square domain [—L, L] x [-L, L], partitioned into
square elements of width and height Ax.

We consider four populations: (1) tumor cells, (2) effector cells, (3) tumor—
effector complexes, and (4) cytokines. At each time step of length Az, these
populations are updated according to probabilistic and deterministic rules described
below.

Tumor Cells At each time step, each tumor cell attempts to divide with probability
1 — e~4t/%iv  where g, is the average time between tumor cell divisions. When a
tumor cell attempts to divide, it randomly chooses one of the four squares (up, down,
left, or right) adjacent to its position with equal probability 1/4. If that square does
not already contain a tumor cell or a tumor—effector complex, a new tumor cell is
placed there, representing a newly divided tumor cell. If a new tumor cell is placed in
a square only occupied by an effector cell, they form a tumor—effector complex. We
ignore any newly divided tumor cells that get placed outside the domain [—L, L] X
[-L,L].

Effector Cells Effector cells migrate according to a random walk. At each time
step of duration Af, each effector cell tries to move one step of length Ax to
one of the four adjacent squares, up, down, left, and right, with probabilities pyp,
Pdowns Pleft> and prign, respectively. The probabilities are functions of the cytokine
concentrations at the effector’s location and four adjacent squares.

We devise our chemotaxis model using a weighted random walk. An effector at
point (x, y) chooses to try to move one step up, down, left, or right with relative
weightings

wyp =1+ AC(x,y + Ax, 1),
Waown = 1 + AC(x,y — Ax, 1),
Wit = 1 + AC(x — Ax, y, 1), (1)
Wiight = 1 + AC(x + Ax, y,t),
for some nonnegative constant A. See Fig. 1a.
As we see in (1), the relative weighting in each direction grows linearly with

respect to the cytokine concentration in the corresponding square. The probabilities
of moving in each direction are given by
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Wup __ Wdown _ Wieeft _ Wright
Pup = s Pdown = s Dieft = s PDright = ,
Wiotal Wrotal Wiotal Wrotal

where Wi = Wup + Wdown + Wieft + Wright-

If an effector tries to move into a square already containing an effector cell or
tumor—effector complex, it does not move, but stays still. On the other hand, if an
effector cell tries to move into a square occupied by a tumor cell, it moves and the
tumor and effector cells form a tumor—effector complex. See Fig. 1b,c.

We assume that effector cells exist at a constant average concentration Ej (in
terms of cells per area) outside the domain of the model. We calculate the probability
that a single effector migrates into the domain during one time step in the following
manner. Consider the rim of adjacent squares shown in Fig. 2 just beyond the
domain. The total area of the rim is 4(2L Ax), so the expected number of effectors
on the rim at any given time is 8 Eg L Ax. If we assume that the presence of effectors
in the rim is governed by a Poisson process, the probability that there is at least one
effector on the rim at the start of a time step is 1 — e~8£0L4%_(For simplicity, let us
assume that 8 gL Ax <« 1 and make the approximation that at most one effector is
on the rim at any time.)

If an effector is on the rim, we assume it is not affected by the cytokine gradient
in the domain, so it has an equal probability of 1/4 of moving in any direction,
including into the domain. If an effector tries to enter the domain during the
next time step, we randomly choose the entry location among the internal squares
along the edge of the domain. All edge squares are chosen with equal probability,
except corner squares, which are counted twice, since they can be entered from two
directions. If an effector tries to enter a square that is already occupied by an effector
or tumor—effector complex, it is blocked and does not enter.

O Effector cell O Tumour cell . Tumour-effector complex

a Wyp b c
open

Wiett Wright PY
blocked
Wdown . time

Fig. 1 Diagrams of rules of effector motion. (a) At each time step, an effector tries to move one
step up, down, left, or right with relative weightings wyp, Waown» Wieft» and wiigh, that depend on
the cytokine concentrations in adjacent squares. (b) Effector cell motion is blocked if the space is
occupied by an effector or tumor—effector complex. (¢) If an effector tries to enter a space occupied
by a tumor cell, the two cells form a tumor—effector complex

At each time step, effectors die with probability 1 — e~ /et where Tyean 1S the
average lifespan of effectors. As with tumor cells, if an effector migrates outside the
domain [—L, L] x [-L, L], we eliminate it from the system.
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Tumor-Effector Complexes Tumor—effector complexes form when tumor and
effector cells end up in the same square. These complexes represent effectors
engaging tumor cells. At each time step, we assume that the tumor cell in a complex
dies with probability 1 — e~ At/nin where 1y is the average time for an effector to
kill a tumor cell. In this case, the complex is replaced by only the effector.

Effectors in complexes can still die with probability 1 — e~4!/%e at each time
step. In this case, the complex is replaced by only the tumor cell. It is possible that
both cells in a complex could die during the same time step, in which case the square
is left empty.

Cytokine We assume that cytokine attracts effectors through chemotaxis and is
secreted by effectors that are engaging tumor cells as tumor—effector complexes.
This formulation is similar to the one in [34], which assumes that effectors
interacting with tumor cells can induce, or recruit, other effectors into the region.
Since our cytokines represent a huge number of molecules, we model the cytokine
level in each square deterministically and continuously, rather than as a probabilistic
collection of individual particles. The cytokine level at each square can be any
nonnegative real number.

Fig. 2 Effector immigration i
into the domain. At each time . + 2L A X
step, an effector tries to enter
the domain with probability
%(] _ e—SEoLAX). An

entering effector has an equal OEffector
chance of entering from any blocked O%
outside the domain. An

effector cannot enter a square
already occupied by an

effector or tumor—effector domain
complex - i

of the squares on the rim .Complex i open G_OE

We assume cytokine levels decay exponentially at rate 1/, are secreted by
each tumor—effector complex at a constant rate o, and diffuse with coefficient D¢.
We estimate that cytokines diffuse approximately 20 times as fast as effectors [20],
and we model cytokine diffusion deterministically, rather than as a random walk.
Since the time scale of cytokine diffusion is much faster than other dynamics in the
system, we assume that cytokine levels exist at quasi-steady state with respect to the
locations of the tumor—effector complexes.

To calculate the quasi-steady state, we suppose a tumor—effector complex
secretes cytokine as a point source centered at (xg, yo). Then, using the fundamental
solution of the diffusion equation [16], the steady-state cytokine level at (x, y) is
given by
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> 1 t (x —x0)* + (¥ — y0)*
— —— — .2
C(x,y) O’/(; pr exp( Ck)exp( pr dt. (2)

We say that the cytokine level in a square of the CA grid is given by the expression
C(x, y) at the center of the square, so if a complex occupies a square centered at
(iAx, jAy), then the cytokine level at a square centered at (kAx,[Ay) is given
by (2) for xo = iAx, yo = jAx,x = kAx,and y = [ Ax.

At every time step, we determine the quasi-steady state cytokine distribution of
the entire system by determining the locations (i, Ax, j,Ax) forn = 1,..., Ny of
all Ny complexes. Then, we evaluate (2) for each complex and sum the results to
obtain the overall cytokine level in the CA.

Initial Conditions To initialize the simulation, we begin with one tumor cell at the
center of the domain at (0, 0) and iterate the system over several tumor cell divisions
to obtain a starting tumor mass of between 150 and 250 cells around the center of
the domain. As in [25, 34], we assume that the surrounding tissue plays a passive
role, so we do not explicitly model it. All other populations begin at 0.

2.1 Parameter Estimates

We draw many of our parameter estimates from [25], which obtains its estimates
from a variety of sources. Parameters, descriptions, and estimates are shown in
Table 1.

Table 1 Parameters used in simulations of the cellular automaton

Parameter | Description Estimate

At Time step 1 min

Ax Space step 12 pm

L Half width of domain 606 wm

Tdiv Avg. time for tumor cell division 7 days = 10,080 min
Tdeath Avg. effector lifespan 2.5 day = 3,600 min
Till Avg. time for effector to kill tumor cell 1 day = 1,440 min
Tek Avg. cytokine lifespan 1/2 day = 720 min
A Chemotaxis parameter in (1) 0, 60, or 120

o Secretion rate of cytokine by complexes | 1/cell/min

Ey Surrounding concentration of effectors | 1 x 107° cells/jum?

Based on experimental results of Friedl and Gunzer and an estimate from Catron
et al. we estimate that effectors migrate at velocity 12 wm/min [9, 18], so for our
time step, we set Ar = 1 min, and for the space step, we set Ax = 12 um. This
space step is convenient, because it is also approximately the diameter of a single
cell [2,9,32,34]. We assume that the domain of the CA is a grid with 101 squares on
each side, so that the center square is located at (0, 0). This means that the halfwidth
of the gridis L = 101Ax/2 = 606 um.



Models of Tumor-Immune Dynamics and Chemotaxis 27

For consistency, we draw all of our experimental estimates of tumor growth rates
from breast cancer data. Various experimental studies estimate tumor doubling times
of approximately 1 month to a decade [28, 39, 54, 59]. Some mathematical models
consider the possibility of aggressive early-stage tumors with division times of less
than 10 days [27,34]. In this chapter, we also model a fast-growing tumor with an
average division time of tg;, = 7 days as in [25]. This rate gives simulations that
produce varied behavior more quickly.

During immune contraction, experiments have measured an effector halflife of
41 h [10], which corresponds to an average lifespan of Tgean = 41/1l0g(2) h =
2.5 days. We do not have clear estimates of the average times for effector killing of
tumor cells, but experimental studies show that anti-tumor effectors can sometimes
rapidly kill target cells and even kill multiple target cells simultaneously [60].
However, since the action of killing a target cell may require a long recovery period
between consecutive killings, we use the conservative estimate of t;; = 1 day, or
an average of one per cell per day, as used in [25].

We do not have good estimates of cytokine decay rates, but we assume these
molecules decay faster than the death rate of effector cells, so we estimate oy =
1/2 day. We also do not have good estimates of cytokine secretion rate, o, by
effector cells, but we observe that this parameter scales inversely with respect to
A. Indeed, if we multiply o by a factor f, then we end up scaling the cytokine
population, C, by a factor f, so if we scale A by a factor 1/f, the effectors act
exactly the same. So, we only vary A and keep o fixed at 1 unit of cytokine per
cell per minute. Based on experimentation, we choose the values 0, 60, and 120 for
the chemotaxis parameter A, because these values produce the three main dynamic
behaviors of the system: uncontrolled tumor growth, oscillation, and rapid tumor
elimination.

Since we are dealing with a two-dimensional CA, it is difficult to directly
translate immune cell concentrations in units of cells per volume as used in [25]
to units of cells per area. For our simulations, we choose an effector concentration
of Ey = 1 x 1079 cells/pm?, or 1 cell/mm?.

2.2 Simulations of the Cellular Automata Model

We used Matlab R2011b to code and simulate the CA described in Sect. 2. Results
of an example simulation are shown in Fig. 3. In this example, we use the parameters
in Table 1 with chemotaxis parameter A = 120.

Figure 3 shows the distribution of cells and cytokine levels for one simulation of
the CA at time t = 10 days. There are 155 tumor cells, 5 effectors, and 15 tumor—
effector complexes. The complexes secrete cytokine, causing a higher cytokine level
in the vicinity of the tumor mass. Diffusion of cytokine produces a gradient that
attracts circulating effectors towards the cluster of complexes surrounding the tumor
mass.
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Since the model is probabilistic, we run ten simulations to explore a range of
probable behaviors. Effector cells eliminate the tumor population in all simulations.
Figure 4 shows time evolutions of the fastest and slowest times to tumor elimination.

In Fig. 4a, effector cells find the tumor mass quickly, form tumor—effector
complexes, and begin secreting cytokine, which attracts additional effectors, leading
to rapid tumor elimination on day 31. The main difference in Fig. 4b is that effectors
take longer to find the tumor, so the tumor grows to 421 cells before being eliminated
on day 103. In all ten simulations, the ability of tumor—effector complexes to recruit
additional effectors to the tumor site enables the immune response to eliminate the
tumor population quickly.

t=10days

CA grid

1+ *
' m O Tumour cells

© Effector cells
@ Complexes

-500 -500

Fig. 3 Example CA simulation for chemotaxis parameter A = 120 at time # = 10 days. Locations
of tumor cells, effector cells, and tumor—effector complexes on the 2-D grid are shown at a height
10 % higher than the maximum cytokine level. Cytokine levels are shown by the surface plot. Other
parameter values are taken from Table 1

To determine whether chemotaxis plays a role in the outcome of the anti-tumor
immune response, we simulate the CA with chemotaxis parameter A = 0, i.e.,
no chemotaxis. Figure 5 shows the state of the CA at time ¢ = 400 days for one
simulation.

In Fig. 5, the tumor has grown to 4,485 tumor cells on day 400. There are
also 6 tumor—effector complexes and 1 effector. In contrast to the simulation
shown in Fig. 3, tumor—effector complexes cannot recruit additional effectors, since
effectors do not respond to the cytokine gradient. Without chemotaxis, the tumor—
effector complexes are scattered around the tumor mass with hardly any clustering
or aggregation of effectors or complexes (see Fig. 5). As a result, the effector
response fails to control tumor growth. Figure 6 shows the time evolution of the
cell populations for one simulation.
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As we see in Fig. 6, the tumor population continues to grow at a steady rate
without any surge in the effector response. All ten simulations that we ran using
A = 0 exhibit quantitatively similar behavior with the tumor population growing
to between 3,980 and 4,634 cells by day 400. This result shows that chemotaxis of
effectors plays a significant role in tumor elimination.

To see what happens for intermediate levels of chemotaxis, we run ten sim-
ulations of the CA with A = 60. Results of an example simulation at time
t = 4,000 days are shown in Fig. 7.

In Fig. 7, there are 1,154 tumor cells, 5 effectors, and 13 tumor—effector
complexes on day 2,600. Unlike the case when A = 0, the effector response
has kept the tumor population under control even up to day 2,600. On the other
hand, unlike the case when A = 120, the effector response has not managed to
eliminate the tumor by then. Nonetheless, as in the case when A = 120, the effector
response eventually succeeds in eliminating the tumor for all ten simulations, but
the variability in time to elimination is much higher. Figure 8 shows time evolutions
of the fastest and slowest times to tumor elimination.

200ra - — = Tumour 500r b

L memmn st Effectors
@ 150 , Complexes 400 - \\\\”‘
8 \ . y
5 \ 300 L "
> 100 ‘ Lo \
S N 200} - \
Z 50

100
0 Lnssii e PFREN 0 ot
0 10 20 30 40 0 50 100
Time (days) Time (days)

Fig. 4 Time evolution of tumor cells, effectors, and tumor—effector complexes when A = 120.
Other parameters values are taken from Table 1. (a) Fastest tumor elimination among ten
simulations. Tumor is eliminated on day 31. (b) Slowest tumor elimination among ten simulations.
Tumor is eliminated on day 103

Figure 8a shows that in the case when A = 60, it is possible for effectors to
eliminate the tumor without much of a relapse, but as shown in Fig. 8b, it is far
more likely that the system oscillates. Oscillations occur because chemotaxis is
strong enough to recruit a strong effector response against a large tumor; however,
as the tumor shrinks to a smaller size, the number of tumor—effector complexes
surrounding the tumor mass also declines, which reduces the amount of cytokine
secreted at the tumor site. At this point the effector recruitment rate becomes too
low to sustain the response against the tumor, and the tumor relapses.

The highly oscillatory scenario in Fig. 8b is most likely an undesirable outcome.
The tumor reaches high peaks and does not get eliminated for a long time, so it
is quite possible that tumor cells would have had time to mutate or metastasize,
making it more difficult to treat.
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=400 days

0.4
CA grid
O Tumour cells
© Effector cells
@® Complexes

0.2 ~ Cytokine

-500 -500

Fig. 5 Example CA simulation for chemotaxis parameter A = 0, i.e., no chemotaxis, at time
t = 400 days. Locations of tumor cells, effector cells, and tumor—effector complexes on the
2-D grid are shown at a height 10 % higher than the maximum cytokine level. Cytokine levels
are shown by the surface plot. Other parameter values are taken from Table 1

Fig. 6 Time evolution of 5000

tumor cells. The effector 2 4000 e
response fails to control 3 L
tumor growth, which reaches 5 3000 Tumour _ -~

4,485 cells on day 400. 2 2000 - -

Numbers of effectors and IS -

complexes never exceed 6 Z 1000 =T i

and 7, respectively. 0
Parameters values are taken 0 100 200 300 400
from Table 1 with A =0 Time (days)

We have seen that the CA model exhibits a variety of behaviors and that
chemotaxis of effectors plays a significant role in the final outcome. In the next
section, we develop an analogous PDE model to see how a continuous, deterministic
formulation of the system compares with the CA model.

3 Population Model

To investigate the system from the perspective of a deterministic dynamical system,
we take a mean field approximation of the CA in Sect. 2 to obtain an analogous PDE
model. The approach that we follow is similar to those of [44,50,51,57,58]. In fact,
we directly use a result from Wang and Hillen [57], which we derive again here.
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For simplicity, we show how we derive a mean field approximation in one
space dimension. The generalization to higher dimensions is straightforward. Let
us consider the following rules of cell motion (see Fig. 9):

t=2600 days

CA grid

0.5+ ° ’N O Tumour cells
Cytokine E . @ Effector cells

® Complexes

-500 -500

Fig. 7 Example CA simulation for chemotaxis parameter A = 60 at time ¢t = 2,600 days.
Locations of tumor cells, effector cells, and tumor—effector complexes on the 2-D grid are shown
at a height 10 % higher than the maximum cytokine level. Cytokine levels are shown by the surface
plot. Other parameter values are taken from Table 1

1. At each time step At, a cell at point x tries to move left with probability 1/2 —
e(x, t) and right with probability 1/2 + e(x, t).

2. A cell trying to enter point x succeeds in moving there with probability g (x, ),
called the squeezing probability in [57].

To derive our mean field model, we make the assumption that the number of
individuals observed within any interval of space at any given time is independent of
the number observed in any nonoverlapping interval [44,50,51,57]. It is a standard
assumption for mean field approximations and is sometimes called the Poisson-point
assumption [43, p. 232].

Let u(x,t) denote the density of cells at point (x,?). To clean up notation, if
f = f(x,t) is a function of x and 7, let us define f_ = f(x — Ax,t) and f}+ =
f(x+ Ax,t). Later on, when we take the limit to the continuum model, we also use
fxs frx> and f; to denote the first and second partial derivatives of f with respect
to x and the partial derivative of f with respect to #, respectively. From the rules of
cell motion, also diagrammed in Fig. 9, we obtain the recursion

1 1
u(t+At)=u—(§—8)q_u—(§+£)q+u
+ 1+ + !
) E—_qu— 5 Ex Jquy .

3)
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Fig. 8 Time evolution of tumor cells, effectors, and tumor—effector complexes when A = 60.
Other parameters values are taken from Table 1. (a) Fastest tumor elimination among ten simula-
tions. Tumor is eliminated on day 105. (b) Slowest tumor elimination among ten simulations. The

system is characterized by irregular, stochastic oscillations, and the tumor is eliminated on day
2,884

squeeze biased random walk squeeze
probability 1/2 - g(x,t) 1/24 ¢ (x,1) probability
q(x-A x,t) m q(x+A X,t)
X- AX X X+ AX
q(x+ A x,t) U q(x- Ax,t)
1/2+ €(x- Axt1)

1/2 - e (x+ Ax,t)

Fig. 9 Cell motion out of and into the point x. A cell at point x tries to move in a biased random
walk with a right bias of e(x, ). If a cell tries to move to a point x, it successfully moves with

squeeze probability ¢ (x, 1)

Simplifying (3), we obtain

1
u(t+At) — u=> (—q-u—q4u+qu_+quy)+q-cu—qieu+ge_u_ —qequq

_4-—2q9 +4q+

—(q+ —q-)eu—q(equy —e_u-).

2 utd

After further rearrangement, we obtain

u(t + At) —u

g

Uu— —2u~+ uy

2

At

AN g--2q+4+
2At

Uu— —2u+ uy
Ax? 1 Ax?
4 (4+—4-
Ax ( 2Ax et

2Ax

EqlUy —E_U_ )]
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Taylor expanding this expression, taking the limit as Ax and At go to zero,
assuming that the random walk bias ¢ is of order Ax, so that the limit

e(x,t)
E(x,t) = lim
( ) Ax—0 Ax
exists, and assuming that the limit
. Ax?
D= lim —
Ax—0 2At
At—0

exists, we arrive at the PDE

Uy = D[—quxu + quyx — 4(gx(Eu) + q(Eu)y)]
= D(qux —qxu— 4un)x .

This derivation readily generalizes to the higher dimensional form

u, = DV - (qVu—uVq —4qEu) , “)
except that
peitim 2 ad D= tm ¥ 5
T aso aAr T a0 6A7 )
1= t—>

for the 2-D and 3-D cases, respectively [41,43].

For our particular model, consider the case of effectors, and for simplicity, let
us consider 1-D random walks as before. The 1-D version of the random walk
weightings (1) is given by

Wit = 1 + AC(x — Ax, y,1),
Wright = 1+ AC(-X + A)C, y,l) 5

and an effector moves right with probability

1+ AC(x + Ax, y,1)
2+ AC(x — Ax,y,t) + AC(x + Ax, y,t)

Pright =

Taylor expanding this expression, we obtain

1 AAx

Ty 24Y  cohoaxd),
> T a0 & o)

Pright =
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so the random walk bias is

AAx
)= ——77C, Ax?)
e(x,t) 30+ 10 + o0(Ax”)
which means that
e(x, 1)  AAx

E(x.t) = i - C..
D= T T a0

Hence, we can rewrite (4) as
u, = DV - (qVu—uVg —qyuVv) ,

where

2
1+ ACT

x(x, 1) v==C, (6)

and it is straightforward to generalize this equation to higher dimensions. In general,
our PDEs will be of the form

u, = DV - (qVu—uVg —qyuVv) 4+ g(x,1t) )

for some growth function g(x, ¢), which is also the form obtained in [57].

To obtain a PDE system based on the CA presented in Sect. 2, let the variables
T(r,t), E(r,t), X(r,t), and C(r,t) denote the population densities at point r and
time ¢ of tumor cells, effectors, complexes, and cytokine, respectively. A diagram
of interactions is shown in Fig. 10.

Tumor Cells For the tumor population 7'(r,¢), let us assume that tumor cells
diffuse at some slow rate D = Dy and grows logistically at rate pT(1 — (T +
X)/K), where p is the maximum growth rate and K is the maximum possible
density of cells of the same type. Note that in the CA, tumor cells do not actually
diffuse. Instead, dividing cells sprout off new cells in adjacent squares as long as
empty squares are available. This process is tricky to capture using a reaction-
diffusion equation, and it would probably require a free boundary formulation as
in [19], so for simplicity, we model tumor growth as a diffusion and logistic growth
process.

We assume that the rate of tumor—effector interactions follows the law of mass
action, so that the interaction rate is of the form « £ T, where « is the mass-action
coefficient. In the CA of Sect. 2, the formation of complexes happens immediately
when tumors and effectors came into contact, so we set « to be relatively high. Also,
effector cells in complexes die with mortality rate w, causing the complex to return
to a tumor-cell state at rate ;X . Combining all the rates of growth and interactions,
we obtain the reaction term g = pT (1 — (T + X)/K) —«aET + puX.
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For tumor diffusion, we assume that the squeeze probability is ¢ = 1 — (T +
X)/K, so that the probability of entering a space is the fraction of space remaining
unoccupied by tumor cells and complexes. Tumor cells do not respond to the
cytokine gradient, so for tumors, the chemotaxis factor y = 0. Substituting these
values of D, g, x, and g into (7), we have the equation

X T T+ X
T, = DV - 1—— | VT —VX T11-— —oET X (8
=P (( K) X )”( K ) eET +pd )

for tumor cells.

logistic growth

kX kill tumour

Tumour { T )« Complex Cytokine
oET
interaction secretion
Effector [ E )«
N uX effector death decay |3C
death | nE

Fig. 10 Diagram of interactions for the PDE model. Tumor cells grow at a logistic rate (1 — (7" +
X)/K). Effectors die at rate i E . Interacting tumors and effectors form complexes at rate ¢ ET. A
complex reverts to a tumor cell or effector when the effector in the complex dies at rate X or kills
the tumor cell at rate k X, respectively. Complexes secrete cytokine at rate 6. X, and cytokine decays
at rate 6C. All cells diffuse and effector cells exist at a constant concentration at the boundary

Effector Cells For the effector population E(r,t), we have a diffusion rate
D=Dg. Because effectors cannot move into spaces occupied by other effectors or
complexes, the squeeze probabilityisg = 1 — (E + X)/K), where K is again the
maximum density of cells of the same type. Effectors form complexes with tumor
cells at rate « ET', die at rate 1 E, and return from being part of a complex by killing
the attached tumor cell at rate xX. We have the chemotaxis term y from (6), so
from (7), we obtain

X E E+ X\ 2AEVC
E=D;V-([1=Z)VE+Zvx—[1-
! E (( K) tx ( K )1+AC)

®)
—aET —pE +«X .

Note that the chemotaxis term has a form that saturates as the cytokine concentration
C grows. This form results from our rules of biased random motion of effectors in
Sect. 2. As an alternative, if we replaced the relative weightings in (1) for motion in
each direction by
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wyp =1+ A(CKx,y + Ax, 1) = C(x,y — Ax, 1)),
Waown = 1 + A(C(x,y — Ax,t) — C(x,y + Ax,1)),
Wt = 1 + A(C(x — Ax, y,t) — C(x + Ax, y,1)) ,
Wright =1 +A(C(X + Ax’)’»f) _C(X_Axvyvt)) ’

and followed a similar derivation that we used to obtain (6), we would obtain
a constant y, which apart from the squeeze probability would correspond to the
classical Keller—Segel model of chemotaxis [24].

Tumor-Effector Complexes We assume tumor—effector complexes X (r, ) diffuse
atrate D = D7, like tumor cells. Complexes cannot move into spaces occupied by
either tumor cells or effectors, so their squeeze probability is¢ = 1 — (T + E +
X)/K. Complexes form when tumor cells and effectors interact at rates « ET, and
they revert to single cells at rate (k + ©) X when effectors kill the tumor cell or die.
We assume that complexes do not respond chemotactically to the cytokine gradient.
From (7), we obtain

X, = DyV- ((1 - E;T) VX + %V(E + T)) +aET — (k + p)X. (10)

Cytokine We assume cytokine C(r, t) diffuses at some rate D = D¢ without any
volume exclusion, so that ¢ = 1. Cytokine is secreted by complexes at rate X and
decays at rate §C, so from (7), we have

C, = DcV?*C +0X —6C . (11)

Boundary and Initial Conditions On the boundary of the domain, we assume that
all populations have a constant value of 0, except the effector population, which has
a constant density Ey. For a simple initial condition, we assume that all populations
start at O at time ¢t = 0, except for the tumor population, which has value K on a
disk of radius R, i.e., T(I‘, l) S 1{||1‘HZSR2}'

PDE System Combining (8)—(11), we have the system

X T T+X
T,=DsV-((1-= ) VT + VX T(1- —aET + pX ,
R (O e A e S A

X E E+ X\ 20EV
E=pv-((1-2)vE+Zvx—(1-2F ¢
X X K ) 1+iC

—aET — pE + kX,

E+T X
X =DV (1= = | VX + ZVE +T) ) +aET = (c + WX .

C, = DcV*C +0X — 8C .



Models of Tumor-Immune Dynamics and Chemotaxis 37

This system can apply in any number of dimensions, but to keep in line with CA, we
consider the system in two dimensions. However, since our model does not imply
a favored spatial direction, we can reasonably assume that the system is radially
symmetric and simplify the PDE system to one spatial dimension. If we assume
radial symmetry and transform the system to polar coordinates, we obtain

8T_D13' : X 3T+T3X o7 1 T+ X ET + uX
o Trar_r K) or K or P K * pat

OE _ 1O (| X\PE, EOX ( E+X\2E®C/or)
ar  Froar| K)or ' Kor K 1+AC

—oET — nE + kX ,

X 1o E4+T\0X XdE+T)
Rl (R e e | R ST
aC 1o oC

—— =De-—|r— X -48C .

ot “ror _r8ri|+o

12)

on domain r € (0, L) with boundary conditions T(L,t) = 0, E(L,t) = E,,
X(L,t) = 0,and C(L,t) = 0 with no-flux boundary conditions at r = 0. We also
have the initial condition 7'(r,¢) = K for r < R for some R < L and T(r,t) = 0,
otherwise. All other populations start at 0.

With the radially symmetric formulation (12), total populations are given by

L
Po(2) = 271/ rP(r,t)dr
0

for all populations P =T, E, X, and C.

3.1 Parameter Estimates

We translate our parameters from values in Table 1 that we used for the CA in
Sect. 2. A table of parameters, descriptions, and estimates are shown in Table 2.

We consider a domain of approximately the same size as with the CA, so we set
the radius of the PDE domain to be L = 600 pm. In the CA, we allowed one cell to
occupy a square of width 12 um, so our maximum density of cells of the same type
is K =1 cell/(12 wm)? = 0.0069 cells/pm?.
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If we set the initial radius of the tumor to be R = 100 pm, this corresponds
to an initial tumor population of 7R>K = 218 cells, which is close to our initial
condition for the CA of starting at around 200 cells.

In our past derivations, for simplicity, we obtained our PDEs from 1-D random
walks, and so we used the relation that the diffusion rate of randomly walking cells
is Ax2/(2At). These derivations generalize readily to higher dimensions, but in
2-D, the diffusion rate is given by Ax?/(4At) as in (5). Since our CA is built on
a 2-D lattice, the effector diffusion rate that corresponds to a 2-D random walk of
step size Ax and time step At is given by Dr = Ax?/(4At) = (12 pm)?/(2 x 1
min) = 36 wm?/min. We assume that the diffusion rate of tumor cells is very slow
at Dy = 0.0001Dg and that the cytokine diffusion rate is twenty times the effector
diffusion rate at D¢ = 20D g, which agrees with the CA rules for cytokine diffusion
in Sect. 2.

Table 2 Parameters used in simulations of the partial differential equation model

Parameter | Description Unscaled estimate | Rescaled

L Radius of domain 600 pm 0.6 mm

R Radius of initial tumor 100 pm 0.1 mm

K Maximum cell density 0.0069 cells/pm? 1 cell/Ax?

Dg Diffusion rate of effector cells | 36 um?/min 0.05 mm?/day

Dr Diffusion rate of tumor cells 0.0001Dg 0.0001Dg

D¢ Diffusion rate of cytokine cells | 20D g 20D g

p Logistic tumor growth rate 9.9 X 10™>/min 0.14/day

K Rate effectors kill tumor 6.9 x 10~*/min 1/day

% Mortality rate of effectors 2.8 X 10™*/min 0.4/day

o Secretion rate of cytokine 1/cell/min 1440 (cells/Ax?)~'day !
] Decay rate of cytokine 0.0014/min 2/day

o Tumor—effector interaction rate | 0.017/cell/min 24 (cells/Ax*)~day™!
A Chemotaxis parameter 0, 60, or 120 0, 60, or 120

E Ambient effector concentration | 1 X 107 cells/um? | 1.4 x 10~ cells/ Ax>

The tumor growth rate, effector killing rate, effector mortality rate, and cytokine
decay rate are given by p = 1/tgiy, kK = 1/ %1, 4 = 1/ Tgean, and 6 = 1/7¢x, where
parameters of the form 7 are from Table 1. Values of the cytokine secretion rate
o, the cytokine parameter A, and the ambient effector concentration rate E, can be
used as is from Table 1.

We assume that the interaction rate between tumor cells and effectors in the same
space is fast, so we set @ = 24/cell/day, which corresponds to an average interaction
time of 1 h per cell. In column 3 of Table 2, we list all parameters in units of pm
and minutes for consistency with the CA.
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3.2 Rescaling of Parameters

Because the units in the third column of Table 2 have very disparate orders
of magnitude, we rescale the system to time units of days and length units of
millimeters and normalize the population such that the maximum density K scales
to 1. As we will see, this rescaling will result in reasonable parameter values.

It is straightforward to rescale units of time and length to days and millimeters.
Let K, denote the unscaled value of K, so that Ky = 6.9 x 10° cells/mm?. The
only other value that is affected by rescaling population densities is the ambient
effector concentration, Ej. The rescaled value of Ey is E(/Kj. The rescaling puts
all population densities in units of fraction of maximum cell density, or cells/Ax?2,
where Ax is as in Table 1. Note that population units of cells™! in the CA translate
without a conversion factor to population density units of (cells/Ax?)~! in the PDE,
since one cell in the CA occupies an area of Ax2.

To calculate an unscaled value of a total population, we use

L
Py () = ZnKO/ rP(r,t)dr , (13)
0

for populations P = T, E, X, and C, where the variable on the left-hand side is
unscaled and the variable on the right-hand side is scaled.

3.3 Results of the Partial Differential Equation Model

We numerically simulate the PDE model (12) using the solver “pdepe” in Matlab
R2011b. Figure 11 shows results of a numerical simulation using parameters in
Table 2 with chemotaxis parameter A = 120.

Figure 11a shows that the effector response causes a fast drop of the initial tumor
population, resulting in a decline to 5.8 cells on day 41.8, which is comparable to the
fastest time to tumor elimination for the CA shown in Fig. 4a. On the other hand, the
effector response fades after the tumor reaches low levels, and the tumor relapses,
leading to another effector response followed by a tumor decline in what appears
to be an unstable oscillation. (Note that since we are dealing with a finite domain
r € (0, L), the system will eventually approach an equilibrium in which the tumor
population occupies nearly all of the domain, but we consider size of the domain
somewhat arbitrary, since many tumors can expand to diameters of well beyond 1
mm before running into physical limitations.)

Figure 11b shows the profile of the tumor density, T'(r, t), at the six tumor peaks
in Fig. 11a. As time progresses, each subsequent peak of tumor cells broadens and
propagates farther from the origin. Since we are considering a radially symmetric
system, the bulges in Fig. 11b correspond to rings of tumor cells around the origin.
In contrast, in our simulations of the CA, we never saw a ring of tumor cells



40 A.K. Cooper and P.S. Kim

a 1200 - — = Tumour b1
Effectors '
© 1000 o=
ko] Complexes I | =
© ! L : =
5 800 o 2
= \ | | l (%)
£ 600 Vo8
3 i 1 ! 5
— 400 ,\‘ ! | P [ ! o
% I " Py ! g
\ / \ A (I |
0 :_A\é_i\/:/ Ll r NS 0
0 100 200 300 0 0.2 0.4 0.6
Time (days) Distance r (mm)

Fig. 11 Numerical solution of the PDE system (12) with chemotaxis parameter A = 120. Other
parameter values are taken from Table 2. (a) Time evolution of the total tumor, effector, and
complex populations, calculated using (13). All three populations oscillate with six peaks between
time 0 and 350. (b) Profile of tumor cell densities, 7(r, ), as a function of distance r from the
origin at the times of the five tumor peaks at ¥ = 18.8, 86.8, 151.7,215.8,276.6, and 331.0

propagating away from the origin even up to time 2,600 (see Fig. 7). Perhaps, this
difference is due to the continuous nature of the PDE model versus the discrete
nature of the CA. Incorporating a slow rate of tumor diffusion in the CA does not
lead to a widening ring of relapsing tumor cells (data not shown), so slow tumor cell
motion by itself is not enough to create a dispersing tumor. In any case, metastatic
tumors are common, so it would be an interesting future direction to determine
what dynamic characteristics of tumors would make tumor dispersal more likely.
Examples of tumors that migrate away from a pursuing immune response occur in
the model of Mallet and De Pillis [34].

To explore the system without chemotaxis, we consider the system when A = 0
and plot the results in Fig. 12. As we found in the CA, the effector response in
the PDE model without chemotaxis also cannot stop tumor growth (see Fig. 12a).
Furthermore, the leading edge of the tumor population propagates with constant
speed (see Fig. 12b). In fact, if we assume that the effector population remains so
low as to be negligible, the equation for tumor growth simply reduces to Fisher’s
Equation.

We also consider the PDE model with A = 60. Results of the numerical
simulation are shown in Fig. 13. In this scenario, the effector response only manages
to bring the tumor population down to 225.7 and 127.1 cells on days 213.1 and
287.6, respectively, and the magnitudes of the relapses increase more rapidly than
in the case when A = 120 (see Fig. 13a). As before, each successive relapse results
in a ring of tumor cells that broadens and propagates away from the origin (see
Fig. 13b).

As in Fig. 11a, the oscillations when A = 60 also appear unstable. In contrast,
none of the oscillations that we observed in simulations of the CA consistently grew
in magnitude. Instead, the peak heights remained roughly the same until the effector
response probabilistically eliminated the tumor (see Fig. 8b.)
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Fig. 12 Numerical solution of the PDE system (12) with chemotaxis parameter A = 0. Other
parameter values are taken from Table 2. (a) Time evolution of the total tumor population,
calculated using (13). (b) Profile of tumor cell densities, 7'(r, ¢) at ¢ = 0, 50, 100, 150, and 200

Like the CA, the PDE model is sensitive to the chemotaxis parameter A, and
higher A leads to a stronger effector response against the tumor, while the absence
of chemotaxis when A = 0 leads to uncontrolled tumor growth. On the other hand,
the PDE model behaves fundamentally differently from the CA model, because the
PDE system does not result in complete elimination of the tumor population, and the
unstable oscillations result in a widening ring of relapsing tumor cells traveling away
from the origin, a phenomenon that we did not observe in our simulations of the CA.
An interesting problem for future investigation would be to determine when the CA
would exhibit fragmentation of a primary tumor mass into propagating secondary
tumors.

4 Discussion

We develop a CA model of tumor and effector T cell interactions that is based on
the hybrid CA-PDE model of Mallet and De Pillis [34] and agent-based model
of Kim and Lee [25]; however, we explicitly add secretion of cytokines and
chemotaxis to model immune recruitment. We then develop an analogous mean-
field approximation of the CA as a system of PDEs and compare the PDE model to
the CA.

For the CA, we see the three types of behavior also obtained in [25, 34]:
rapid elimination of tumor, uncontrolled tumor growth, and a long period of
oscillation before probabilistic tumor elimination. We obtained the three behaviors
by only varying the chemotaxis parameter A from relatively high sensitivity to
chemoattractant at A = 120 to no chemotaxis at A = 0 and found that chemotaxis
strongly influences the ability of the immune response to control or eliminate the
tumor. These simulations corroborate the results of [25, 34], in which the authors
find that T cell recruitment rates strongly influence the effectiveness of anti-tumor
immune responses in both models.
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Fig. 13 Numerical solution of the PDE system (12) with chemotaxis parameter A = 60. Other
parameter values are taken from Table 2. (a) Time evolution of the total tumor, effector, and
complex populations, calculated using (13). All three populations oscillate with two peaks between
time 0 and 300. (b) Profile of tumor cell densities, 7'(r,?), at the times of the tumor peaks at
t = 161.8, and 259.4

Numerical simulations of the PDE model also show that dynamics are highly
influenced by the chemotaxis parameter. For the parameter values in Table 2,
which were chosen to be comparable to those of the CA, we do not see a stable
solution corresponding to complete tumor elimination. In fact, it is possible that the
underlying dynamics of the CA with strong chemotaxis is not stable either; it is
just that effector recruitment is strong enough to ensure a high, but not guaranteed,
chance of rapid tumor elimination (see Fig. 4a,b).

A direction for future work would be to determine under what conditions
the PDE model is stable at the tumor-free equilibrium, produces oscillations, or
leads to monotonic tumor growth. Both the PDE model and CA exhibit different
characteristics making them useful to study independently and in comparison. The
CA allows us to more realistically investigate stochasticity and variability of tumor
growth, immune cell migration, and resulting outcomes. On the other hand, the PDE
system can be numerically evaluated much faster than the CA and does not need
to be evaluated multiple times to obtain the average behavior. Studying CA and
PDE models in conjunction will also increase our understanding of the similarities
and differences of modeling systems using discrete, probabilistic frameworks and
continuous, deterministic models.

One could also conduct a more thorough parameter sensitivity analysis of the CA
and PDE models of the same style done in [25]. As in [25], parameters that could
be varied include the tumor growth rate, effector kill rate, sensitivity to cytokine
gradients, and the ambient effector concentration. Such a parameter sensitivity
analysis is relatively straightforward, but for the length and scope of this chapter,
we do not delve into such a study here. In addition, it is also straightforward to
convert the CA and PDE models to three dimensions as considered in [25].

Finally, the CA and PDE models in this chapter can be readily extended to
devise even larger systems of tumor—immune dynamics that could include additional
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populations, such as a heterogenous tumor population, additional immune cells,
multiple cytokines, and chemotaxis of multiple cells to multiple signals. The role
of CA and PDE models in cancer modeling will only grow in the coming years, and
having an understanding of both modeling frameworks and connections between the
two will become increasingly important in mathematical biology.
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