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Macroscopic limit of a kinetic model describing the switch in T cell
migration modes via binary interactions

Gissell Estrada-Rodriguez* Tommaso Lorenzif

Abstract

Experimental results on the immune response to cancer indicate that activation of cytotoxic T lym-
phocytes (CTLs) through interactions with dendritic cells (DCs) can trigger a change in CTL migration
patterns. In particular, while CTLs in the pre-activation state move in a non-local search pattern, the
search pattern of activated CTLs is more localised. In this paper, we develop a kinetic model for such a
switch in CTL migration modes. The model is formulated as a coupled system of balance equations for
the one-particle distribution functions of CTLs in the pre-activation state, activated CTLs and DCs. CTL
activation is modelled via binary interactions between CTLs in the pre-activation state and DCs. Moreover,
cell motion is represented as a velocity-jump process, with the running time of CTLs in the pre-activation
state following a long-tailed distribution, which is consistent with a Lévy walk, and the running time of
activated CTLs following a Poisson distribution, which corresponds to Brownian motion. We formally show
that the macroscopic limit of the model comprises a coupled system of balance equations for the cell densities
whereby activated CTL movement is described via a classical diffusion term, whilst a fractional diffusion
term describes the movement of CTLs in the pre-activation state. The modelling approach presented here
and its possible generalisations are expected to find applications in the study of the immune response to
cancer and in other biological contexts in which switch from non-local to localised migration patterns occurs.

1 Introduction

The interaction between dendritic cells (DCs) and cytotoxic T lymphocytes (CTLs) plays a pivotal role in
the immune response to cancer. DCs recognise the antigens expressed by cancer cells and present them to
CTLs, which then become selectively activated against those antigens [28] [29]. Growing experimental evidence
indicates that activation of CTLs via antigen presentation by DCs can bring about a switch in CTL migration
modes [5, [I7]. In fact, while CTLs in the pre-activation state move in a non-local search pattern, which enables
them to rapidly scan DCs for the presence of possible tumour antigens, the search pattern of activated CTLs
is more localised. This allows activated CTLs to stay within a confined area for longer, thus facilitating their
encounter with tumour cells expressing the antigens they have been activated against.

Stochastic individual-based models of immune response to cancer taking explicitly into account this difference
in movement between CTLs have recently been developed [19, [20]. In these models, cell motion is described
as a space-jump process [22]. In particular, CTLs in the pre-activation state undergo a space-jump process
consistent with a Lévy walk, whereas a space-jump process corresponding to Brownian motion is used to
describe the movement of activated CTLs. Such individual-based models enable representation of biological
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processes at the level of single cells and account for possible stochastic variability in cell dynamics, which allow
for greater adaptability and higher accuracy in mathematical modelling. However, as the numerical exploration
of these models requires large computational times for clinically relevant cell numbers (e.g. cell numbers of
orders of magnitude between 10° and 10° [3]) and the models are not analytically tractable, it is desirable to
derive corresponding deterministic continuum models in a suitable limit.

In this paper, integrating the ideas proposed in [19} [20] with the modelling approach presented in [IT} [12], we
develop a kinetic model for the switch in CTL migration modes that is caused by activation through interactions
with DCs. Cells are grouped into three populations: CTLs in the pre-activation state (i.e. inactive CTLs),
activated CTLs and DCs. In the model, DCs are assumed to present a given tumour antigen on their surface so
that they can activate inactive CTLs by contact. Since the focus of this study is on the mathematical modelling
of the change in CTL migration mode upon activation, we do not take into account biological processes involving
cell division and death. Furthermore, for simplicity, we do not consider the occurrence of molecular processes
leading activated CTLs to re-enter a pre-activation state [30].

The model is formulated as a coupled system of balance equations for the one-particle distribution functions of
the three cell populations. CTL activation is modelled as a process of population switching among CTLs induced
by binary interactions between inactive CTLs and DCs. Moreover, cell motion is represented as a velocity-jump
process [22], with the running time of inactive CTLs following a long-tailed distribution, which is consistent
with a Lévy walk [I1, 12], and the running time of activated CTLs following a Poisson distribution, which
corresponds to Brownian motion. Using a method similar to that previously employed in [11], we formally show
that the macroscopic limit of this model comprises a coupled system of balance equations for the cell densities,
whereby activated CTL movement is described via a classical diffusion term, whilst a fractional diffusion term
describes the movement of CTLs in the pre-activation state.

The paper is organised as follows. In Section 2] we introduce the modelling strategies and the main assump-
tions used to describe the spatio-temporal dynamics of CTLs and DCs at the scale of single cells, which provide
a microscopic representation of the biological system. In Section Bl we present the kinetic model, which consti-
tutes a mesoscopic analogue of the underlying microscopic scale model. In Section [ we derive the macroscopic
limit of a suitably rescaled version of the kinetic model. Section Bl concludes the paper providing a brief overview
of possible research perspectives.

2 Description of the system at the microscopic scale

Biological system and cell populations We label the three cell populations by a letter h € {A, D, I},
that is, activated CTLs are labelled by h = A, DCs are labelled by h = D and inactive CTLs are labelled by
h = I. We let the total number of cells in the system be denoted by N = Np + Ny, where Np € N is the
number of DCs and Ny € N is the total number of CTLs. Moreover, we describe the number of inactive and
activated CTLs in the system at time ¢ € R4 by means of the functions Nj(t) and N4 (t), respectively, with
Ni(t) + Na(t) = Ny for all ¢t.

Mathematical representation of individual cells Every individual cell is modelled as a sphere of diameter
0 € R% and is labelled by an index ¢ = 1,..., N. The phase-space state of the it" cell is represented by a pair
(xi,v;), where the vector x; € R™ describes the position of the centre of the cell and the vector v; € V.C R",
with V := {v; € R" : |v;| = 1} (i.e. V is the unit n-sphere), represents the direction of the cell velocity.
Moreover, the magnitude of the cell velocity is assumed to be constant and is denoted by ¢ € R% . The value of
n = 1,2,3 depends on the biological scenario under study.



2.1 Description of cell motion

Velocity-jump process We describe the motion of a cell labelled by an index ¢ as a run-and-tumble process
with run time 7; € R% and running probability ¢ (x;,7;), where 0 < ¢(-,-) < 1 and 9,,9(-,-) < 0. The running
probability ¢ (x;,7;) correlates with the stopping rate B(x;,7;) through the relations given by the following
definition [I1]

(x4, 7) = exp </Onﬁ(xi,s) ds) , B= % with ¢ :=—0,,9 . (2.1)

Hence, starting at position x; at time ¢, the i*" cell will continue moving along a straight path in the direction
given by the vector v; with constant speed ¢ for a period of time 7;, after which it may stop with rate 8(x;, ;).
The cell will then instantaneously resume moving in a new randomly selected direction given by a vector v;,
which is prescribed by a turning kernel ¢(x;,t, v;; v;) — i.e. cells undergo a velocity-jump process [22].

Running probability The running probability 1 (x;, 7;) determines the distribution of the running time 7;
and depends on the way in which the i*" cell moves. Note that the running probability is here assumed to be
independent from the cell velocity v;. On the basis of experimental evidence reported in [5l [10], we assume
that inactive CTLs move in a non-local search pattern corresponding to trajectories that are characterised by a
strong presence of long runs, which enable them to cover larger areas. On the other hand, activated CTLs and
DCHI move in a more localised search pattern. In particular, building upon the modelling approach presented
in [20], we describe the motion of activated CTLs and DCs as a Brownian motion, whereas we let inactive
CTLs undergo superdiffusive motion consistent with a Lévy walk, whereby the mean square displacement grows
nonlinearly with time. In particular, the mean-square displacement at time t is proportional to t7*, where
a € (1,2) is the Lévy exponent. We recall that = 1 and « = 2 would correspond to ballistic motion (i.e. a
form of motion whereby the mean-square displacement at time t is proportional to t?) and classical diffusion,
respectively.

Under these assumptions, if the i*" cell belongs to population A or population D, we let the value of the
running time 7; follow a Poisson distribution [23]. Hence, under the additional simplifying assumption that cells
in populations A and D are characterised by the same stopping rate, which is assumed to be constant and thus
modelled by a parameter b € R% , we use the following definition of the running probability

t

V(xi, 1) =Y(r) i =exp (b)), ¢XiT)=p(r):=bexp(=b7) . (2.2)

On the other hand, if the i*” cell belongs to population I, we let the value of the running time 7; follow a
long-tailed distribution, and we define the running probability along the lines of [I1] as

To(Xi)

P(xi, 7)== ( )a L (%) = : aTo(x;)*

Here, the function 79(x;) > 0 captures possible spatial inhomogeneities in the running time distribution.
Turning kernel and turning operator We consider the case where the new direction of cell motion given

by v; is symmetrically distributed with respect to the original direction given by v; and, therefore, we let the
turning kernel £(x;,t,v;; v;) satisfy the following assumptions [2]

U(xi,t,vi; vi) = U(xi, t, [V — Vi), / (s |vi—el|)dv; =1, (2.4)
%

IWe remind the reader that we consider DCs presenting a given tumour antigen on their surface.



where e; = (1,0,...,0) € R™ is a unit vector.
Moreover, we let the integral operator 7 be a turning operator such that for all test functions ¢(v;)

T[(b](a '7‘_’1') = ‘/Vg(, ) Vl?‘_rz)(b(vl) dvi ) (25)
where £ is the turning kernel defined via (Z4]). Since / 0(+y+, 5 v;)dv; = 1, we have
%

[ =Ty wav=o. (2:6)
\%

where 1 is the identity operator.
Finally, we recall that in n-dimensions the surface area of the unit sphere V is

o2
W , for n even,
V| = i (2.7)
——  , for n odd
L(2+1)

where T'(+) is the Gamma function, and we also recall some useful properties of the spectrum of the turning
operator T [2]:

Lemma 1. If the turning kernel £(-,-, |v; — v;|) is continuous, then T is a symmetric compact operator. In
particular, there exists an orthonormal basis of L*(V) consisting of eigenfunctions {¢y, k > 0} of T. Using the

notation v; = (v, vi,... vl _|) €V, we have:
do(v;) = m is an eigenfunction associated with the eigenvalue 1y =1,
¢ (vi) = m are eigenfunctions associated with the eigenvalue
"= / 00 [9i — o))t dvs < 1, (2.8)
\%
where e = (1,1,...,1) € R™ is the vector with all components equal to 1. Moreover, any function p; €

L?(R"™ x Ry x V) admits a unique decomposition of the form

1
Pi = (pi +nvi-w;) + 2, (2.9)

where Z 1s orthogonal to all linear polynomials in v;,

pi(xiat):/pi(xiatuvi)¢0(vi)dvia wf(xiat)Z/pi(xi,t,Vz‘W{(Vz‘)dVi,
v v
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Figure 1: Schematics of cell-cell interactions corresponding to Assumptions [l and 2l Prime symbols indicate a
change in cell velocity upon interaction.

2.2 Description of the interactions between cells

Building on previous work on individual-based models of interaction dynamics between DCs and CTLs [19, 20],
we consider only the effects of binary cell-cell interactions, thus neglecting interactions that involve more than
two cells.

Moreover, given that the focus of this work is on modelling the switch in T cell migration modes mediated
by interactions between inactive CTLs and DCs, we explicitly model the effects of interactions between cells of
population I and cells of population D, while for simplicity, we neglect the effects of intrapopulation cell-cell
interactions and interactions between cells of population I and cells of population A.

Furthermore, the spatial dynamics of DCs are primarily affected by interactions with inactive CTLs [6], 14, 26].
Hence, for simplicity, we explicitly model the effect of interactions between cells of population D and cells of
population A on the motion of A cells, while we neglect the effect of these interactions on the motion of D cells,
since we take it to be negligible compared to that of interactions with cells of population 1.

On the basis of these considerations, we incorporate into the model only the effects of interactions between
pairs of cells that are summarised by the schematics in Figure [l which correspond to the following definitions
and assumptions.

Definition 1. (Conservative interactions) Conservative interactions are those that preserve the number of
cells in every population and only modify the velocity of the cells according to (211)). Otherwise, the interaction
is a population-switching interaction.

Definition 2. (Population-switching interactions) Population-switching interactions are those that lead a
cell to enter a different population. These interactions are destructive for the original population of the cell and
creative for the population in which the cell will be upon interaction.

Assumption 1 (Interactions between inactive CTLs and DCs). We model activation of CTLs upon
interaction with DCs by assuming that, when a cell in population I interacts with a cell in population D, the
I cell switches from population I to population A (i.e. the interaction is population-switching in the sense of
Definition 2]) with probability ¢ € (0,1). For simplicity, we assume that the I cell enters population A without
changing its velocity. If activation does not occur, event that happens with probability 1 — (, the I cell remains
in the same population (i.e. the interaction is conservative in the sense of Definition [[) and acquires the post-
interaction velocity defined via (ZIT)). Upon interaction, the D cell always acquires a post-interaction velocity

defined as in (ZIT)).



Figure 2: Schematics of the interaction domain defined in (2.10)).

Assumption 2 (Interactions between activated CTLs and DCs). We assume that when a cell in pop-
ulation A interacts with a cell in population D, the A cell remains in the same population and acquires the
post-interaction velocity defined via (ZIT]), and the interaction is conservative in the sense of Definition [l As
explained above, we do not take into account the effect of interactions between cells of population D and cells
of population A on the motion of the D cells.

We allow interactions between a cell 7 in the phase-space state (x;,v;) and a cell j in the phase-space state
(x54,V;) to occur when the cell j is in the domain of interaction of the cell ¢, which is defined as the set

Q(x) ={x; e R": |x; —x5| > 0} =R"\ Bp(xi) , (2.10)
where B,(x;) denotes the ball of radius g centred at x;. If a cell i acquires a new velocity upon interaction with
a cell j, the new velocity is defined, for simplicity, as the following post-interaction velocity

X; — X5

vi=v;—2(vi-v)v with v:= (2.11)

Ixi — x|’

where v is the normal vector at the point of interaction (i.e. v is the unit normal that points outward from
Q,(x;) and inward to B,(x;)) [1].

Remark 1. Definition (2I1)) relies on the observation that, although binary collisions between cells are not
elastic in nature, they may result in cell outgoing trajectories compatible with those observed in elastic colli-
sions [1, [18).

3 Mesoscopic scale model

In this section, we derive the mesoscopic scale model corresponding to the microscopic scale description presented
in Section 2l which comprises a system of transport equations for the one-particle distribution functions of
inactive CTLs, activated CTLs and DCs.

3.1 Preliminaries, assumptions and notation

The state of the system at time ¢ is described by the N-particle distribution function [T} 27]

fN(Xla'"7XNat7V17"'7VN77—17"'7TN)'



In the case where cell dynamics at the microscopic scale obey the rules presented in Section 2] the evolution of
[ is governed by the following transport equation [16]

N N
0N + 30 (0N Hevi Vo fN) = =30 3.)
=1

i=1
posed on QY x RY x VV x R*VN | with
O = {(x1,...,xny) ERVN : |x; — x| > 0 Vi, j} .

We consider the transport equation (B subject to smooth, compactly supported initial conditions at ¢ = 0,
boundary conditions corresponding to elastic interactions on 9%, and suitable Dirichlet boundary conditions
at 7; = 0 linked to the running probability ¢ for ¢ = 1,..., N. In the mathematical framework given by BI]),
the probability of finding at position x; and at time ¢ the cell labelled by the index 1 that is moving in direction
vy for a period of time 7y is related to the one-particle marginal

1
f(xlvtavlle):T/ / / fN(Xl,---,XN,t,Vl,---,VN,Tl,---,TN)
|V| [0,t]N71 QNfl(Xl) VN1

X dvodxodrmy...dvy dxy dry -

Here, |V| denotes the surface area of the unit sphere Vand Qn_1(x1) = {(x2,...,xn) € R"*N 71 (x1,%a,...,XN) €
Ny,

A comprehensive description of cell dynamics would in principle require considering possible interactions
between all cells. However, as mentioned earlier, building on previous work on the mathematical modelling of the
interaction dynamics between DCs and CTLs [19, [20], we consider only the effect of binary cell-cell interactions,
thus neglecting interactions that involve more than two cells. Therefore, as per the scaling and assumptions
introduced in Section T} which are similar to those typically considered in low-density regimes [7, 22] 27], we
truncate the hierarchy of equations corresponding to ([B]) at the second order by integrating out cells 3,..., N
from the N-particle distribution function f~ (X1,...,XN,t, Vi,..., VN, T1,. .-, TN ).

Two-particle distribution functions Let fur(xpn,Xk,t, Vh, Vi, Th, Tk) with h k € {A, D, I} and k # h
denote the two-particle distribution function associated with:

- a cell of population h in the generic phase-space state (xp,vy) € R" x V, with generic run time 75, € [0, ¢]
and stopping rate By (xp, ) defined via (Z.1I);

- a cell of population k in the generic phase-space state (xj,vy) € R™ X V, with generic run time 7 € [0, ¢]
and stopping rate S (Xy, 7) defined via (ZT).

Truncating the hierarchy of equations corresponding to (3] at the second order, we obtain the following
transport equation for fri(Xn, Xk, t, Vi, Vi, Th, Tk)

(Or + 07, + 07, +¢Vh - Vx, + Vi - Vi) fre = —(Br + Br) frk (3.2)
posed on Q% x Ry x V2 x R*2, with

O = {(xp,xx) ER™?: |x5 —xx| > 0 Vh,k} . (3.3)



This equation is subject to a smooth, compactly supported initial condition at ¢ = 0, specular reflective boundary
conditions corresponding to elastic interactions on 0922, and with boundary conditions at 7, = 0 and 7, = 0
given by

t
Jrk(Xn, Xi, 6, Ve, Vi, Th, T = 0) = T/ B frk(Xny Xpes t, Vi, Vi, Thy Ti) AT
0

‘ (3.4)
Tk (Xny Xy t, Vi, Vie, Th = 0, 7x) = T/ Bh Sk (Xhs Xk ty Vi, Vie, Thy Ti) ATh
0
One-particle distribution functions Given the two-particle distribution function
- t ot
Sk (Xn, Xp, 6, Vi, Vi) 3:/ / frk drp dTy (3.5)
o Jo

the one-particle distribution function of population h is given by

1 =
ph(Xh,t,Vh) = m/ﬂ( )/thkdvk dxk, (36)
k(Xn

with the set Qp(x,) defined via (ZI0). The function pp(xn,t, vy) describes the density of cells of population h
which at position x; and time ¢ move with velocity v, (i.e. the quantity pp(xp,t, vp) dvy, dx;, is the number of
cells of population h in the volume element dvy, dx;, centred at the point (xp, vp,) of the phase space). Moreover,
we will consider the weighted two-particle distribution function given by

~ t t
f}?]z (Xhaxkatuvhuvk) ::/ / BZ fhk dTh di 3 PSS {hu k} ) (37)
0 Jo

and the weighted one-particle distribution function given by
1 x
pg’l (Xp,t,vy) = 7/ / f,f,’; dvy dxy, . (3.8)
| | Qk (xh) Y
Here |V| denotes the surface area of the unit sphere V.

3.2 Derivation of a system of transport equations

Transport equations for two-particle distribution functions The dynamics of the two-particle distri-
bution functions frp and fap are governed by the following specific forms of transport equation (3.2)

(Ot + 0r; + 07, + ¢V - Vi, +¢cVp - Vi) fip = —(Br+ Bp) fip , (3.9)
(at + 87’,4 + 6TD + CVA - VXA + CVp - VXD)fAD = _(BA + ﬁD)fAD ) (310)

which are posed on Q2 x R% x V2 x R*2. The boundary conditions at 74 = 0, 7p = 0 and 77 = 0 are analogous
to (B4). Starting from transport equations ([39)-(@BI0) and using the method employed in [I1], it is possible

to show (see Appendix [A]) that the two-particle distribution functions fip and fap given by B3) satisfy the
following transport equations

(Oh+ ¢ Vi -V, + VD - Vi) frp = — (1= TH[fE5] — (1 = To) 78], (3.11)

(O +¢va-Vau +¢vD V) fap = — (L~ Ta)[fih) — (1 - To) (53] . (3.12)



posed on 2 x R7 x V2. Here, T7, Tp and Ta are the turning operators defined via (2.5)), and f,f,’; and f,[f,’; are
the weighted two-particle distribution functions given by (B.7)).

Remark 2. Notice that the equation describing the evolution of the one-particle distribution function pp will

be derived from the transport equation (BII) for the two-particle distribution function fID by integrating the
variables corresponding to the I cell, and using the interaction rules described in Assumption [1

Transport equation for p, Starting from transport equation (3.2)) and building upon the method presented
in [T1], it is possible to show (see Appendix [B]) that the one-particle distribution function pp(xp, ¢, vp) given
by ([B.0]) satisfies the following transport equation

Opn + Vi - Vuon = —(1 = To)[PP"] + One, xn €R™t€R,, v, €V . (3.13)

Here, the turning operator 7}, is defined via (2.H), the weighted one-particle distribution function p," (x,t,vp)
is given by [B.8) and

C =
Qhk(xh,t,vh) = m /8}3 ( )/VV . (Vh — Vk)fhk dvy do . (3.14)
o\ Xh

In (B14), v is the unit normal defined in ([2.I1]) and do denotes the surface element.

The first term on the right-hand side of transport equation ([.I3) represents the rate of change of the one-
particle distribution function due to cell movement, while the term Qp, is the rate of change due to interactions
between cells. The specific forms of these terms depend, respectively, on the way in which cells move and the
interactions they undergo, as discussed in the remainder of this section.

Expressions for pf" The specific form of the first term on the right-hand side of transport equation (13)

depends on the expression for pg”' which, in turn, will depend on the definition of the stopping rate 5.
When cells move in a local search pattern (i.e. for h = A and h = D), the stopping rate f, is defined via 21])
and (Z2). In this case, inserting the definition of 55 into (B.8)) yields

P (Xnot, Vi) = bpa(Xn, t,Va) - (3.15)

On the other hand, when cells move in a non-local search pattern (i.e. for h = I), the stopping rate /3, is defined
via (2] and ([2:3). In this case, it is possible to show (see Appendix [C)) that

pgh (Xn,t,vn) = Blpn](Xn,t, va) (3.16)
where B is a convolution operator such that

Blpn|(xpn,t,vp) = /Ot B(xp,t — s)p(xp — (evp, +b)(t — 8),8,vp)ds (3.17)

with B being defined through its Laplace transform in time B as

. 5 (Xn, A+ b Vi
Blm A+ b+ cvp - V) = D0KmAF O Vi Vi) - (3.18)
1/)h(Xh,/\+b+CVh'vxh)

Here, X is the Laplace variable, ¢, and 1/3;1 are the Laplace transforms in 7, of the functions ¢, and 1, defined
via (23), and the parameter b is defined via (22)).



Expressions for Qp; Following [11, 3], we first note that when a cell in the phase-space state (xp,vp)
interacts with a cell in the phase-space state (xj,vg) we have |x, — xi| = o. Hence, the normal vector
at the point of physical contact between the interacting cells, v € V, defined via (ZII)) can be written as
v = (xp — X)/0, that is, x; = x, — vo. As a result, using the fact that B, = ¢V along with the change of
variable v — —v, we rewrite (B.14) as

C =
Onk(xn,t,vn) Izm /BB ( )~/VU. (vih — Vi) frr dvi do
o(Xhn

c

=— —Q”fl/ / v (v — Vi) frk(Xn, Xp + v0,t, Vi, Vi) dvi du . (3.19)
VI vy

Following [11], we also note that V =V}, UV, with

Vi ={veV:iv:(vp—vi) >0},

& (3.20)
Vie,={veViv- (vi—vp) <0} ={-rveV:iv (v —vi)>0}.

Therefore, a cell moving in direction v, and a cell moving in direction v will move toward each other if v € VT
and away from each other if v € V™.

Under Assumptions [IH2] denoting the post-interaction directions corresponding to v, and v by v}, and v},
which are defined via (Z.I1]), we consider two different types of interactions between cells:

- conservative interactions (c¢f. Definition [I), between a cell of population h and a cell of population k,
whereby both cells remain in their original populations upon interaction and acquire the post-interaction
velocities;

- population-switching interactions (¢f. Definition[2]), between a cell in population h and a cell in population
k, whereby the h cell switches from its original population to a different one upon interaction.

From ([B.I9)), we define the rate of change of the one-particle distribution function p,(xp,t, vi) due to conser-
vative interactions as

c _ x
Knr(xn,t,vp) == —MQ" L NK(t) {/+ / v (Vi = Vi) frok(Xn, X + vo, t, Vi, vi) dvy dv
Vi, Jv

+/ /1/'(Vh_Vk)fhk(xhaxh+VQat7Vh7Vk)dedV}
Vi, v

c _ z
= 79" LNk (1) / / v (Vhp— Vi) [fhk(xhaxh —v0,t, v}, Vi)
V| Vi Jv
— fhk(xh,xh +vo,t, v, V;g)} dvi dv , (3.21)

with Ny (t) being the number of cells in population &k at time ¢. The second equality in (32I]) is obtained by

using the normal vector —v and the post-interaction directions v} and vj, in fhi over the set V.- Notice that
the following property holds

/ K (s s Vi) dvi = 0 | (3.22)
Vv

which ensures that the density of cells in population h will be preserved in the course of such interactions.

10



Moreover, based on (319) and ([21]), we define the rate of change of the one-particle distribution function
ph(Xp,t,vp) due to population-switching interactions leading the cell to leave population h as

. 3
Tnk(Xn,t,vy) = —m 0" Ny(t /+ / Vi — Vi) fak (X0, Xn + vo, t, vi, vi) dvy dv (3.23)
v

Analogously, we define the rate of change of pj(xp,t,vy) due to population-switching interactions leading a
cell to leave a generic population [ # h and enter population h as

& _
\%Z(thta Vh) =N Qn ! Nk(t) / / 5(Xl — Xh) 5(Vl — Vh)
|V| Ql Xk
X /+ / v (v — vk)flk(xl,xl +rvo,t, v, vi)dvg dvdv, dx; (3.24)
\% \%

with §(z — z*) being the Dirac delta distribution centred at z*. Definition (3.24)) ensures that the density of
cells that leave population | due to such interactions will appear in population h. In fact, we have

%k(xh,t Vh / ( )/ 5 X[ —xh)é(vl —Vh)%k(xl,t Vl)dVl dx; .
Ql Xk

In summary, the term Qpy, in transport equation [BI3)) is defined in terms of (B2I)-(324)) in different possible
ways depending on the cell-cell interactions that are considered.

Under Assumptions [[H2land definitions (3.21)), (323 and ([B3.24)), the rates of change of the one-particle distri-
bution functions p;(xs,t,vr), pa(xa,t,va) and pp(xp,t,vp) due to cell-cell interactions will be, respectively,

Qrp(xr,t,vr) = (1 = Krp(xr,t,vi)+CTip(X1,t,vr) | (3.25)
Qap(xa,t,va) = Kap(xa,t,va) + ¢ Tip(xa,t,va) , (3.26)
Opr(xp,t,vp) = Kpr(xp,t,vp) . (3.27)

Substituting B15), BI6) and (3:25)-B.27) into transport equation (3.I3]), we obtain the following transport
equations for pI (X17 ta VI): pa (XA7 ta VA) and PbD (XDJ t7 VD):

Owpr +cvr -V pr == —T1)Blpr]+ (1 = ()Krp

cell motion interactions
+CJip, xreR"teR,vieV, (3.28)

outflow due
to activation

Opa+cva-Vy,pa=—b(1—Ta)lpal+ Kap

cell motion interactions
+C Tip, x4 ER"EER, V4 EV (3.29)

inflow due
to activation

dpp +cvp - Vxppp = —b (1 —Tp)[pp]
—_————
cell motion
+Kpr, Xp ER",tERi,VD ev. (3.30)
———

interactions
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The terms on the right-hand sides of ([B.28))-(B.30) represent the rate of change of the one-particle distributions
due to the biophysical phenomena specified below each term.

4 Macroscopic scale model

In this section, we derive a macroscopic system of equations corresponding to the mescoscopic scale model given
by transport equations ([B.28)-(B.30). Such a model consists of a coupled system of balance equations for the
macroscopic densities of inactive CTLs, activated CTLs and DCs.

4.1 Preliminaries, assumptions and notation

Scaling We assume the mean run time 7 to be small compared to the characteristic temporal scale for the
dynamics of the macroscopic cell densities, which is represented by the parameter T' € R, i.e. we make the
assumption

=eKl.

S|~

Moreover, we let X € R’ represent the characteristic spatial scale for the dynamics of the macroscopic cell

densities and introduce the rescaled quantities
; t . X R T
= -, X = ey = -,
T X TTT

As similarly done in [2], [I1], in order to obtain a mathematical model for the dynamics of the cells at the
macroscopic scale, we consider the scaling

(x,t,¢,7) (f(/s,f/a,é/s”,%/a“) , (4.1)

. T
c=c— .
X

with

vreRy , vy<1 and p>1-1. (4.2)
Throughout the rest of the paper, we will drop the carets from (@I and we will study two-dimensional cell
dynamics (i.e. we assume n = 2).

Furthermore, noting that the diameter of the cells is small compared to the characteristic spatial scale for
the dynamics of the macroscopic cell densities, and considering a biological scenario where the number of cells
in the system is large and activation of CTL occurs with a small probability (, we assume

o=c", Nit)=ec"’, Np=c?, (=¢, {V,reR]. (4.3)
In particular, we will be focussing on a biological scenario corresponding to the following assumptions
1
2 )

v o= 5—19::1—% and H:—(§—§)+g>0. (4.4)

Notice that £ — ¢ < 0 when « < 3/2. In the case where cells follow a Brownian motion (i.e. for h = A and
h = D) we have o = 2 and, therefore, £ — 9 =1 —~ = 1/2. Under scaling (1)) definitions (23)) become

etTo(x;) )a aet To(x;)®
xoTi) = ) s (X T) = ; €(1,2). 4.5
Ve, 7i) (aHTo(xi)—i—Ti " (i, i) (et 1o(x4) + 1)+t ac(l?) (4.5)
Moreover, under assumption (3] on ¢ we have
fhk(xh,xh + vp, t,Vh,Vk) = fhk(xh,xh + E‘E‘V,t, Vh, Vk) . (46)
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“Molecular chaos” assumption Considering a biological scenario where cell densities are sufficiently low, we
assume the velocities of any two cells which are about to interact to be uncorrelated — i.e. we make the so-called
“molecular chaos” assumption, which holds at low densities and is commonly used in kinetic theory [7], [22] 27].
Under this assumption, the two-particle distribution function fhk(xh, xp, + ebv,t,vp, vi) can be approximately
expressed as the product of the corresponding one-particle distribution functions, that is,

Frr(Xn, xn £ €50 t, v, Vi) = pf (%0, t, Vi) P (Xn, t, Vi) + O(5) (4.7)

We draw the attention of the reader to the fact that, throughout the rest of the paper, superscript and subscript
related to the scaling should not be confused with the index of another cell population.
Under scaling (1) and assumptions [{@3)), using (@0, (@1) and assuming n = 2, the interaction terms

defined via B21)), 323) and B24) read as

|
Icik(Xh,t,Vh) = —Eg v Te / / v- (Vh - Vk) [pi(xhatvvgz)pi(xhatvvgc)
N4 v Jv

— P (Xn, t, vi)pg (Xn, Vk)} dvidr, (4.8)

1
T (Xn,t,vy) = —magfﬁf'y c /V+ /VI/' (Vi — Vi) pf,(Xn, 6, Vi) DE (Xh, £, Vi) dvy dv (4.9)
hk

and

1
T (Xnt, Vi) =V e e / / d(x1 — xp) 0(vi — V)
Ql(xk) A%

X / / v (vi —vi)p (%1, t, vi)pg(xi, t, vi) dvy dv dv; dx; . (4.10)
v Jv

Expansion of p; and macroscopic cell quantities Exploiting the results established by Lemma [l in the
case where n = 2, we expand the one-particle distribution function pj in terms of its zeroth moment p§ (i.e.
the macroscopic cell density) and its first moment w$ (i.e. the local macroscopic direction of cell motion). This
is possible because, as one can see from the right-hand side of transport equation ([@I3]), the interaction terms
are of higher order in ¢ (¢f. the scaling used in (L8)-(410)) and, therefore, we can write

1
pi(xhvtavh) = m(pi()(h,t) —|—5‘V2Vh ' wi(xhat)> +0(E’Y) ’ h e {AaDaI} ’ (411)

where )
i t)i= [ Bt dvi s wiGant)i= = [ vagi G tva)dvi (112)
\ Vv

We refer the reader to [23] 24] and the seminal work [2] for a complete derivation in the case of no interactions
and to [IT}, [13] for the case of velocity jump models with interacting particles. The appropriate choice of scaling
for the local macroscopic direction of motion is found by first inserting (@I1)) into (£I3) and then integrating
over V in order to obtain a suitable macroscopic equation (see transport equation (Z19)).
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4.2 Derivation of a macroscopic scale system

Transport equation for p§ Under scaling ([@.1]) and assumptions (@3)), using (£.0)), (7)) and assuming n = 2,
we rewrite transport equation (313) for the one-particle distribution function pp(xp,t, vy) as

i, + e Vevy - Vbl = —(1 = Th)leppt] + Qe (4.13)

where Q% is defined in terms of K5, , J5, and . J/ as per [3.25)-([3.27), that is,

Qip(xr,t,vr) = (1 —e"Kip(xs,t,vi) + e Tip(xr,t,vr) , (4.14)
Qi‘D(XA,t,VA) = /CiD(XA,t,VA) + " EJII%(XA,t,VA) (4.15)

and
Qpr(xp,t,vp) = Kp(xp,t,vD) . (4.16)

We recall that in the case where cells move in a local search pattern (i.e. for h = A and h = D), (3}, is defined
via (1)) and (22)), and thus apg’l (xp,t,vy) is given as in (BI5). On the other hand, in the case where cells
move in a non-local search pattern (i.e. for h = I), B, is defined via (21]) and 23]), and thus Epgh (Xp,t,vp) is

given by (BI0) with
t
B[} ] (xn, t, V) = / B (xp,t — 8)pj,(xp, — (cvp +b)(t — 5),5)ds .
0

As before, B is defined through its Laplace transform in time B¢ and, in particular, under assumptions E#2),
we make the approximation

BE(xp,eA+ &b+ Vevy, - Vi, ) ~ B (xp,6  Vevy, - Vi, ) -

Using the properties of the Laplace transform of a convolution, we write

t
/ BE(xp,t — 8)p5, (x5, — (evi, +b)(t — 8), 5, vi) ds ~ B (xp, ' Yevy, - Vi, )05 (Xn, 6, Va)
0

with .
R e — v
B (xp,e'evy, - Vi, ) = Sﬁjh(xh’g Vh - V) .
Y5 (Xp,el77evy - Vy,)

(4.17)

Analogous calculations are fully detailed in Appendix [Cl Substituting the expressions of ¢} and @[AJ,EI into (@171,
calculations similar to those carried out in [I1], [I2] allow one to show that

a—1 =7

de 2—«
—do7 2= D ey, v, ) @ — 1) (—a + 1) + O@deIAY) . (4.18)

In [EIR), d-(xp) := T0(xn) ", where 19(xp,) is defined via [23]).

Bs(xh,slfvcvh “Vx,) =

cvy - Vx,
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Transport equations for p5, p5 and p5, Integrating both sides of transport equation (@I3) with respect to
v}, over the set V and using the fact that the turning operator 7y, satisfies (2.G]), we find that the macroscopic
cell density pj (xp,t) given by (LI2]) satisfies the following transport equation
Oupy, +2¢Vx, - wj, = E71/ Qhedva, xn ER™LER] . (4.19)
v

Moreover, substituting the expressions for p5 (xp,t,vy) and p5(xs, t, vi) given by ([@II) into the definitions
of K5, J5 and - J., given by [@J)-[EI0) we find

]/ K:ik(xh,tfvh)(ivh =0 (4320)
\%
and, neglecting higher order terms, we also obtain

/ T (X, t,vi) dvy, = =579 e M pf p5 / TR (X, t, Vi) dvy, =57V e M pf pf (4.21)

v %
where M is given by
1
M::—B/// ve(vp —vg)dvdvydvy , hke{A,D,I}, h#k. (4.22)
V12 v Sy Vi

Notice that relation [£20) is obtained using property (3.:22).

In conclusion, using (£20) and (21)) along with (£I4)-(@Id), from transport equation ([@I9) we obtain the
following equations for the macroscopic cell densities p5(x7,t), p5(x4,t) and p5 (xp,?):

O0¢p7 +2¢Vx, -wi = —cMpiph x; € Rt e RY | (4.23)
OpSs +2¢Vx, ~wS = cMpiph . x4 € R? t eRY (4.24)
Oipp + 2¢Vxp -wp =0, xp € Rt € RY . (4.25)

Here, we have used the scaling relations in (£4) for the parameter k. On the right hand side of (L23) we
have the density of cells that are leaving the state I (due to interactions with cells in the population D) and
are appearing in the new state A in ([@.24]).

Transport equations for w3, w§ and wj Multiplying both sides of transport equation (£I3]) by v; and
then integrating both sides of the resulting equation with respect to v, over the set V, we find that the local
macroscopic direction of cell motion wf (xp,t) given by ([#I2) satisfies the following transport equation

e120,w5 + eV, / Vi @ v pf dvy, = — / Vi (1 = To)[epp*] dvy,
A% A%

+ / v Q5 dvy, (4.26)
A%

In the case where (), is defined via 21) and (22), using ([@I1), (BIH) and the properties of the turning
operator T, established by Lemma [Tl we find that the first term on the right-hand side of (28] is given by

Bn 27 €
Vi (L = Th)[epy ] dvi = —b(1 — t1)wy, . (4.27)
v VI
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Here, ¢1(xp,1) is the first non-zero eigenvalue of the turning operator Ty, which is given by (Z8). On the other
hand, when S, is defined via (2] and (23), using (@I1)), (3I6) and the properties of the turning operator T,
established by Lemma [I] it was proved in [I2] that the following approximate expression of the first term on
the right-hand side of (£:26) holds

_ a—1 & 2(a—1 c
/vh(]l — TPl dvy, = el At (gav 1,),L_(7V>(L1 - 1)wh) +lot. (4.28)
v 70| V]|
where 2(1 _ g)zen-t V]
a4 (1 — A=t 4 — |V T
o(Xn, t) = —2 for T(—a+1)= ————. 4.2
ga(xn,t) sin(ra)T () ( V] ) or [(=a+1) sin(ma)I'(«) (429)

Notice that go(-,-) > 0 since sin(ra)) < 0 for o € (1,2) and 4¢1 — [V| < 0 by using (7)) for n = 2 and recalling
that ¢ < 1.

Moreover, as similarly done in [I1], using the fact that (-)’ : V +— V is a bijection and v}, - v = —vy, - v, whence
v-(vp—vg)=—v- (v}, —v}), we find

/Vh ICZ;C th
\
1

= e /// Vi 5, (Xn, t, V1 )PE(Xn, t, Vi)V - (Vi — Vi) dv dvg dvy,
|V| Vi,

_/ / /+ Vi Ph (X b V)P (Xns E Vi)V - (VR = Vi) d’/dvkdvh)
v
:_M‘gg . 7C///V+ V) D5 (X t, Vi PR (X, 6, vy )Y - (v), — Vi) dv dv), dvy,

—/ / /+ Vupy, (Xn, t, Vi) Py (Xn, 6, Vi) - (Vi — Vi) dv dvy, dvy,
v

1
|V| &0~ 'Vc/ / /+ b= V)P (Xny t, Vi) Dh (Xn, t, Vi )y - (Vi — Vi) dv dvy, dvg
\%

1

:_|V| £ 70—/ / [V — Vi| Vi D5, (Xn, t, Vi) pE(Xp, t, Vi) dvy, dvg . (4.30)

The last equality in (£.30)) is obtained using the fact that v}, — v, = —2(vy, - v)v. Substituting the expressions

for p§, (xn,t,vy) and pf(xn,t, Vi) given by (£II) into (@30) and into definitions [@.9) and (£I0) of J;, and
6"7127 neglecting higher order terms we find

1
and - o
€ 2c e~ Y2c
/VVh T dvy, = V2 —5— hPEWS, /VVh T dvy = W%Piwi ; (4.32)
where ¢;, and g;, are defined as
an ;:/ Vi — vildv,  dn ::/+ Wilva —vildv, he{AD,I}. (4.33)
v v

hk
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Finally, substituting the expression of p§ (x5,?,vy) into the second term on the left-hand side of (£28]) and
neglecting higher order terms yields

cVx, [ vih ®vpp; dvy = Ch Vx, pf, | (4.34)
v
with C}, being defined as

Ch = i/vh@)vhdvh R hE{A,D,I} . (435)
VI Jy

In conclusion, using BI5) and @BI6), @3I), (£32) and (@34) along with (LI4)-(@I4), from transport

equation ([£26) we obtain the following transport equations for the local macroscopic directions of cell motion
wi(xr1,t), w5 (xa,t) and ws)(xp, t):

v 2(a—1
20w + e TVC Vi, pf = —t a1 (gava—lpi—L)(Ll - 1)w§>

T0|V|
8
=9 2 *
—c c((l—s )3|V|3q1pD 1+|V|2q1prl> , xreRteRY, (4.36)
1+ 5 1— 5 27
e 20w + e T 7Ca Vi, p5 = — |V|b(1—61) A
8 1 2c
—eb GAPHWS R* t € R} 4.37
) C<3|v|3quD AT |V|2quDw“‘)’ e et (437
and
+1 € 1— (5 2e7
e 20wh + e 7 7Cp Vi ph = il b(t1 — wp
e0 8 1 R?,t € RY (4.38)
— € 3|V|3quIwD’ Xp € NASH g .

Macroscopic scale model Noting that 1— Ll < 1—+ since « € (1,2) and using assumptions ([@4) for the
o —

scaling parameters, letting ¢ — 0 in ([@36)- [@38)) we formally find the following expressions for the leading-order
terms wy(x,t), wa(x,t) and wp(x,t) of the asymptotic expansions for the local macroscopic directions of cell
motion wre(xX,t), waes(X,t) and wp(x,t):

- From ([@30) and choosing the scaling parameters as 1 — —L= = £ — ¢ we have
Ja —a—1 2(0(— 1)(1 —Ll) 8¢
—_Zoy h H; = 0. 4.39

- From ([@37)) and choosing £ — ¥ = v in agreement with ([@4]), we obtain

C 2b
wA:——AprA, where Hy :

T .:m(l—L)

3|V|3quD >0. (4.40)

- Finally, using the same scaling rules as in the previous case we obtain from (Z£38])

Cp 20

8¢
==V, , h Hp = —(1-— — 0. 4.41
wp ) PD where D |V|( 1) + 3|V|3QDPI > ( )
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Furthermore, under assumptions [@4), letting ¢ — 0 in [@23)-(@28) and using([@39)- (@4T]), we formally obtain
the following balance equations for the leading-order terms p;(x,t), pa(x,t) and pp(x,t) of the asymptotic
expansions for the macroscopic cell densities p5(x,t), p5(x,t) and p%(x,t)

Oipr — Vx (DI Vfc‘*lpl) =—aprpp, a€(1,2), x e R%teRY (4.42)
Oipa— V- (DaVupa) = aprpp . xR teR, (4.43)
Bipp — Vi - (DD prD) =0, x €R2teRY | (4.44)
where 2Cga 2¢Cy 2¢Cp
Dy = TI, Dy = i Dp = o, a:=cM.

Remark 3. Notice that the the functions Dy, Da and Dp are strictly positive. Moreover, the dependence of
these functions on the cell densities follows from conservative interactions between cells of different populations,
while population-switching interactions do not affect their values.

Considerations on the macroscopic scale model [@42)-{44) The functions pr(x,t), pa(x,t) and
pp(x,t) model, respectively, the density of CTLs in the pre-activation state, activated CTLs and DCs presenting
a tumour antigen on their surface at position x and time ¢. The spatio-temporal coevolution of CTLs and DCs
is modelled through the coupled system of balance equations ([@.42)-([4.44), which governs the dynamics of the
cell density functions.

The mathematical model defined by [@42)-(@44) provides a macroscopic description of cell dynamics that
takes explicitly into account the effects of cell-cell interactions and the characteristics of cell motion that are
encapsulated in the parameters ¢ (i.e. the magnitude of the cell velocity, which is assumed to be constant), «
(i.e. the characteristic exponent of the long-tailed distribution followed by the running time of CTLs in the
pre-activation state) and b (i.e. the characteristic exponent of the Poisson distribution followed by the running
time of activated CTLs and DCs).

This model effectively captures the fact that interactions between DCs presenting a tumour antigen on their
surface and CTLs in the pre-activation state lead to CTL activation. In particular, the term on the right-hand
side of ([@42) models the decay in the density of CTLs in the pre-activation state at position x and time ¢
due to contact interactions with DCs which result in CTL activation, while the term on the right-hand side
of ([#43) models the corresponding growth in the density of activated CTLs. As one would expect, these two
terms differ only in their signs and are proportional to the product between the cell density functions p;(x,t)
and pp(x,t). The factor of proportionality a increases with the value of the parameter ¢. This is coherent with
the observation that higher cell motilities may increase the encounter rate of CTLs in the pre-activation state
with DCs.

The model captures also the fact that CTLs in the pre-activation state move in a non-local search pattern,
while the search pattern of activated CTLs is more localised. In fact, the rate of change of the density of CTLs
in the pre-activation state due to cell movement (i.e. the second term on the left-hand side of (£42)) is a
fractional diffusion term, while that of the density of activated CTLs (i.e. the second term on the left-hand side
of [@43)) is a classical diffusion term. The function modelling the diffusivity of CTLs in the pre-activation state
(i.e. the function Dy) and the function modelling the diffusivity of activated CTLs (i.e. the function D4) are
proportional to the parameter ¢. This is coherent with the observation that, ceteris paribus, a higher magnitude
of the cell velocity correlates with a higher cell motility. Both Dy and D 4 are monotonically decreasing functions
of the cell density function pp(x,t), which means that, all else being equal, the higher the density of DCs at a
given position, the lower the diffusivity of CTLs. This reflects the fact that higher densities of DCs will make it
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more likely that interactions between CTLs and DCs occur and, since these interactions force CTLs to change
their direction of movement at the mesoscopic scale, this will ultimately result in a lower cell diffusivity at the
macroscopic scale. Moreover, D4 is an increasing function of b. This is coherent with the fact that larger values
of this parameter correspond to larger mean values of the cell running times.

The fact that the right-hand side of ([@.44) is zero translates in mathematical terms the idea that we are not
taking into account the effects of division and death of DCs. Moreover, coherently with the fact that the motion
of DCs is here described as a Brownian motion, the rate of change of the density of DCs due to cell movement
(i.e. the second term on the left-hand side of ([£44) is a classical diffusion term. Considerations analogous to
those made above about the dependence of the function D4 on the parameters ¢ and b apply to the function
modelling the diffusivity of DCs (i.e. the function Dp) as well. Furthermore, considerations similar to those
made above about the dependence of D; on the density function pp(x,t) hold for the dependence of Dp on the
density function pr(x,t).

5 Research perspectives

The modelling approach for the switch between cell migration modes presented here could be generalised by
including additional cellular phenomena involved in the immune response to cancer, and considering other
aspects of immune cell movement as well. For the case of movement in bacteria, a recent work in this direction
is [25], where the switch in type of movement, i.e. the switch between Lévy and Brownian strategies, was
determined by chemical pathways internal to the bacteria.

With reference to the mathematical modelling of the immune response to cancer, a natural generalisation
would be to include a population of cancer cells and allow activated CTLs to induce death in cancer cells
via binary interactions. Moreover, the recognition phase of the adaptive immune response to cancer could be
modelled by splitting the population of DCs into a subpopulation of cells with no tumour antigens on their
surface and a subpopulation of cells presenting some antigen — which would move in a non-local and in a more
localised search pattern, respectively [10] — and letting DCs switch from one subpopulation to the other via
binary interactions with cancer cells [28[29]. The strategy we have used here to model non-conservative cell-cell
interactions may prove useful to the development of both generalisations of our modelling approach.

In regard to the mathematical modelling of other aspects of immune cell movement, our modelling approach
could be extended to represent other switches in T cell migration patterns observed in the immune response
to different pathogens, which are driven by possible chemotactic cues and by the conditions of the surrounding
microenvironment [I7]. Moreover, further generalisations of the modelling approach could be developed in
relation to experimental results indicating that T cells can also undergo subdiffusive [32] and fully ballistic [31]
migration.

In general, it would be interesting to apply the modelling approach presented in this paper and its possible
developments to other biological and ecological contexts whereby switch from non-local to localised migration
patterns has been reported [4} [8) 9] [15] 21].

We conclude by remarking that, as previously noted, although they may result in cell outgoing trajectories
compatible with those observed in elastic collisions, binary collisions between cells are not elastic in nature.
Hence, it will be necessary to go beyond the definition of post-collision velocities used here in order to have a
more biophysically faithful representation of cell-cell interactions. This is beyond the scope of the present work,
which is primarily focused on modelling the switch in T cell migration modes mediated by interactions between
inactive CTLs and DCs. Moreover, the formal approach employed in this article to derive a macroscopic limit
of the mesoscopic model relies on the assumption that cell densities are sufficiently low so that cell velocities can
be assumed to be uncorrelated. As such, it may lead to an inaccurate mean field representation of the dynamics
of the underlying biological system in cases where cell densities are not sufficiently low, or cell-cell interactions
introduce a stronger correlation between cell velocities. Therefore, another fruitful avenue of research would lie
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in extending this formal approach to these more complex cases by identifying alternative ways of obtaining a
closed system of coupled equations for the macroscopic cell densities starting from the corresponding kinetic
model.

A Derivation of transport equations (3.11))-(3.12)

Using the method presented in [I1], we show how to derive a transport equation for the two-particle distribution

function fhk(xh,xk,t, Vi, Vi) starting from transport equation ([B2)) for the two-particle distribution function

Jrke(Xny Xp, U, Vi, Vi, Thy Th)-
We first introduce the notation

t
fTh(xh7Xk7t7vh7vk7Th) ::/ fhk(xhuXkutavhavkaThaTk)di 3
0

and .
Fro (Kn s Xny £, Vi, Vi, Tr) 3:/ Tk (Xns Xy & Vi, Vi Thy T) AT

0
and then note that, when 3, and 3 are given by (ZI) with ¢, and 1. defined via [Z.2) or ([2.3)), the solutions
of (B.2)) subject to the initial and boundary conditions considered here are such that f;, decays monotonically
as 7y, increases, and f,, exhibits an analogous behaviour. Hence, integrating (3.2) with respect to (75, 7x) over
(0,t)? with ¢ large enough so that f,, (Xn,Xk,t,Vh, Vi, 7n = t) is negligible compared to ffh (Xhy Xk, t, Vi, Vi)
and fr, (X, Xk, t, Vp, Vi, T, = t) is negligible compared to ffk (Xp, Xk, t, Vi, Vi), with

P2 (Xn Xyt Vi, Vi) = fry (Xns Xk £, Vi, Vi, T = 0)

and

F2 (Xny Xk, t, Vi, Vi) = fr (Xn, X, t, Vi, Vi, e = 0)

we obtain the following transport equation for fhk (Xhy Xk, ty Vi, Vi)

~ t t
(3t+CVh'Vxh+CVk'ka)fth—/ / (Bn + Be) frk drndre + f2 + f7
0 Jo

which can be rewritten as

(O + eV - Vi + Vi Vi) frr = —Fon = Tk + 12+ 12 (A1)

with ffg(xmxmt,vh,vk) and ff,’;(xh7xk7t, Vi, Vi) given by B1).
When cell movement at the microscopic scale obeys the rules presented in Section [2] we have

O = Tlffr] and O =TlfE], (A2)

Tk

with the turning operators 7;, and T, being defined via (Z5). The first two terms on the right-hand side of (AJ])
describe the density of cells that stop with rates 8, Br. The initial conditions at 7, = 0 and 7, = 0 (i.e. at
the beginning of a new run phase) given by (A2]) describes how the cells will resume their motion in a new
direction dictated by the turning operators 7; and 7T, respectively.

Substituting the expressions for f¢ and 9 given by (A2) into transport equation (AI) yields

(3t +cvp - Vy, +cvg - vxk)fhk = —(]1 - 771)[ :51?]
— (=T, onxe) € Q%€ Ry, (v, vi) € V2 (A-3)
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Remark 4. Since we consider transport equation [B2) complemented with a smooth, compactly supported initial
condition, the initial condition for transport equation (A3) will be a smooth, compactly supported function as

well. Therefore, the two-particle distribution function fhk(xh, Xp, t, Vi, Vi) will have compact support on Q2 x V2
for allt € RY.

B Derivation of the equation for the one-particle distribution

Transport equation (B.I3) for the one-particle distribution function pp(xp,t,vy) can derived from transport

equation (A3) for the two-particle distribution function fx(Xn, Xk, t, Vi, Vi) in six steps as previously done
in [L1].

(I) We integrate transport equation (A.3) with respect to (xg,vy) over the set Qx(xp) X V and multiply
both sides of the resulting equation by |V|~! to obtain

|V|71/ / (at +cvy - Vxh, +cvg - ka)fhk dvy dxg =
Qk(xh) A%
S [ [T aveax,
Qk(xh,) V

v / o /V (1 = T[] dvy dx (B.1)

(IT) Using the fact that py, is given by (B:6) and integrals with respect to x; and v, commute, we rewrite the
first term on the left-hand side of (B as

|V|713t/ / Frk dvg dxy, = dip, -
Qk(xh) A\

(ITI) Using Reynold’s transport theorem in the variable x,, we rewrite the second term on the left-hand side

of (B as

|V|_1C/ / (v, - vxh)fhk dvy dxi = |V|_1cvh - Vi, Ph
Qk(xh) A\

—|V|_1c/(9 ( )/(Vh~u)fhkdvkda.
BQ Xh A%

Here, v is the unit normal to 0Q(x5) that points outward from Q(x;) and inward to B,(x;), and do denotes
the surface element.

(IV) Since f:hk has compact support on Q? x V2 (vid. Remark H), we use the divergence theorem and rewrite
the third term on the left-hand side of (B as

|V|_1C/ /(Vk . ka)fhk de ka = |V|_lc/ /(Vk . V).]Ehk de do .
Qp (xp) JV OBy (xn) JV

(V) Changing order of integration, we rewrite the first term on the right-hand side of (BJ]) as

—|V|-1/Q ( )/Val T dvi dx = —(1— TP
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with pgh (xp,t,vi) given by (B3).
(VI) Since Ty, satisfies (226, the second term on the right-hand side of (B]) is identically zero.

Taken together, the results obtained in Steps (I)-(VI) allow one to conclude that the one-particle distribution
function py(xp,t, vy) satisfies the following transport equation

Opn + Vi - Vuon = —(1 = To)[PP"] + One, xn €R™tER,, v, €V, (B.2)

with the weighted one-particle distribution function p," (xp, t, vi,) being given by ([B.8) and the term Qp (xp,t, vi)
being defined according to (B.14).

C Derivation of the non-local trajectory term

In the case where ), is defined via (ZI)) and Z3) (i.e. for h = I) and By is defined via ) and Z2) (i.e.

for k = D), applying the method of characteristics to ([B:2)) and using the fact that %(%(777%)) = e one
k(s Tle — Th
finds [11]
Frk = frk(Xn — VAT, Xp — CVETR E — Thy Vi, Vie, Th = 0, T — 1) O (X, 1) €707 (C.1)
Introducing the notation
t
= / / / Jre( Xk — eViTh, -, Vi, T = 0,7 — 1) A7y dvy dxp,
Qi (xn 0
and substituting (CI)) into (3.8) gives
1 Xp, T)
Bh <Ph hyTh
Dy (Xn, b,V / / / Sfri dm dvy dxg d7p,
W )= |V| Un(xn, 7h) Jay ()
= — / on(xn, Th)efb””f,?k (xp, — cVpTR,t — T, Vi) dTh
VI Jo
1t _
N M/ on(xp,t — s)e” E=CFTev-Va) £0 (3, 5 v, ) ds (C.2)
0

The last equality in (C.2)) is obtained using the change of variables s = ¢ — 75, along with the following Taylor
expansion

(—(t—=s)ev-V)™

m!

M8

eI o) = 7x)

m=0

1
m!

(—(t—8)ev)" V" f(x) = fx— (t—s)ev) .

M

0

3
]

Hence, the Laplace transform in time of pgh (xp,t,vp) is

1 . ~
— (X, A+ b+ vy, - Vxh)f,?k(xh, A V) (C.3)

~Bh
p (Xhu)‘avh) =
" V|

22



Here, )\ is the Laplace variable, and ¢ and f,?k are the Laplace transforms in time of the functions ¢, and f,?k.
Moreover, substituting (C.I)) into (3.6]) and computing the Laplace transform in time yields

i 1. 5
Pr(Xn, A, Vi) = m¢h(xh7>\ +b+cvh - Vi, ) for(Xn, A\ vi)

with z/;h being the Laplace transform of the function 1. The latter equation gives

S R x ,)\7v
0 (s A va) = V] 2nas A i) |
wh(xhu)\'i‘b—f—cvh.vx’l)

Substituting such an expression for f7, into (C3) ones sees that (C.2)) can be written as

pﬁh (Xha tv Vh) = B[ph](Xh, tv Vh)

with the integral operator B being defined according to (BI7).
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