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Abstract. We consider a multicellular system with spatial structure
described by the kinetic theory for active particles such that the micro-
scopic state includes dependence on position and velocity, besides the
biological activity of the considered populations. The changes in veloc-
ity are described by appropriate integral turning operators that include
some effects like a velocity-jump process and a volume-filling effect for
one population, and a random motion of particles leading to diffusion for
another population. The model describes the migration of T-cells driven
by cytokines and the possible lesion of particular tissues or organs re-
sulting from inflammation in the response of the immune system within
an autoimmune disease. We then derive the hydrodynamic limit of the
kinetic system in a diffusive regime and obtain a diffusion-chemotaxis
macroscopic model. The stability analysis of the macroscopic system
without diffusion is developed, the Turing instability of the complete
system and appearance of spatial patterns are investigated. Some nu-
merical simulations are also performed in view of illustrating our theo-
retical results.
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1 - Inroduction

The immune system plays a crucial role in protecting the body against
infectious agents or anomalous cells, and by contributing to tissue repair and
regeneration. Dysregulation of the immune system can lead to a variety of
immunological diseases, including, among others, autoimmune disorders and
immunodeficiency conditions. In particular, autoimmune diseases are a complex
group of syndromes that arise due to an abnormal immune response against the
body’s own tissues. They are among the most severe and debilitating medical
dysfunctions, the most diffused ones being inflammatory bowl disease, type 1
diabetes and multiple sclerosis. Health factors leading to the appearance of
this surge are still under investigation, since the exact biological mechanisms
underlying autoimmune responses are extremely complicated. See, for example,
[32,36] and references cited therein.

In general terms, the core of autoimmune response is a process of activation
and regulation based on interactions among cells. In view of building a mathe-
matical model able to reproduce such a scenario, the kinetic theory approach is
a particularly suitable choice, since it allows us to investigate cellular dynamics
at a microscopic level and the global behaviour of the cellular populations at the
macroscopic level. First kinetic approaches to the immune system interactions
are the ones presented in [6] and developed in following works, describing tu-
mor growth through interactions between tumor cells and the immune system.
The kinetic modeling starts from a system of integro-differential equations rep-
resenting interactions among cells and may lead, through proper integration,
to a macroscopic description of biologically relevant quantities.

The application of kinetic models mimicking cellular interactions in au-
toimmune diseases has not yet been developed as in the case of tumour growth.
However, there exist some contributions at this level, as those presented in
the papers [13,14,30]. In particular, papers [14] and [30] provide the frame-
work for the work developed in these proceedings. The model proposed in [30]
describes rather satisfactorily an acute episode of autoimmunity, and popu-
lations of self-antigen presenting cells (SAPCs), self-reactive T cells (SRTCs)
and immunosuppressive cells (ISCs) are endowed with a microscopic functional
state (or activity variable) defining a specific biological function of each cellu-
lar population. The kinetic description of each population at the cellular level
is performed by means of a distribution function depending on time and ac-
tivity. Furthermore, the model that has been developed in [14] also includes
the natural death of the cellular populations as well as a constant input of
SAPCs caused by external environmental factors and unhealthy dietary habits.
The model shows very rich dynamics and, in particular, it can reproduce the
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recurrent patterns peculiar to many autoimmune diseases.

All the above cited papers about the kinetic description of autoimmune
diseases do not consider the dependence on the space variable, since the focus is
on interactions among cells and changes of the activity along time. Nevertheless
a more realistic description of these clinical issues would also require a spatial
component, in order to reproduce the migration of T-cells through the body and
the possible lesion of particular tissues or organs resulting from inflammation.
In fact, it is known from a medical point of view, that migration of Lymphocytes
is driven by chemotaxis. The cytokines play the role of chemical attractors for
T-cells which, in turn, detect the concentration gradient of cytokines and move
towards the source. This phenomenon has been widely studied and reproduced
through experiments [32,36]. Furthermore, chemotaxis is a crucial component
of the immune response, and is a characteristic mechanism of motion for many
other biological entities, like bacteria, sperm cells or cancer metastases.

Motivated by the biological context, the development of a model of partial
differential equations including both diffusion and chemotaxis has always been
of great interest to mathematicians and biologists. Some examples are the
macroscopic models provided by Patlak [27] and then widely extended by Keller
and Segel in order to study the behavior of Dictyostelium discoideum [16,17,
18]. However, starting from a macroscopic description may lead to a loss of
important information about cellular and chemical dynamics, since only global
features are incorporated in the macroscopic equations. For this reason, a
suitable procedure should be able to reproduce both the cellular dynamics at a
microscopic level and the global behaviour of the populations at the macroscopic
level. This can be obtained by starting from the kinetic model and applying
asymptotic methods to reach a diffusive limit. Since this tool is common in
the kinetic theory of various fields, as gas dynamics [7, 8,19, 20], it has also
been applied to active particles [5], and, in particular, to bulks of cells [2, 3].
This procedure allows, in particular, to express the transport and structural
coefficients of the macroscopic equations in terms of cellular dynamics. As
a result, it provides a more well-founded macroscopic system, coupled with a
potential explanation of macroscopic phenomena based on microscopic features.

A further innovative idea is to include a bias coming from an external field
in the kinetic equations, by means of a turning operator based on a velocity-
jump process in order to reproduce the run and tumble movement of cells. This
was introduced in [1] and then extended in various directions [24,25].

Most of the applications in the literature tend to be about the study of
cancer cells [4] and, more particularly, brain tumors [11]. The aim of the
present work is to adapt the procedure described above to the particular case
of autoimmune diseases. Accordingly, we start from the kinetic model proposed
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in [14], consider the new population of cytokines, add a spatial variable in the
description and introduce a suitable turning operator in the kinetic dynamics.
Then we introduce a time scaling and perform an asymptotic analysis to derive
the corresponding macroscopic system.

The content of this work is part of a more extended and complete piece of
research devoted to the passage from the kinetic to macroscopic model, inves-
tigation of Turing instability and pattern formation. The focus of the present
study is on the derivation of the kinetic model and its capability to produce, in
the diffusion limit, non-homogeneous spatial configurations.

After this introduction, the content of the paper is organized as follows.
Section 2 presents the biological setting and the kinetic model, including the
description of the microscopic dynamics, construction of the interaction opera-
tors with the study of their properties, and derivation of the kinetic equations.
Section 3 deals with the derivation of the macroscopic reaction-diffusion sys-
tem from the kinetic model in a diffusive regime, by performing an asymptotic
analysis. Section 4 is devoted to the study of Turing instability of the reaction-
diffusion system and the investigation of pattern formation. This section in-
cludes some numerical simulations illustrating the pattern formation when the
diffusion contributions are added to the non-diffusive system in stable condi-
tions. Section 5 contains our conclusions and a final discussion of the results
obtained in this work.

2 - Biological setting and the kinetic model

Within immunological studies, what is definitely known is that, in healthy
conditions, T-cells reacting against self-antigens are suppressed during the thy-
mic maturation, through a process called negative selection. However, in an
autoimmune condition, this self-tolerance mechanism becomes inefficient and
self-reacting T-cells (SRTCs) can reproduce and enter peripheral lymphoid tis-
sues. When SRTCs come across self-antigen presenting cells (SAPCs), naive
T-cells become activated and may undergo proliferation, driven by cytokines,
into effector memory T-cells. The effects of this stimulation is an uncontrolled
autoimmune cascade, namely T-cells cause inflammation of target tissues and
produce cytokines, that again activate and trigger proliferation of SRTCs.
Since the presence of SRTCs in peripheral tissues may also occur in healthy
subjects [12], the autoimmune response is generally regulated by specific cell
populations of immunosuppressive cells (ISCs) like regulatory T lymphocytes
(Tregs) [10,31] and natural killer cells [28,33], that are able to both inhibit or
cause the death of SAPCs and SRTCs.
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2.1 - Kinetic modelling

Starting from the biological setting explained above, we describe below the
agents involved in the mathematical model, along with their associated distri-
bution functions. The variables which these functions may depend on are time
t € R, space x € I, with T being a bounded domain in R", (n = 1,2,3 a
general space dimension), velocity of SRTCs, v € ©r = UB", with U being
the maximal speed of cells and B™ the unit ball in R"™, velocity of cytokines,
w € D¢ = BB", with B being the maximal speed of the proteins, and the
activity of cells u € [0, 1], which corresponds to a different task for each cellular
population, as it will be specified in the following.

The species involved in the dynamics are the following.

e A - Self-antigen presenting cells (SAPCs), distribution function fa(t,x,u),
the activity represents the ability to activate SRTCs.

e R — Self-reactive T cells (SRTCs), distribution function fr(t,x,v,u), the
activity represents the production of cytokines.

e S — Immunosuppressive cells (ISCs)), distribution function fs(t,x,u), the
activity represents the ability to suppress SAPCs and SRTCs.

e (' — Cytokines, distribution function fo(t,x, w).

We also consider the population H of biological host environment and the
interactions between A, R, and S cells with the cells of the H-population. We
assume that the host population is constant in time and uniform in space.

Moreover, we use the indices j = 1,2,3 for the populations A, R and S,
respectively. Since our ultimate scope is to study the time-space behavior of the
cellular populations A, R, S and C, we consider macroscopic densities, defined
as the integral of the distribution functions over the space of other variables,
say activity, velocity or both. Thus, we introduce

A(t,x) = /01 fa(t,x,u) du,

1
R(t,x):/ pr(t,x,u)du, with pR(t,x,u):/ fr(t,x,v,u)dv,
0 D

R

1
S(tx) = /0 fs(t.xu)du, C(tx) = /@ Folt,x, w) dw.

C
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2.2 - Cellular dynamics and interaction operators

We will describe the admissible interactions among cells of different popu-
lations and define the corresponding kinetic operators. We will focus on the
description of the novelties of the present model that do not appear in the orig-
inal model developed in [14]. Each binary interaction between cells may be a
conservative process that simply leads to a change of activity of the cells, or de-
structive or proliferative process that contributes to a change in the number of
cells. Also, other proliferative and destructive dynamics coming from external
sources or natural death are considered. Furthermore, we are also introducing
other processes leading to a change in the velocity for both SRTCs and cy-
tokines. The effects of all these interactive processes are described by means
of suitable integral operators described as explained below. All the interaction
rates will be considered constant, thus we will adopt the notation c;;, p;; d;; for
conservative, proliferative and destructive encounter rates, respectively, while
we shall denote by d; the apoptosis and decay processes. We will use indices
1,7 =1,2,3,C corresponding to populations A, R, S, C, respectively.

As in [14], the SAPCs are involved in conservative interactions with SRTCs,
in which the activity of each participating cell increases,

(2.1) A+ R — A+ R,
and with ISCs, in which the activity of each participating cell decreases,
(2.2) A+S— A+ S.

The corresponding conservative operator for the species A is given by, see [14]
for the details,

u 1
Ga(f) —2012/ (u—u*)fA(t,x,u*)du*/ / fr(t,x,v,u')du' dv
0 g J0
1
—ennlu= 1P faltxn) [ faltoxovou)an v
g J0
1 1
+2013/ (u*—u)fA(t,x,u*)du*/ fs(t,x,u')du'
u 0

1
(2.3) - 013u2fA(t,x,u)/ fs(t, x,u")du'
0

where we have used the notation f = (fa, fr, fs, fo).

The non-conservative processes involving SAPCs, instead, are given by a
proliferative part represented by a constant input source o depending on exter-
nal factors, proliferative interactions with SRTCs in which the newborn cells
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have the same activity of their mother cells,

(2.4) A+R— A+ A+ R,
destructive interactions with ISCs,

(2.5) S+A—S+H,

and the natural decay of SAPCs. Putting all non-conservative effects together,
the non-conservative operator can be written as

1
/\/’A(i) = +p12fA(t7X7U)/ fR(tuxv"?u/)dul
0

1
(2.6) — di3fa(t,x,u) /0 fs(t,x,u'du' — dy fa(t,x,u).

For the SRTCs, we have again conservative interactions with SAPCs of type
(2.1), along with conservative encounters with ISCs,

(2.7) R+S— R+S,

in which both the activity of ISCs and SRTCs decreases. The integral operator
taking into account both conservative processes is

U 1
Gr(f) :2021/ / (u— u*)fR(t,x,v,u*)du*/ falt,x,u")du' dv
DrJ0 0
1
— C21 (U - 1)2fR(t7 X,V, U) / fA(t7X7 u/)du/
0
1 1
+2c23/ (u* —u)fR(t,x,v,u*)du*/ fs(t,x,u')du'
u 0

1
(2.8) - 023u2fR(t,x,v,u)/ fs(t,x,u')du'.

0
Proliferation of SRTCs comes from interactions with SAPCs
(2.9) A+R— A+ R+ R,

as before, and newborn cells inherit the activity of mother cells. We recall that
the reproduction of SRTCs is also stimulated by cytokines, but we do not
consider here this effect, leaving its study to a future work. The destructive
processes for SRTCs result from the interaction with ISCs,

(2.10) S+R—>S+H
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and by natural apoptosis. The non-conservative operator for SRTCs is given
by

1
Ni(£) = por fa(t, %, v, u) /0 Falt o —

1
(2.11) dgng(t,x,v,u)/ fs(t,x,u)du' — dsfr(t,x,Vv,u).
0

Now, let us introduce the new kinetic operator representing the change in ve-
locity and orientation of the SRTCs, caused by the chemical attraction of cy-
tokines. Inspired by [25], we split this turning operator into two contributions,
namely

(2.12) LRIfe](fr)(v) = LR(fR)(V) + LRfc](fR) (V).

Here, the operator L% (fr) takes into account the random movement of cells,

(2.13) LR(fr)(v) = =AMr(v) + | ATo(v. V) fr(¥))dv',

Dr
where the turning kernel Ty represents the probability of the cells in changing
their velocity from v’ to v, and it is taken as a uniform probability over the
space of velocities, i.e.

with w = |Dr| being the measure of the velocity space © g, while the parameter
A > 0 is the turning rate. The operator L5[fc](fr) in (2.12) accounts for the
external biases represented by the chemotactic attraction of cytokines and reads
as

(2.15) Lylfel(fr)(v) = A ATy (v, V', C) fr(V))av'.
R

We take the turning kernel analogous to the one presented in [25], in which
the reciprocal orientation of the cytokines gradient and the incoming direction
determines the new direction of the SRTCs. We also suppose that the SRTCs
are more likely to move at higher speed. Moreover, we include a “volume filling”
effect [26], i.e. we assume that the change in the velocity of a cell depends on
the macroscopic population density. Thus, using the notation v = vv, [v| = 1,
we have

o R
v-v/(v-VC), Y(R)= <1—> lo<r<Ry
Ry

(2.16) Ty (v,v',C, R)=~(R)

SIS
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with v > 0 being the microscopic chemotaxis parameter, Rj; the maximal
density of SRTCs that can be empirically computed from experimental data in
relation to the biological setting considered, and 1 the indicator function.

We emphasize that, in the classical models proposed in [24,25], only the
direction of the cell is assumed to change due to kinetics, whereas in our case,
the speed of the cell can also vary. This choice results in a wider range of
possibilities for the turning kernel, given that the cell is capable of increasing
its speed, as modeled in equation (2.16). Additionally, at macroscopic level, as
it will be shown in the next section, this new feature will lead to the dependence
on maximal speed of chemotactic coefficient. The analytical properties of the
turning kernels will be discussed in Subsection 2.3.

The ISCs are involved in conservative encounters as those described in (2.2)
and (2.7), so the integral operator reads as

Gs(f) =2c3 /

u

1 1
(u* —u)fs(t,x, u*)du*/ falt,x,u")du'
0

1
— eg1u’ fo(t, x, u)/ falt,x,u")du'
0
1 1
—1—2032/ (u* —u)fg(t,x,u*)du*/ / fr(t,x,v,u)du' dv
u Dr J0

1
(2.17) — e3u’ fs(t, %, u)/ / fr(t,x,v,u)du dv.
9r J0

Moreover, we may have proliferation of ISCs due to the interactions with
SAPCs,

(2.18) A+S— A+S+85,

with, again, the newborn cells having the same activity of mother cells. We also
consider the natural death of ISCs, and therefore the non-conservative operator
can be written as

1
(219)  Ns(E) = parfs(t, ) /O Falt, % )du — dsfs(t,x, ).

Finally, cytokines are produced by SRTCs when stimulated by SAPCs,
(2.20) A+ R— A+ R+ C,

and are subject to natural decay. Therefore, the non-conservative operator may
be written as

1 rl
(221) NC(f):pCQ/D /0 /OfA(taxa U)fR(t,X,V,U/)dU du'dv _dCfC(t7X7W)'



194 JOAO OLIVEIRA, ANA JACINTA SOARES and ROMINA TRAVAGLINI [10]

Since the motion of cytokines is characterized by the diffusion through tissues,
it would be sufficient to introduce a macroscopic diffusion coefficient D¢ in the
model equation. However, for the sake of coherence, we show how to rigorously
derive this coefficient from the kinetic description of the microscopic dynamics.
Accordingly, we write the turning operator in the more general form,

(222)  Lolfo)(w) = /@ [T (w, w') fo (W) — T(w', w) fo(w)] dw’,

and assume that the kernel depends only on the velocity of the cytokines after
the interaction. Therefore,

(223)  T(w,w)=oM(w),
(2.24) M(w) = [%- <Z T) an(\/i)”—Q} B exp (-“5) :

where we choose the kernel giving the probability of a velocity jump from w’
to w. Moreover, B is the maximal speed of the cytokines introduced before,
B, is the volume of the unit ball, ¢ > 0 and ~; the lower incomplete gamma
function

(2.25) vi(y,x):/ tv=letdt.
0

The spectral properties of Lo (fc) leading to macroscopic diffusion will be an-
alyzed in Subsection 2.3.

Our choice for the turning kernel is motivated by the models proposed
in [3,4], where a more general form for the function M(w) is considered, as
long as it meets the required properties for deriving the macroscopic equations.
In our case, we consider a relatively arbitrary Gaussian distribution of cytokines
in the velocity space, as outlined in (2.24).

2.3 - Spectral properties of the operators

In this subsection, we state the analytical properties of the operators Lg[fc]
and L¢, that will be used in Section 3 for the derivation of the macroscopic
diffusion system. The spectral properties of the two operators ensure that it is
possible to recover reaction-diffusion equations for the macroscopic densities,
thanks to the results proved in [25] and [3] for operators Lgr[fc] and Lc,
respectively. In these papers, such results are presented for a more general
case. Here, we provide the statements for our particular case, addressing the
reader to the cited references for the proofs.
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Lemma 2.1. Let Lg[fc] be the turning operator given by (2.12), (2.13),
(2.15), along with the turning kernels Ty and Th defined in (2.14) and (2.16),
respectively.

(i) The turning kernel Ty is constant and positive, and

(2.26) / TO(V,V’)dV—/ To(v,v')dv' —/ / TE(v,v')dvdv' = 1.
Or Dr Dr JDgr

Then, given the equation E%(f) =g, there exists a unique solution f €
L? (DR) to this equation, provided that the following solvability condition
holds,

(2.27) fdv=0% gdv =0.
DR ©R

The inverse of the operator ﬁ[}g corresponds to the multiplication by —%.

(i) For any density C of cytokines, T1, acting on the space D X Dg, is an
L? function, that is T1(-,-,C) € L>(Dr x DR), moreover

(2.28) / Ti(v,v',C)dv = 0.
Dr

Lemma 2.2. The kernel T defined in (2.23)-(2.24) is such that

(i) M(w) is bounded and strictly positive, and so it is T(w,w’);

(ii) M(w)dw =1 and wM(w)dw = 0.
Do Do

Therefore, given the equation Lo(f) = g, there exists a unique solution f €
L? (@c, dw) to this equation, provided that the following solvability condition
holds

(2.29) / fdw=0& gdw = 0.
@c QC
The inverse of the operator Lo corresponds to the multiplication by —%

The results presented in Lemmas 2.1 and 2.2 will be used in the next section.
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2.4 - Kinetic equations

From the modelling aspects presented in Subsections 2.1 and 2.2, the evo-
lution equations for the distribution functions fa, fsg, fr, and fo is given by
the following system of kinetic equations,

(2.30) (ZA = Ga(f) + Na(f),

031) Ry V= Lalfel(fr) + Gn(E) + Ni(E),
(2.32) % = Gs(f) + Ns(f),

(2.33) e | w .V, fo = Lolfe) + Nolh),

ot
where the operators £; for i = R,C, and G; for i = A, R,S, and N for
i = A,R,S,C are those defined in equations (2.12), (2.22), and (2.3), (2.8)
(2.17), and (2.6), (2.11), (2.19), (2.21), respectively.

3 - From the kinetic regime to macroscopic equations

In this section, starting from the kinetic equations (2.30)-(2.33), we derive
the macroscopic system describing the evolution of the global densities of the
populations involved in the dynamics, namely A, R, S and C. To this aim, we
first perform a time scaling, assuming that the dominant processes are the move-
ment of SRTCs and cytokines, whereas the conservative and non-conservative
dynamics occur at lower time scale.

Choosing a small parameter ¢, we write the system of integro-differential
evolution equations for the distribution functions fa, fs, fr, fo as follows

By o v,

62 2Ry = Lealfel () + GR(E) + eNa(E),
(33) O —egyn) + ens(h),

(3.4) ¢ | .V, fo = —Ec(fc) +eNg(F),

ot
where the operators £; for i = R,C, and G; for i = A, R, S, and N for i =
A, R, S,C are those defined in equations (2.12), (2.22), and (2.3), (2.8) (2.17),
and (2.6), (2.11), (2.19), (2.21), respectively, of the previous section.
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We also suppose that, for the evolution of fr, the perturbation given by the
cytokines gradient is of order ¢, thus

(3.5) Lrlfel(fr)(v) = LR(fr)(V) + e LE[fc](fr)(V),

with £%(fr) and LL[fc]|(fr) being given by (2.13)-(2.15), respectively.

The aforementioned decomposition is motivated by the one discussed in pa-
per [25], where the considered perturbations, caused by external fields, exhibit
varying magnitudes and affect both the turning rate A and the turning kernel
T of the unperturbed problem, and where the different effects on the parabolic
limit are studied. However, in our analysis, we focus solely on the scenario
regarding an order e perturbation of the turning kernel.

3.1 - Fquations for A and S

In order to derive the time and space evolution equations for the macroscopic
densities A(t,x) and S(t,x), we formally integrate equations (3.1) and (3.3) in
the activity variable u, obtaining

(3.6) 8A((9tt,x) = a+ p12A(t,x)R(t,x) — di3A(t,x)S(t, x) — d1 A(t, x),
(3.7) 85'§9tt,x) = ps1S(t,x)A(t,x) — d3S(t, x).

3.2 - Equation for R

For the time and space evolution equation of the density R(¢,x), we fol-
low the procedure outlined in [25] for the case of an O(e) perturbation of the
turning kernel, namely Ty + € T, with Tp and 77 defined in (2.14) and (2.16),
respectively. We then use the properties of the operator E(If stated in Lemma
2.1, along with the property (2.28) of the perturbation kernel 77 of Subsection
2.3.

We continue by writing fr as a Hilbert expansion in e,
(3.8) fr(t,x,v,u) = fo(t,x,v,u) + efh(t,x,v,u) + € fa(t,x,v,u) + O(),

and then we insert this expansion in equation (3.2). Equating the terms of
same order in €, we get the following set of equations at the €°, ! and e*-
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orders, respectively,

(3.9)  LR(fR) =0,
(3.10) vV [ =Ly(fR)+ LEIfC)(fR),

afY
Tf—FV‘VXf}%

(3.11) = L(fR)+ LRIl (fR)+Gr(fa, 2 f3)+NR(fas fRo f5)-

Without loss of generality, we assume that the total density of the SRTCs is
concentrated in f%, and therefore

(3.12) fo(t,x,v,u)dv = pr(t,x,u), fot,x,v,u)dv =0, i=1,2.
DOr Dr

Then, from (3.9) we get that f9 does not depend on v

1
(3.13) PRt v,w) = = prlt, x,w).
Consequently, the e!-order equation (3.10) becomes
v, PR el PRY _ p0(rl
(3.14) vV PR chifo] () = chish).

Thanks to Lemma 2.1 and property (2.28), it is possible to invert equation
(3.14) above, getting an explicit form for fh

1
(3.15) fRt,x,v,u) = —<v- pr—R + LR Ty(v,v',C)dv'.
A w w Jo,

Inserting now the expression of f}(t,x,v,u) into the e*-order equation (3.11),
we obtain

1 9pr 1 PR | PR
0 2y 1 _ Lo / '
Lrlfcl(fr) = o ot +v Vx< 3V Vx - + - @RTl(v,v,C’)dv

1
- )\/ Ti(v,v',C) [—v/ . pr—R + PR T (v, w, C’)dw} dv’
Dp )\ w w Dp

(316) +gR(fA7pvaS)+NR(anpR:fS)'

To derive explicitly the term f%, we impose the solvability condition (2.27), and
therefore the integral in v of the right-hand side term in the expression (3.16)
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vanishes. This gives the following expression for pg, in which we still have the
dependence on u,

1
%—VX~ (/ V®VdV> 'VXP—R + Vi - {pR/ / vTi(v,Vv',C)dv'dv
8t Dr )\ w w Dp JDp

(3.17)
= [Gr(fa, PR, fs) + NR(fa, PR, [5)]w.

The first integral in the above equation (3.17) gives

/ 1v®vdv—U72wI[
op A (2N

with I being the identical matrix of order n, whereas the second one can be
written as

/ / VTl(V,V,,C)dV,dV:’)/’(/J(R)/ VRV- </ U\;’®\;/dV/> VxCdv
op Jog on op U

that, when computed, gives

U

Gy

(3.18) / / vTi(v,v,C)dv' dv = y(R) w?
Dr /DR

Defining the coefficient for SRT'Cs and the chemotaxis macroscopic parameter
as

U2

(3.19) Dr=

d y=yw—
and Y =W e

the partial differential equation (3.17) for pp reads

0
% _vx'[Dva PR—X¢(R)PRVX C]

(320) - gR(fAupR)fS)+NR(anpR7fS)a

and if we integrate equation (3.20) above also in the variable u, we obtain

E?Rgtt,x) =Vx - [DrVx R(t,x) — x¥(R(t,x)) R(t,x) Vx C]

(3.21) + po1 R(t,x)A(t) — dos R(t,x)S(t) — do R(t, x).
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3.3 - Equation for C

The procedure proposed in [3] can be applied to derive the macroscopic
equation for C(t,x). The properties stated in Lemma 2.2 of Subsection 2.3.
will be used in this derivation.

As done for the distribution of SRTCs, we also perform an expansion of f¢
with respect to e,

(3.22) folt,x,w) = fo(t,x,w) +ef(t,x,w) + € f24(t, x,w) + O(€%).

Inserting expansion (3.22) of fc and expansion (3.8) of fr into equation (3.4)
and equating terms of the same order, we get the following equations at the €°,
¢! and e?-orders, respectively,

(3.23) Lo(f2) =0,
0
(3.25) aa‘]? +w - Vs f& = Ne(fa, pr, f&) + Lo(fE).

From the order € equation (3.23), supposing also here that the mass is con-
centrated in the e%-order term of the expansion, we straightforwardly get

(3.26) fo(t,x,w) = M(w)C(t,x).
This allows us to write the e'-order equation (3.24) as
(3.27) w - Vy M(W)C = ﬁC(fé‘)v

that provides
1
(3.28) ot x,w) = oW M (w)V«C.

We insert this expression into the e?-order equation (3.25), which then can be
rewritten as

oC 1
(3.29) Lo(f2) :M(w)a—i—w‘vx <—Uw . M(W)VXC’> —Ncelfa, pr, M(w)C].
According to the spectral properties of L stated in Lemma 2.2, equation (3.29)
can be solved only if the integral in w of the term on its left-hand side is null.
Then, the solvability condition (2.29) provides

aC(t,x)

(3.30) e

= Do Ax C(t,x) + pc2A(t, x)R(t,x) — dcC(t, %),



[17] KINETIC MODELS LEADING TO PATTERN FORMATION 201

where the diffusion matrix for the cytokines is given by

L 2
331) -~ [ wowMw)dw=— |12\ /| 1= DelL
7 /20 L (35

being D¢ the diffusion coefficient. As already mentioned, the dependence of D¢
on the microscopic parameters n and B recognizable in (3.31) is not exploited
later on.

3.4 - Reaction-diffusion system

We first collect the macroscopic equations (3.6), (3.7), (3.21), and (3.30)
derived in the previous subsections, giving the evolution of the global densities
of the populations involved in the dynamics. The macroscopic system is then
given by

332) PN A0 R(L) — ds A )S(1%) — diA( ),
(3.33) 85&’ %) _ p St x)A(E ) — dsS(E X),
@31 N g 1DV, R ORI X)) (LX) VO]

+ P21 R(t, x)A(t, x) — dosR(t,x)5(t,x) — d2R(t, %),
335) 20N b A3 1 pea Al ORI X) — doC(t, ).

Then, we perform the change of variables

(3.36) t=At, X=4/—x,

where the parameter A is given by

A dap2 . do3 (d1d3 — pa1cv)

3.37
(3:37) D31 dy3d3

- d27
with parameters being chosen in such a way that A is positive.
Then we define non-dimensional macroscopic densities,
AN 5 Sdys ~ R ~ CA?

(3.38) A=— 8=, R

Ry’ ~ peea Ry
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and define the new coefficients

/B:RMPH C:@ _ a1 V:@ 5:&
A ) A7 lu’ A27 A7 DR?

pode o pealor o pna o da o, d
A, X DRA2 9 77 AQ? d137 A’

and the function
U(y) = (1 —y) logy<1-

Referring equations (3.32)-(3.35) to the non-dimensional densities (3.38), we
obtain the following system,

(3.39) %jzlJrﬂAR—AS—(A,
S
A4 — =uAS—
(3.40) 5 — 1 S—vS,
OR
(3.41) S5 =V (VxR—EU(R)RVxC)+nAR—6RS— 0 R,
(3.42) 885’:5AXC+AR—TC,

where, for convenience, we have renamed the tilde-labeled densities and pa-
rameters by removing the tilde, and omit the dependence of the macroscopic
densities on time and space.

Equations (3.39)-(3.42) constitute our reaction-diffusion system that will be
analysed in the next section in terms of pattern formation. They describe the
behaviour of the global densities of the populations, exhibiting the diffusion of
both the SRTCs and the Cytokines.

4 - Turing instability

Reaction-diffusion systems may exhibit Turing instability when a spatially
homogeneous steady state exists such that it is stable in absence of diffusion and
may become unstable by adding the diffusive terms, see [34]. This condition
may lead to the formation of spatial patterns that have been widely used in
literature to describe phenomena in biology, [15,21,22], in particular in the
study of autoimmune pathologies like multiple sclerosis [23], and phenomena in
chemistry [9,29]. In the case of chemotaxis, a more general discussion may be
found e.g. in [35] along with an analytical proof of global existence of solution.

Thus, in view of studying the Turing instability for system (3.39)-(3.42),
we first characterize its steady states when the diffusion terms are absent, and
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study their stability. Then we investigate conditions that lead to the formation
of patterns for the complete system with diffusion (3.39)-(3.42).

4.1 - Ezistence and stability of equilibria

The steady states of system (3.39)-(3.42) without the diffusive terms are
given by Ek = (Ak, Sk, Rk, Ck), k= 1, v ,47 with

v —ut+nv —Ouv+ v — o+ (puve v )
41) E = (=2, : ,— Ry,
(4.1) ' <u po Buveo pr
(4.2) By = <1,0,0,0> :
¢
(4.3) B3 = (”, ROV, 0),
n v

o - 0
(4.4) E4:(, 0 77+<,VR4>,

n 0 UT

We want to focus on equilibria that would be biologically relevant, i.e. the ones
that belong to the set

(4.5) A= {A(t,x) >0, S(t,x) > 0,0 < R(t,x) <1, O(t,x) > o}.

For this reason, we consider equilibrium F1q, that belongs to A if the following
conditions are satisfied

(4.6) —Op+ nv >0, Buveo>—-60puv+nv?— 2o+ Cuve>N0.

Written in terms of the microscopic parameters of the model before the adi-
mensionalization, the conditions above become

(4.7) Y= d3pa1 — daps1 > 0,

o . G1ds n dizds(dspa1 — d2p31)'

4.8 a <, with
(4.8) P31 dasp3,

We observe that the results above are analogous to those obtained in [14], but
in this case we have the additional condition

«  d3p2 Ry

(4.9) a<oa, a=a«
P31
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Concerning the asymptotical stability of the equilibrium F;, we first lin-
earize system (3.32)-(3.35) around Ej, resulting in

A— A
oW S -5
(410) W = AW7 for W = R_ Rl s
C-0Cy
where the Jacobian matrix A is given by
K v pr
0 v p
(4.11) A= J O |, with 7= —Ou+ny
0 3 0 0
001 —7
. _1
76 5

Since the eigenvalues of the matrix A are —7 and those of the matrix J, it is
immediate that the stability of the equilibrium state F; is determined by the
eigenvalues of the matrix J, so that we study its characteristic polynomial, say
Py(\) = —P()\), with

P()) =A3+%A2— <W+ V(Gu—nV)> At (i — Op).

Pu pp 1o
The coefficients of P(\) may be written in the form
K P31
v dgA ’

dsdiz32 * -
_<T]V_|_VM(9,LL—77V)> e _p21(a a)

dp @ p31dazA? A2 ’
v X" —a)

where the parameter A can be written as

da3p31
A= ot —a),
dq3ds ( )

thanks to (3.37) and (4.8). Thus, for a < a*, we recover the stability condition
obtained in [14], that is

(4.12) a>al,
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with o the unique positive zero of function
(4.13)  h(a) = daspaipsie® + (dsS(dis + dag) — dagpaipsier™) o — dadasSa™.

We then conclude that linear asymptotic stability of equilibrium FE; is obtained
for

(4.14) max (aH, a) <a<at

Therefore, the condition that determines the linear asymptotic stability of the
equilibrium state E7 is

(4.15) max (o, @) < a < a*.

4.2 - Pattern formation

To investigate Turing instability for system (3.39)-(3.42) , we consider now
the linearized system (4.10) with the diffusion terms added, imposing no-flux
conditions on the boundary OI' of the spatial evolution domain I'. Therefore,
the system of interest is

8E:ID)AXW+AW on (0,00) x T
(4.16) ot
n-VyW =0 on (0,00) x 9T

where n is the external unit normal to 9", and D is the diffusion matrix,

0 0 0 0
0 0 0 0
(4.17) D=
0 0 1 —&U(Ry)Ry
0 0 0 5

We have formation of patterns for the system (4.16), whenever the matrix
A — kD has at least one eigenvalue with positive real part for some value of
k, and this is equivalent to require that det(A — k%D) < 0 for some value of k.
The determinant of A — k2D, as function of k, reads as

v(=0p+nv)

(4.18) det(A — k*D) = i

('S + k(0 +7—EU(R)Ry) + 7).
Defining

(4.19) h(k?) = k'S + kK> (6 + 7 — EU(Ry) Ry) + 7,
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and holding the existence conditions (4.6), necessary and sufficient conditions
to have det(A — kD) < 0 are

(4.20) 5+T—f\II(R1)R1 <0,
(4.21) Ponin > 0, hmin = (6 4+ 7 — EU(Ry) Ry)? — 467,
which lead to
2o +6+T
4.22 L N)

Therefore, we have formation of patterns for the system (3.39)-(3.42) whenever
condition (4.22) holds.

4.3 - Parameters discussion

In this subsection, we discuss conditions in the parameter space leading
to Turing instability, in light of the conditions (4.15) and (4.22) previously
obtained. We set our analysis on the kinetic parameters of the model, namely
destructive rates d;;, proliferative rates p;;, death rates d;, constant input of
SAPCs «, turning rate A\, and microscopic chemotactic parameter -, and put
the focus on «, A\, and . Having this in mind, equation (4.22) is rewritten as

250N +00) (@)

4.23 a, A,
where
p31(a* — ) di3dz dc
Ri(a)=—"———, T(a)=7""FT"T"F",
(4.24) i(a) d3 p12 R daspsi (ot — )
' De(2 4 n)A a Ay diyd3 (2 + n)wpce R
s = ZCETA ey A ) = .
W U? 3 v d33(1 4 n)2p3; (o — a)?

As stated in Subsection 3.3, we are going to neglect the dependence of Do on
microscopic quantities n and B carried out in (3.31).

Then for some fixed values of parameters d;;, p;;, and d;, we choose a value
of @ compatible with the stability condition (4.15) and then discuss the range
of parameters A and v in agreement with pattern formation condition (4.22).
Accordingly, we define the reference function

2y 6(NT(A) +6(N) + 7

U(R1)Ry ’
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with the dependence of £, Ry, d, 7 on the microscopic parameters given by in
(4.24), and look for parameters A and 7 such that

(4.26) G(\,y) > 0.

Following the above described strategy, we develop some numerical simulations
in the next subsection.

4.4 - Numerical results

Here, we perform numerical simulations to reproduce pattern formation in
the 1-dimensional domain I' = [0, 25], imposing zero-flux at the boundary and
starting from a random perturbation of equilibria. Our main objective is to
show that it is possible to single out certain values for o, A, v leading to pattern
formation as a consequence of diffusion of SRTCs and cytokines. The numerical
tests developed are merely illustrative, and therefore, the choice of parameters
was not based on real data. We consider

Dc =90, U=05 pco =100, dc=0.5 Ry =10,

(4.27) pi2=0.1, po1 =9, p3 =4,
dis =1, dys=9 dy=9, dy=0.14, ds=20,

meaning that the autoimmune dynamics is reflected in a rather high death rate
of ISCs, specifically d3 = 20, along with a low death rate of SRTCs, namely
dy = 0.14. Moreover, we then obtain the critical values

(4.28) a=06492, off =6553, o =69.92,

. . . . . oG
and consider o € (o, a*). Function G is continuous and, since — > 0 for any

0
fixed value of A = ), function G is also positive for sufﬁciently,{arge. Figure
1 shows the plot of G in the A\y-plane, for a = 68.7 and the other parameters
given as in (4.27). We can identify a critical threshold curve in the Ay-plane
where function G becomes positive.

Taking again @ = 68.7, we choose A and v in the region in which condition
(4.26) for function G being positive is satisfied, visible in Figure 1, more pre-
cisely we choose A = 3.5 x 107* and v = 5.5. Then we run a finite-difference
method for system (3.39)-(3.42), taking as initial data a random perturbation
of spatially homogeneous equilibrium F; given in (4.1).

Figure 2, panel (a), shows the time-space plot of SRTCs density, namely
R(t,x), in the spatial domain I' and a window of time [0, 350], exhibiting the
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z=G(\)

Fig. 1. Representation in the A\y-plane of function G defined in (4.25), with micro-
scopic parameters taken as in (4.27), and o = 68.7.

pattern formation generated by the diffusion processes. Panel (b) shows the
spatial non-homogeneous representation of SRT'Cs density for the final time t =
350 (solid line), compared with the spatial homogeneous equilibrium without
diffusion (dashed line).

®) 0.35

@ 350
o4 t=350
300 0.3
t
250 0.25 0.25
200 0.2 0.2
150 0.15
0.15
100 0.1
0.1
50 0.05
0 5 10,15 20 25

0 5 10 X 15 20 25

Fig. 2. Evolution of SRTCs density R(x,t) with microscopic parameters taken as in
(4.27), and a = 68.7, A = 3.5 x 10~%, v = 5.5. Panel (a) — time-space plot. Panel (b)
— spatial representation for the final time ¢ = 350, showing the non-homogeneous dis-
tribution (solid line) compared with the homogeneous equilibrium distribution without
diffusion (dashed line).
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5 - Conclusions

In this work, we have proposed a kinetic model to be adopted for the study of
the dynamics of cells involved in autoimmune diseases. Starting from the model
presented in [14], in which the behavior of antigen presenting cells (SAPCs), self
reactive T-cells (SRTCs) and immunosuppressive cells (ISCs) was studied only
with respect to time, we have here included a spatial component. Moreover,
we have also considered the chemotactic motion of T-cells driven by cytokines,
in order to get diffusion-chemotaxis terms in the macroscopic model.

We have written the kinetic equations for the distribution functions of pop-
ulations cited above. The integral terms taking into account the conservative
and non-conservative encounters among cells are analogous to those derived
in [30], along with the constant input of SAPCs and natural decay of cells in-
troduced in [14]. We have, then, considered an additional term in the equation
of SRTCs for the changes in the velocity. More precisely, we took an integral
turning operator inspired by the one proposed in [25], based on a velocity-
jump process, including a volume-filling effect and a dependence on the cell
speed in the turning kernel. In addition, we have built up the kinetic equation
for the cytokines, considering their production coming from encounters between
SAPCs and SRTCs and natural decay. A turning operator has been considered
in this case as well, but it has been chosen in a more general form, like the
ones proposed in [3], considering only a random motion of particles leading to
diffusion.

A time scaling has been performed in order to derive macroscopic equa-
tions. In particular, we supposed that the processes involving the velocity are
the dominant ones, while all the conservative and non-conservative ones are
happening at a lower time scale. This has allowed us to obtain a system of
four macroscopic equations for the densities, in which the diffusion and the
chemotaxis terms appear in the equations for SRTCs and cytokines.

We have outlined the stability analysis of the system without diffusion, set-
ting our discussion on the parameter representing the constant input of SAPCs
and then, after a reduction to a system involving only the diffusive species,
we have performed Turing instability analysis. We have been able to find con-
ditions on the macroscopic parameters involved in diffusive and chemotaxis
constants leading to the appearance of spatial patterns, confirming our findings
through numerical simulations.

The aim of this work has been to enrich the kinetic models describing au-
toimmune diseases present in literature, as the procedure here adopted has
many advantages. Above all, it allows us to obtain a macroscopic model in
which the coefficients depend on the microscopic features of the agents involved



210

JOAO OLIVEIRA, ANA JACINTA SOARES and ROMINA TRAVAGLINI [26]

and provides a more consistent mathematical tool to be applied and adapted
to more specific cases of pathological conditions.
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