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Abstract: The human organism is a very complex system. To be in good health, its components must
function properly. One of the most important systems of an organism is the immune system. It protects
the body from the harmful effects of various external and internal agents. Sometimes, however,
the immune system starts attacking its own healthy cells, tissues and organs. Then autoimmune
diseases arise. They are widespread in recent decades. There is evidence that often autoimmune
responses occur due to viral infections. In this paper, a new mathematical model of a general
autoimmune disease is proposed. It describes the interactions between viral particles and host cells.
The model is formulated by using integro-differential equations of Boltzmann type. This approach
is typical for the nonequilibrium statistical mechanics. A preliminary qualitative and quantitative
analysis of the model is presented.
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1. Introduction

Mathematical modeling has been actively used in recent decades in various fields of science and
technology, in particular in the field of modeling complex systems, which include living beings [1].
Real experiments cannot always be performed on them due to the complexity of the organisms,
the necessary technique is not always available, often such experiments are lengthy, expensive and
difficult due to ethical considerations.

The mathematical model can describe some characteristic properties of the phenomenon under
consideration and predict its possible scenarios for the course without necessarily conducting
real experiments.

Mathematical modeling has been successfully used to study various diseases. Autoimmune
diseases have become widespread in recent years. They occur when the immune system, due to
disruption of the proper mechanisms of its functioning, attacks and destroys its own healthy cells,
tissues and organs. Autoimmune diseases include more than 80 specific diseases of various organs [2].

The purpose of this article is to present a new mathematical model of general autoimmune disease.
The model is used to analyze numerically the role of autoreactive immune cells for the occurrence and
development of autoimmune diseases. Several different possible scenarios are presented. Their analysis
and understanding can be useful for development of better treatment strategies.

The model is formulated within the framework of the kinetic theory of active particles. In this
framework the interacting individuals (e.g., cells) are characterized not only by mechanical variables
but also by a variable that expresses their functional properties, for example the ability to perform their
biological function. Such a variable is called functional state or activation state and the interacting
entities are called active particles, see [3-9] for more details, applications and bibliography.

The content of the article is as follows. In Section 2 a description of the mathematical model is
given. In Section 3 results of numerical experiments are presented. Some concluding remarks are given
in Section 4.
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2. Description of the Mathematical Model of a General Autoimmune Disease

Among the factors leading to autoimmune diseases are environmental [10], genetic [11],
sensitivity to gluten [12-14] etc.

In addition, there is evidence that viral infections can lead to autoimmune diseases due to
antigenic mimicry [15-18]. This is the reason to include in the mathematical model the population of
viral particles. In addition we consider the populations of target cells (healthy cells), damaged cells and
effector immune cells. Among the effector immune cells participating in the processes of autoimmune
diseases are autoreactive cytotoxic T lymphocytes (CTL), B cells and macrophages [19,20].

Each population is denoted by subscript as follows:

1.  Target cells are denoted by the subscript 1.

Damaged cells are denoted by the subscript 2.

3.  Effector immune cells are denoted by the subscript 3. For brevity, hereafter they are mentioned as
immune cells.

4.  Viral particles are denoted by the subscript 4.

N

The three cell populations denoted by subscripts 1, 2 and 3 are assumed to be non-homogeneous
with respect to their main activity which is represented by variable u € [0,1].

In our model the activity of the target cells represents their susceptibility to be damaged by
immune cells. For a given target cell its activation state corresponds to the probability that this target
cell will be damaged after its interaction with an effector immune cell.

The activity of the damaged cells represents their ability to stimulate the production of higher
number of immune cells. For a given damaged cell its activation state is supposed to be the normalized
quantity of specific self-antigens released after the immune attack against this cell in the process of its
damage. The released self-antigens can stimulate the production of specific effector immune cells [21].
The value u = 1 corresponds to the maximal possible release of self-antigens, while the value u = 0
corresponds to the absence of released self-antigens.

The activation state of the immune cells represents their aggressiveness against target cells
(healthy cells). It is supposed to be the probability for a target cell presenting specific proteins to be
damaged after its interaction with the given immune cell.

The states of these three cell populations are described, at time ¢, by their probability densities

fi(tu),i=1,2,3.

The state of the viral population is described, at time t, by their concentration n4(t).
The concentrations of the remaining populations is calculated by the relation:

ni(t) = /Olfi(t,u)dui ~1,2,3. 1)

The present model is a generalization of the kinetic models of autoimmune diseases proposed
recently in [22,23]. The model proposed in [23] describes only the populations of target cells,
damaged cells and immune cells. The model proposed in [22] consider the populations of target
cells and damaged cells as homogeneous with respect to their activation states.

The evolution equations for the probability densities of the cell populations and the concentration
of the viral population include the respective gain, loss and conservative terms describing the main
interactions between them.

The evolution equation for the density of the target cells in our model is the following:

Ptu) = Su(t) + L) (pn — £ AL W)

2
—dy1f1(t,u) — dysufi(t,u) f01 vf3(t, v)do. @



Symmetry 2020, 12, 1457 3o0f7

Here the corresponding terms have the following meaning. The non-negative function S (t)
characterizes the inlet of healthy cells by sources within the organism, e.g., thymus. The logistic-like
term describes the proliferation of the target cells with maximal rate determined by p1; and parameter
Tmax characterizing the limitation of their proliferation. The natural death of the healthy cells is
characterized by parameter dq;. In our model we assume that the rate of damaging of the healthy cells
by the immune cells is proportional to the states of activities of the healthy cells and of the immune
cells with corresponding parameter dy3.

The evolution equation for the density of the damaged cells in our model is the following:

S(tu) = dis [y vfi(t,0)do [} vfs(t,0)do — dxmfo(t,u), 3)

We see that (after integration from 0 to 1 with respect to the activation state) the first (gain) term
here is in fact anti-symmetrical to the corresponding loss term with the same parameter d13 from the
first Equation (2) because the damaged cells move from the first population to the second one.

The evolution equation of the density of the immune cells in our model is the following:

%(t,u) = (1-u) lpﬁ fol vfa(t,v)dv + p34n4(t)] —ds3f3(t,u)

il (4)
tes|2 /(u — o) fa(t0)do — (1—u)2fs(t, u)]

0

In this equation we assume that the production of the immune cells is stimulated by damaged
cells and viral particles (described by the corresponding gain terms). We suppose that the newly
produced immune cells are with low activation state and this explains the factor 1 — u. The last term
corresponding to the parameter c3 describes the possibility of raising the activity of the immune
cells. It is conservative term, i.e., after integration with respect to the activity of immune cells their
concentration does not change due to this term.

Change of the activity of effector immune cells can be achieved for example by helper T cells
(Th), which are able to activate effector immune cells, or by regulatory T cells (Treg), which are able to
decrease the activity of effector immune cells [19,24,25].

The evolution equation for the concentration of the viral particles in our model is the following:

Sng(t) = pang(t) — daang(t) — dagns(t)na(t). ©)

Here we consider the linear production of viral particles and their possible destruction by
immune cells.

The model (2)—(5) should be supplemented by non-negative initial conditions. The parameters of
the model are supposed to be non-negative.

To formulate the theorem of existence, uniqueness and non-negativity of the solution to the model
we introduce the following spaces:

X = {f = (fl,fz,f3,1’l4) : |1’l4| < OO,fl' S L1(O,1), 1= 1,2,3},

Xt ={f=(fi,fofans) €EX:n4>0,f>0,ae,i=1,23}.

The following theorem can be easily proved:

Theorem 1. Let Sy € C°([0,00); RY.). For each T > 0 the model (2)~(5) with non-negative initial datum has a
unique solution, which belongs to X*,Vt € [0, T].
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3. Numerical Simulations

To obtain the approximate solution to the modeled problem corresponding to (2)—(5) we performed
a suitable discretization of Equations (2)—(4) with respect to the states of activity of the cell populations
by uniform meshes. The participating integrals were calculated by using the composite Simpson’s rule.

Thus, we obtained a system of ordinary differential equations which was solved for various
parameter sets by using the solver odel5s from the MATLAB ODE suite [26].

We assumed that initially there is a certain number of healthy cells, damaged cells, small number
of immune cells with equally distributed states of activity and small number of viruses:

f1(0,u) =10, £(0,u) =0.05, Vu € [0,1],

f3(0,u) =0.1, Vue[0,1], ny(0)=0.1

The parameters were set as follows:
Tmax = 10°,  S1(t) =10, Vt >0,

di1 =02, diz=01, dyp =08 diy3=01, diz=40 dsz=40,
P11 = 0.5, P32 = 0.0004, pa = 10.0,

and various values of parameter cs.

The aim of the simulations has been to analyze the role of the parameter c3 which characterizes
the possible raising of the autoimmune activity of the immune cells.

The concentrations of target cells and damaged cells for c3 = 0.0 are shown on Figure 1. This case
illustrates a case when the immune system functions properly and does not cause any damage to the
healthy cells. In this case, an autoimmune disease does not occur.

On Figure 2 we see the concentrations of target cells and damaged cells for c; = 0.1. Here we
see that the immune system causes small damage to the healthy cells but later an equilibrium occurs,
and we can consider this case as absence of autoimmune disease or a chronic autoimmune disease
with mild symptoms.

The concentrations of target cells and damaged cells for c3 = 10.0 are shown on Figure 3.

In this case, we observe autoimmune destruction of certain amount of followed by their partial
reestablishment. Further the autoimmune destruction continues followed again by reestablishment
of the target cells and after several oscillations the interacting system tends to equilibrium state.
Depending on the values of the damaged cells it can represent more or less severe autoimmune disease.

On Figure 4 we see the concentrations of target cells and damaged cells for c3 = 23.0. Here we see
periodic oscillations of the concentrations of healthy and damaged cells. Such relapses and remissions
are typical for some autoimmune diseases such as multiple sclerosis [15] and lupus erythematosus [16].
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Figure 1. Concentrations of target cells and damaged cells for c3 = 0.0.
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Figure 2. Concentrations of target cells and damaged cells for c3 = 0.1.
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Figure 3. Concentrations of target cells and damaged cells for c3 = 10.0.
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Figure 4. Concentrations of target cells and damaged cells for c3 = 23.0.

In conclusion, we see that the increasing of the autoimmune activity of the immune system
leads to destruction of target cells and possible instability of the organism which tries to provide
reestablishment of the target cells but this is not always possible.

4. Conclusions

The paper represents a new mathematical model describing the interactions between several
populations participating in autoimmune diseases. The numerical simulations illustrate several typical
courses of interactions when the immune system functions improperly and destroys healthy cells due
to viral influence. My future research plans include investigation of the role of other parameters of the
model and its development which will allow the application of the model to clinical data. In particular,
I plan to include explicitly populations of Th cells and Treg cells. The helper T cells are shown to be
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able to increase the activity of effector immune cells. On the contrary, there is evidence that regulatory
T cells can decrease the activity of effector immune cells [19]. As numerical results presented in
Section 3 show, the activity of effector immune cells can be very important factor for development of
autoimmune diseases. Therefore, taking into account these additional cell populations can give more
precise results and better understanding of the autoimmune processes. Thus, new ideas for treatment
of patients can be obtained and developed.
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