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Abstract. The World Health Organization considers leishmaniasis as one of the six most
important tropical diseases in the world. Actually, it is endemic in 88 countries and the
different types of this disease affects approximately 12 million of people worldwide.
Leishmaniasis is caused by protozoan parasites of the genus Leishmania. The mechanisms of
the cellular response against leishmaniasis are not completely known. Additionally, there is still
a lack of understanding on the metabolism of the parasite. In this way, we have developed and
analyzed a computational model for the immune response to Leishmania major infection by
using multi-agent systems. In our model, we have seven different cell types: Leishmania major,
CD4-T cell (resting and activated), macrophage (resting, activated, infected, chronically
infected), eosinophil (resting and activated), neutrophil, dendritic cell (resting and activated),
and keratinocyte. Furthermore, there are void sites to simulate the mobility of the cells. Our
model can simulate migration, activation, phagocytosis, and cellular death by lifetime. It was
constructed on a three-dimensional cubic lattice. The results show that the Kinetics of different
cell types does not change for different lattice size. Furthermore, our results suggest that an
agent-based approach is a suitable instrument for investigating the cellular interaction.
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1 Introduction

Leishmaniasis is one of the six most important tropical diseases worldwide. It is
caused by a protozoan that belong to the genus Leishmania and, it is classified as a
neglected tropical disease. Over 20 species of Leishmania are capable of causing human
disease. Actually, this disease is endemic in 88 countries, affects around 12 million of
people, has an annual incidence around two million cases worldwide, and causes over
50,000 deaths per year. Leishmaniasis is transmitted to humans and animals by the bite
of female phlebotomine sandflies [3].

The most common forms of leishmaniasis are cutaneous, which causes skin
sores, and visceral, which affects several vital organs. Mice are capable to control L.
major infection and a cellular and response is developed by the immune system [10,13].
Macrophage is the primary host cell, dendritic cells promotes a CD4 T response, CD4 T
cells activate macrophages, and activated macrophages clear the parasite [12] . The
knowledge of the progression and control of leishmaniasis is important to identify the
responsible factors for the migration of immune cells to the affected tissue. However,
this mechanism are not completely understood [13].

Mathematical modeling of disease has become an indispensable tool to
investigate the Kkinetics of immune response. This is possible due to the multiple sources
of knowledge about parasite-host interactions and the emergent behavior of a population
of immune cells. Recently, some computer models have been used to gain insight into a
variety of diseases caused by protozoan. Examples includes Chagas disease [5-7,9],
malaria [4], toxoplasmosis [14], and leishmaniasis [1,2,11]. Several approaches used to
describe the disease evolution on a cellular level are based on differential equation,
cellular automata and multi-agents. Thus, to verify the kinetics of the immune response,
we have developed and analyzed a three-dimensional multi-agent-based model for L.
major infection.

2 Computational model
Our computational model description follows the ODD protocol [8].
2.1 Purpose

The aim is to investigate the possibility of an agent-based model to simulate
different types of cells in the immune response to L. major.

2.2 State variables and scales

Our computational model was developed in C++ language and it is stochastic. In
this way, each simulations will present different results even when the same parameters
and initial conditions are used. Our model was constructed on a three-dimensional cubic
lattice, consisting of 100x100x100 discrete sites. This regular lattice represents an
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internal portion of a uniform infection area, hence it has periodic boundary conditions.
The agents correspond to cellular groups with a analogous pattern of behavior due to the
guantity of cells in the infected area is large.

All actions occur at invariable periods and the description of the infected area is
discrete both in time and space. A site can be void or occupied by one distinct type of
agent. This model includes seven different cell types: L. major, CD4-T cell,
macrophage, eosinophil, neutrophil, dendritic cell, and keratinocyte. CD4 T cell,
eosinophil, and dendritic cell can be found in two states: resting and activated.
Additionally, a macrophage can be found in four states: resting, activated, infected, and
chronically infected.

2.3 Process overview, scheduling, and initialization

CD4-T cell, macrophage (with exception of the chronically infected), eosinophil,
neutrophil, dendritic cell, and keratinocyte can move randomly to void site by using the
three-dimensional Moore neighborhood [15]. In this type of neighborhood, each site
possess 26 neighboring sites. L. major and chronically infected macrophages cannot
move, i.e., the position of these two type of agents is invariable. The total number of
keratinocyte is constant, but the number of the other agent types can modify during the
simulation.

Initially, the spatial distribution pattern of L. major, resting cells (macrophages,
CD4 T, eosinophil, dendritic cell), neutrophil, and keratinocyte is random. The fraction
of keratinocytes is given by the difference between the total number of agents and the
total number of L. major, the resting cells (macrophages, CD4 T, eosinophil, dendritic
cell), and neutrophils.

2.4 Submodels

In this simulation, the agents move and interact according to update rules
executed at discrete time steps. Each site changes its state according to a local
deterministic rule and the state of the all sites is determined through the transition rules.
In this way, a illustrative representation to clarify our computational model rules is
shown in Figure 1.

3 Results and Discussion

In this article, we have developed a multi-agent based model describing the
interactions of all cells during the early stages of an infection caused by the protozoan
parasite Leishmania major. Simulations have been considered for several sets of
individual initial conditions. Therefore, every one of parameters were varied and all the
steps of the model were equally followed in every one simulation. For each such set, 10
simulations runs were performed to obtain the average values to estimate the best
parameters to describe our model. The model steps were equally followed in all
simulations.
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Figure 1: Diagram of interactions for various cell types considered in our L. major
infection model. (a) If the site is void then: (a;) change it into L. major (Lsm) when the
number of Lgy, in its neighborhood is different from zero. (a,) change it into resting
macropahe (R-Mac) or neutrophil (Neut) with 50% probability for each one, when both
the number of activated macrophage (At-Mac) and Lsm in its neighborhood is different
from zero [10]. (as) change it into resting CD4 T cell (R-CD4) when both the number of
activated CD4 T cell (At-CD4) and the number of Lsm in its neighborhood is different
from zero [10]. (a4) change it into resting dendritic cell (R-Dend) when both the number
of activated dendritic cell (At-Dend) and Lsm in its neighborhood is different from zero
[10]. (as) change it into resting eosinophil (R-Eos) cell when both the number of
activated eosinophil (At-Eos) cell and the number of Lsm in its neighborhood is
different from zero [10]. (b) If the site is occupied by a Lsm then: (b,) change it into a
void site (VS) when the number of Neut or R-Dend or R-Mac or At-Mac or infected
macrophage (Inf-Mac) or chronically infected macrophage (Ch-Mac) in its
neighborhood is different from zero [12]. (c) If the site is occupied by a R-CD4 then:
(cy) change it into an At-CD4 when the number of Inf-Mac or Ch-Mac or At-Dend in its
neighborhood is different from zero [12]. (d) If the site is occupied by an At-CD4 then:
(d;) change it into a VS when when its age reaches the expected lifetime (At-CD47). (e)
If the site is occupied by a R-Mac then: (e;) change it into an Inf-Mac when the number
of Lsm in its neighborhood is different from zero [12]. (f) If the site is occupied by a Inf-
Mac then: (f;) change it into Ch-Mac after a lifetime (Inf-Mac_1) due to the pathogen
replication. (f,) change it into an At-Mac when the number of At-CD4 in its
neighborhood is different from zero [10]. (g) If the site is occupied by an At-Mac then:
(g1) change it into a VS when its age reaches the expected lifetime (At-Mac,1). (h) If the
site is occupied by a Ch-Mac then: (h;) change it Lsm when the number of At-CD4 in its
neighborhood is different from zero [10]. (i) If the site is occupied by a R-Eos then: (iy)
change it into a At-Eos when the number of At-CD4 in its neighborhood is different
from zero [10]. (j) If the site is occupied by a At-Eos then: (j;) change it into a VS when
its age reaches the expected lifetime (At-Eos,_t). (k) If the site is occupied by a R-Dend
then: (k;) change it into a At-Dend when the number of Lsm in its neighborhood is
different from zero [12]. () If the site is occupied by a At-Dend then: (1)) change it into a
VS when its age reaches the expected lifetime (At-Dend, ). (m) If the site is occupied
by a Neut then: (m,) change it into a VS when the number of Lsm in its neighborhood is
different from zero [10].
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Figure 2 shows the finite size effects of the used lattice in our study. The curves
for L. major, CD4 T cell, neutrophil, and dendritic cell show that, for lattices consisting
of L = 100, 200, and 300, the cellular kinetics rapidly approaches a stable regime.
However, the quantity of macrophage has a slight decrease and the quantity of
eosinophil has a tendency to increase and in time. In Figure 2a, we can observe that
initially the quantity of L. major increases very rapidly. After reaching a maximum
when the number of iterations is around 15, it decreases and tends to stabilize around
20% of the attained maximum. This pattern is due to the migration of immune cells to
the skin. Additionally, the collapse of all curves indicates that the kinetics has become
insensitive to the lattice size.
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Figure 2: Finite size effects for the immune response to L. major for different lattice sizes
(L). The specific initial values for agent types were: SO (lattice-site occupation) = 0,8, Lsm
=10, R-CD4 = 10 R-Mac = 2 x 10?, Neut = 2 x 10?, R-Eos= 2,5 x 10, R-Dend = 10",
while At-CD4, 1 = 3, Inf-Mac,t = 10, At-Mac,t = 13, At-Eos, 1 = 3, and At-Dend,+ = 9. a)
Kinetics of L. major. The drawn points indicate the number of L. major agents (Lsmg) is
divided by its largest value during the simulation (Lsm). b) Kinetics of CD4 T cell. c)
Kinetics of macrophage. d) Kinetics of neutrophil. €) Kinetics of eosinophil. f) Kinetics of
dendritic cell. As in (a), points indicate number of CD4 T cells (CD4,), respectively (Maco,
Neuto, E0sq, Dendg), divided by corresponding largest value (CD4,), respectively (Mac,,
Neut,, Eos,, Dend,). (See Figure 1 for the meaning of the labels).

Figure 3 shows the kinetics of L. major, CD4 T cells, macrophages, neutrophils,
eosinophils and dendritic cells for different fractions of lattice-site occupation. It is
important to highlight that, if the quantity of void sites is small, the interaction between
the agents becomes more difficult in the model. In this way, our results show that the
larger the number of initially occupied sites, the larger is the final fraction of L. major,
macrophage, and dendritric cell. Also, the final fraction of CD4 T cell and eosinophil
tends to become constant. In addition, the final fraction of neutrophil is smaller when the
fraction of lattice-site occupied is increased.
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Figure 3. Immune response to L. major for different initial fractions of lattice-site occupation
(SO). The other parameter values were: L = 100x100x100, Lsm = 10™, R-CD4 = 10, R-
Mac = 2 x 10 Neut = 2 x 10?, R-Eos= 2,5 x 10 R-Dend = 10", while At-CD4.r = 3,
Inf-Mac,t = 10, At-Mac, 1 = 13, At-Eos, 1 = 3, and At-Dend,t = 9. a) Kinetics of L. major. b)
Kinetics of CD4 T cell. ¢) Kinetics of macrophage. d) Kinetics of neutrophil. ) Kinetics of
eosinophil. f) Kinetics of dendritic cell. (See Figure 1 and 2 for the meaning of the labels).

4 Conclusion

We have presented a three-dimensional agent-based model for immune response
to L. major infection. It can reproduce some cellular properties including migration,
activation, phagocytosis, and cellular death by lifetime. Our results suggest that an
agent-based approach is a suitable instrument for investigating the cellular interaction.
Thus, our computational model can capture the complex system dynamics whose
properties depend on the collective behavior of the interacting components.
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