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Abstract: This paper presents a mathematical model of severe malarial anemia (SMA), which is
a complication of malaria and is a major contributor to malaria-related deaths. SMA is character-
ized by a decrease in hemoglobin levels in the blood due to the suppression of red blood cell (RBC)
recruitment by the protein macrophage migration inhibitory factor (MIF). Plasmodium falciparum,
which is a malaria-causing parasite, secretes a specific form of MIF called plasmodium falciparum
macrophage migration inhibitory factor (PFMIF), which affects immune cells. Artesunate, which is
the primary treatment for SMA, reduces the parasite level but does not increase hemoglobin levels and
can sometimes lead to hemolytic anemia, which requires a blood transfusion. To address this issue,
the experimental drug Epoxyazadiradione (Epoxy) was explored as a potential treatment for SMA.
Epoxy inhibits both MIF and PFMIF interactions with immune cells and has the potential to increase
hemoglobin levels in SMA patients. Our model simulations support previous findings that the appro-
priate combination of Artesunate with Epoxy can reduce parasite load while preventing anemia by
maintaining hemoglobin levels at an adequate level. Additionally, we explored the impact of immune
boosters on the anti-malarial drugs Artesunate and Epoxy and discovered that an insufficient amount
of drugs is ineffective, while an excessive amount may not be beneficial.

Keywords: severe malarial anemia; Artesunate; Epoxyazadiradione; hemoglobin level; parasitemia;
MIF/PFMIF; immune booster

1. Introduction

Malaria is an infectious, vector-borne disease caused by a parasite native to the African continent,
and it claims the lives of many humans each year, particularly children under the age of 5 [1, 2].
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According to the World Health Organization’s 2021 report, an estimated 241 million cases of malaria
and 627,000 deaths were recorded that year. A significant challenge lies in controlling malaria to
lower mortality and morbidity rates. The female Anopheles mosquito serves as a vector for malaria
transmission, and the parasite responsible for the disease belongs to the Plasmodium family [3, 4].
The four types of Plasmodium that affect humans are Plasmodium vivax, Plasmodium falciparum,
Plasmodium malariae, and Plasmodium ovale. The primary causative agent of malaria is Plasmodium
falciparum. Malaria is transmitted when a female Anopheles mosquito injects the parasite into the
bloodstream of an uninfected human. Conversely, the mosquito becomes infected after ingesting a
blood meal from an infected human [5]. The mosquito species that are responsible for malaria prefer
biting pregnant women, people with a higher body mass index, and individuals with the blood type
O [6].

After being bitten by an infected Anopheles mosquito, the parasites, in the form of sporozoites,
travel through the bloodstream to the liver cells, specifically hepatocytes, where they mature into sch-
izonts. This stage is referred to as the mosquito liver stage [7]. The schizonts replicate within the liver
cells in the form of merozoites, which are released into the bloodstream by ruptured hepatocyte cells.
In the blood, the merozoites invade the red blood cells (RBCs) and multiply again within the RBCs
to form more merozoites. After 1 to 2 weeks, the schizont ruptures, thereby releasing the merozoites
into the bloodstream [8]. If left untreated at this stage, the cycle will persist, and the infected person
will start developing symptoms of malaria, such as chills, fever, and sweating [9]. This stage is known
as the mosquito blood stage. In addition to that, the merozoites develop into sexual forms known as
gametocytes, which are taken up by the mosquitoes during blood meal in order to maintain the parasite
life cycle [9, 10]. In this work, we will not consider the mosquito stage, which is the parasite’s life
cycle inside a mosquito. There are three stages of the parasite life cycle: the liver stage, the blood stage
and the mosquito stage.

The rapid increase in parasites activates the immune system’s mechanism. In response, the immune
cells secrete an innate cytokine called the macrophage migration inhibitory factor (MIF), which regu-
lates the immune responses and cell differentiation, a process in which immature cells acquire unique
characteristics and mature into specialized forms with distinct functions. However, in severe malaria
anemia, MIF contributes to the destruction of healthy red blood cells and a decrease in hemoglobin
levels [11, 12]. In return, the parasites secrete a protein called Plasmodium Falciparum MIF (PFMIF),
which hinders the invading activity and antigen presentation capabilities of the immune cells such as
macrophages and dendritic cells [13,14]. This means that the body’s immune system will not be able to
distinguish between the body’s cells and foreign cells, thereby promoting the survival and replication
of the malaria parasite within the blood. Artesunate is a successful treatment for severe malaria anemia
because it can block the growth and reproduction of the malaria parasites, which, in turn, prevents the
destruction of the RBCs [15].

Despite Artesunate’s efficacy in decreasing parasite load, there have been some reports concerning
its use. Occasionally, Artesunate use might lead to hemolytic anemia, a condition where the destruc-
tion of RBCs is faster than the production, which results in the reduction of hemoglobin levels [16].
However, we can use Artesunate in conjunction with another antimalarial drug called Epoxyazadira-
dione (Epoxy), which is a naturally occurring substance present in neem trees that is known to have
antimalarial drug characteristics. Epoxy has the ability to prevent the formation of MIF in human
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monocytes, which are involved in the immune response to infections. Additionally, Epoxy can regu-
late immune cells and cytokines, such as PFMIF, and may help boost RBCs count [17]. By combining
Artesunate and Epoxy in this study, we aim to reduce parasites while increasing hemoglobin levels.

Immune boosters are substances, strategies, or interventions that either enhance or strengthen the
body’s immune system, helping it to better defend against infections and diseases. A robust immune
system is essential for a person’s overall health and well-being [18–20]. The use of immune boost-
ers in the context of malaria treatment is a complex and evolving area of research. While some
immune-boosting strategies have shown promise in enhancing the body’s response to malaria [18],
it is important to note that the field of immuno-modulation in malaria is continually evolving, and the
effectiveness of specific immune boosters may vary based on factors such as the parasite species and
host immunity [19, 20].

In this paper, we developed a mathematical model of the human blood-stage Plasmodium life cycle.
The model, which is based on and simplifies a previous work [21], is represented by a system of
ordinary differential equations (ODEs). In this updated model, we have excluded the IL-12, IFN-γ,
and TNF-α cytokines from the model in [21], and have reformulated the model network and system of
equations accordingly. Subsequently, we employed this model to evaluate the effectiveness of treatment
with the drugs Artesunate and Epoxy, both as individual therapies and in combination. Additionally,
we investigated the role of immune boosters in the context of malaria treatment using these two drugs.

The rest of this paper is organized as follows. In Section 2, we develop the mathematical model
designing the model network, then we write and describe the equations associated with this network.
In Section 3, we present the results and model simulations, and the conclusion and recommendations
are presented in Section 4.

2. Mathematical model

The mathematical model is based on the network in Figure 1. This network is a simplification of
Figure 1 in [21], where we dropped the dendritic cells (antigen-presenting cells) and combined the
effect of the immune response (represented in [21] by macrophages and Th1-cells) by lumping them
together into one variable Tc. Furthermore, we dropped the IL-12, IFN-γ, and TNF-α cytokines and
modeled their regulating effects by a constant parameter. The model parameters and their descriptions
can be found in Table 2. Table 1 lists our model’s variables in units of g/ml.

Table 1. Descriptions of variables (Vars) used in the model. All variables are in units of
g/ml.

Vars Descriptions Vars Descriptions
Tc Density of CD4+ T cells B Density of healthy RBCs
Bi Density of infected RBCs Hb Concentration of hemoglobin
Pi Intracellular parasite load Pe Extracellular parasite load
P f Concentration of PFMIF M f Concentration of MIF
A Concentration of artesunate E Concentration of epoxyazadiradione
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Table 2. List of model’s parameter values.

Parameters Descriptions Values References
λB The rate of release of B by B0 1.15 × 10−2 d−1 est. & HT
λBBi The rate of infection of B 6 × 101 ml/g d−1 HT
λPi The rate of growth of Pi in Bi 0.8 d−1 HT
λPiPe The rate of rupturing of Bi 0.66 d−1 [21] & HT
λBiTc The rate of ingestion of Bi by Tc 1.5602 × 10−6 ml/g d−1 est.
λPiTc The rate of ingestion of Pi by Tc 4.845 × 10−8 d−1 est.
λPeTc The rate of ingestion of Pe by Tc 2.425 × 10−7 d−1 est.
λTcPe The rate of activation of Tc by Pe 1 × 103 d−1 est.
λTcPi The rate of activation of Tc by Pi 5 × 102 d−1 est.
λTcBi The rate of activation of Tc by Bi 5 × 102 d−1 est.
λM f Tc The rate of secretion of M f by Tc 6.71 × 10−5 d−1 [21] & HT
λP f Pi The rate of secretion of P f by Pi 2 × 10−3 d−1 [21] & HT
λB0 M f The rate of absorption of M f by B0 3.9 × 101 d−1 [21] & HT
λABi The rate of florescence of A in Bi 2.08 × 10−6 d−1 [21]
λEB The rate of florescence of E in B 1.2 × 10−9 d−1 [21] & HT
λETc The rate of florescence of E in Tc 1.2 × 10−9 d−1 [21] & HT
µB The rate of death healthy RBCs 5.78 × 10−3 d−1 est.
µBi The rate of death of infected RBCs 5.78 × 10−3 d−1 HT
µPe The rate of death of extracellular parasites 4.9 × 102 d−1 HT
µTc The rate of death of CD4+ T cells 5 × 10−5 d−1 HT
µTcP f Death rate of Tc by PFMIF 2 × 10−3 d−1 HT
µM f Decay rate of MIF 1.39 d−1 [21] & HT
µP f Decay rate of PMIF 2 d−1 HT
µBiA Death rate of infected RBCs by A 0.1 d−1 HT
µA Degradation rate of Artesunate 33 d−1 [21] & HT
µE Degradation rate of epoxyazadiradione 1.98 d−1 [21] & HT
B0 RBCs in healthy human 0.45 g/ml [21]
T 0

c T cells in healthy human 1.08 × 10−3 g/ml [21]
Hb Hemoglobin in healthy human 0.14 g/ml [21]
m∗B (mass of Plasmodium parasite)/(mass of RBC) 3.7 × 10−3 [21]
mM f (mass of MIF)/(mass of RBC) 7.78 × 10−10 HT
NB Average number of Pi released per burst of Bi 24 [21]
nB Average number of Pi in one iRBC 6 [21]
θH Fraction of hemoglobin in iRBCs 0.33 [21]
KBi Half-saturation of Bi 0.015 g/ml [21]
KTc Half-saturation of Tc 1.08 × 10−3 g/ml [21]
KPe Half-saturation of Pe 4 × 10−4 g/ml [21]
KPi Half-saturation of Pi 1.3 × 10−3 g/ml [21]
KM f Half-saturation of MIF 4 × 10−9 g/ml [21]
KP f Half-saturation of PFMIF 8 × 10−10 g/ml [21]
KA Half-saturation of A 3.26 × 10−6 g/ml [21]
KE Half-saturation of E 4 × 10−6 g/ml [21]
Ca Carrying capacity of Pi 2.6 × 10−3 g/ml [21]

est. = estimated, HT = hand tuned (refer to Section A).
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Figure 1. A network is used to represent the interaction between cells, parasites and anti-
malarial drugs during treatment. See Table 1 for the description of each variable.

Following the model by Siewe and Friedman [21], the model is based on the following assumptions:

(i) During a malaria infection, various types of immune cells are activated in response to the presence
of parasites in the body. In our model, we assume that the immune system consists of a single
compartment, namely CD4+ T cells (Tc).

(ii) Red blood cells (RBCs) are produced by spongy-like structures called bone marrow, which are
found within bones, at a rate of λB. They are reduced by infection from extracellular merozoites
at a rate of λBBi .

(iii) The merozoite form of intracellular parasites replicates inside healthy red blood cells while cir-
culating in the blood at a rate of λPi .

(iv) When red blood cells are invaded by intracellular merozoites and replicate inside them, it results
in the rupture of the infected red blood cells at a rate of λPiPe .

(v) The presence of the intracellular and extracellular merozoites, as well as infected RBCs in the
bloodstream, triggers the body to produce immune cells called CD4+ T cells at the rates of λTcPe ,
λTcPi and λTcBi .

(vi) In turn, the CD4+ T cells kill the infected RBCs together with the intracellular and extracellular
parasites at the rates of λTcBi , λTcPi and λTcPe , respectively.

(vii) T cells secrete MIF, which participates in inflammatory and immune responses at a rate of λM f Tc .
MIF suppresses red blood cells, thereby leading to the depletion of hemoglobin.

(viii) Lastly, intracellular parasites secrete PFMIF at a rate of λP f Tc .

2.1. Equation for healthy red blood cells (B)

After the release of healthy red blood cells from the bone marrow, MIF interferes with the process,
as shown by the first term on the right-hand side [22]. The ratio 1/(1 + E/KE) is the inhibitory effect
of MIF by the drug Epoxy. The second term describes the rate of infection of healthy RBCs, denoted
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by λBBi , thereby leading to a reduction in healthy red blood cells and an increase in infected red blood
cells Bi [23]. The last term represents the natural death of the RBCs. Hence, the equation of B is given
by the following:

dB
dt
= λBB0

1

(1 + M f /KM f )
1

1 + E/KE︸                                 ︷︷                                 ︸
Release

− λBBi BPe︸   ︷︷   ︸
Infection

− µBB.︸︷︷︸
death

(2.1)

2.2. Equation for infected red blood cells (Bi)

When extracellular parasites invade red blood cells, there is an increase in the number of infected
RBCs [24]. We assume that bursting occurs when the concentration of intracellular parasites Pi is
roughly the same as m∗BNBBi, where NB represents the number of parasites released per burst, and
m∗B represents the mass of one plasmodium parasite cell over the mass of one RBC. The reduction in
infected RBCs is a result of the phagocytosis of Tc cells [25], as shown in the “ingestion” term below.

The last two terms represent the rate of death of infected RBCs by the drug Artesunate (when
administered) [26] and by natural death, respectively. Hence, Bi satisfies the following equation:

dBi

dt
= λBBi BPe︸   ︷︷   ︸

infection

− λPiPe Bi
P2

i

(m∗BNBBi)2 + P2
i︸                        ︷︷                        ︸

Bursting

− λBiTcTcBi︸    ︷︷    ︸
ingestion

− µBiA
A

KA + A
Bi︸           ︷︷           ︸

death by Artesunate

(2.2)

− µBi Bi,︸︷︷︸
natural death

where m∗B =
mass of 1 parasite

mass of 1 RBC .

2.3. Equation for intracellular parasites in the RBCs (Pi)

An increase in the intracellular parasite population is a result of their replication within Bi [27]. The
replication rate is determined by the factor 1−Pi/Ca, which ensures that the concentration of intracellu-
lar parasites Pi does not exceed the carrying capacity Ca. Additionally, an increase in parasite numbers
comes from new infections [28]. Additionally, the model accounts for a decrease in the number of
parasites due to the rupture of infected RBCs (“bursting”) [29]. The death rate of intracellular para-
sites [30] is enhancing T cells [31] and the action of the drug Artesunate when it is administered [21].
We represent the equation for Pi as follows:

dPi

dt
= λpi Pi

(
1 −

Pi

Ca

)
︸           ︷︷           ︸

growth in Bi

+ λBBim
∗
BBPe︸       ︷︷       ︸

infection

− λPiPem
∗
BNBBi

P2
i

(m∗BNBBi)2 + P2
i︸                                ︷︷                                ︸

Bursting

(2.3)

− λPiTc

Pi

KPi + Pi
Tc︸             ︷︷             ︸

Killed by Tc

− µBiAnB
A

KA + A
Bi︸              ︷︷              ︸

death by Artesunate

− µBinBPi︸  ︷︷  ︸
death

where the constant nB represents the number of intracellular parasites within one infected RBC at the
time of its death due to natural cell death.
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2.4. Equation for extracellular parasites (Pe)

We similarly represent the killing of Pe by Tc as in Eq (2.3), and extracellular parasites die natu-
rally. It is worth noting that the constant nB represents the number of intracellular parasites within one
infected RBC at the time of its death due to natural cell death. We write the equation for Pe as follows:

dPe

dt
= λPiPem

∗
BNBBi

P2
i

(m∗BNBBi)2 + P2
i︸                                ︷︷                                ︸

Bursting

− λBBim
∗
BBPe︸       ︷︷       ︸

infection

− λPeTc

Pe

KPe + Pe
Tc︸              ︷︷              ︸

killed by Tc

− µPe Pe.︸︷︷︸
death

(2.4)

2.5. Equation for the CD4+ T cells (Tc)

Activation of the naive CD4+ T cells is triggered by infected RBCs Bi [32], intracellular Pi and
extracellular Pe parasites, respectively. The Tc cells die naturally [33] and there is an augmented death
rate of Tc resulting from the effect of PFMIF [12]; we represent this rate by µTcP f P f /(KP f + P f ). When
the drug Epoxy is administered, we represent its inhibition effect on PFMIF by the ratio 1/(1+ E/KE).
Hence,

dTc

dt
=

(
λTcBi

Bi

KBi + Bi
+ λTcPi

Pi

KPi + Pi
+ λTcPe

Pe

KPe + Pe

)
T 0

c︸                                                              ︷︷                                                              ︸
proliferation

−

(
µTc + µTcP f

P f

KP f + P f

1
1 + E/KE

)
Tc︸                                        ︷︷                                        ︸

death

(2.5)

where T 0
c is the source of Tc cells.

2.6. Equation for MIF (M f )

MIF is secreted by the CD4+ T cells [34]. MIF is absorbed by inhibiting the production of red blood
cells [35]. Hence, the equation for M f is given as follows:

dM f

dt
= λM f TcTc︸  ︷︷  ︸

secretion

− λB0 M f m
∗
M f

B0
M f

KM f + M f︸                       ︷︷                       ︸
absorption by B0

− µM f M f .︸  ︷︷  ︸
decay

(2.6)

where the third term on the right hand side is the natural decay of MIF.

2.7. Equation for PFMIF (P f )

PFMIF is secreted by the intracellular parasites Pi [36] at rate λP f Pi Pi. PFMIF decreases as it is
absorbed by Tc. P f also decays naturally [37]. Hence, the equation for P f is written in the following
form:

dP f

dt
= λP f Pi Pi︸ ︷︷ ︸

secretion

− µTcP f

P f

KP f + P f
Tc︸               ︷︷               ︸

absorbed by T cells

− µP f P f .︸ ︷︷ ︸
decay

(2.7)
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2.8. Equation for hemoglobin (Hb)

Hemoglobin is a red pigment found in red blood cells that is responsible for the circulation of
oxygen. We consider the total hemoglobin HB equation to be as follows:

Hb = HB(B + Bi × θH), (2.8)

as in [21], where HB is the fraction of the hemoglobin level in healthy RBCs (B). We take the same
percentage for infected RBCs, where B is the concentration of healthy RBCs, which is approximately
4.5 to 5.5×106 cells/ml or approximately 0.45 g/ml, and Bi is the concentration of infected RBCs, which
can be as high as 20% to 50% of the total RBCs count or approximately 0.015 g/ml, from Table 2 [38].
Furthermore, θH is the constant rate of hemoglobin consumed by malaria parasites. The parasites
consume a constant rate of Hb to sustain their growth and reproduction, which is approximately 70%
of the hemoglobin present in infected red blood cells (iRBCs). In healthy individuals, the percentage of
Hb in RBCs is usually around 33% of the total volume of RBCs. However, in severe cases of malaria
anemia, the percentage of hemoglobin in infected RBCs can be significantly lower than that of healthy
RBCs [39].

The following result from Siewe and Friedman [40] establishes the well-posedness of the model’s
equations.

Theorem 2.1. Consider the following system of differential equations:

dxi

dt
= fi(x1, . . . , xn), 1 ≤ i ≤ n, (2.9)

and assume that the fi’s are continuously differentiable functions satisfying the following conditions in
the nonnegative quadrant:

x1 ≥ 0, x2 ≥ 0, . . . , xn ≥ 0;

(1) fi(x1, . . . , xn) < A + B
∑n

j=1 x j

(2) fi(x1, . . . , xn) = gi(x1, . . . , xn) + hi(x1, . . . , xn)xi, where

(3) gi(x1, . . . , xn) ≥ 0 and hi(x1, . . . , xn) ≥ −A1 − B1
∑n

j=1 x j, with some positive constants A, B, A1 and
B1. If xi(0) > 0 for 1 ≤ i ≤ n, then

(4) 0 < xi(t) < A
B + X̂enBt, for 1 ≤ i ≤ n and all t > 0, where X̂ =

∑n
j=1 xi(0).

Proof. The inequality (4) certainly holds if t is small. Hence, if the assertion (4) is not true, then there
is a smallest time τ such that (4) holds for t < τ but not for t = τ. To derive a contradiction, we start by
using (1), alongside the following:

dxi

dt
≤ A + B

n∑
j=1

x j. (2.10)

Setting z =
∑n

j=1 x j, we obtain the following:

dz
dt
≤ nA + nBz, for t < τ. (2.11)
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Hence,

z(τ) ≤ enBτz(0) +
A
B

(1 − e−nBτ) (2.12)

<
A
B
+ X̂enBτ; (2.13)

therefore, the second inequality in (4) follows with t = τ. Next, we use the conditions (2) and (3) to
obtain de following:

dxi

dt
≥ −

(
A1 + B1

n∑
j=1

x j

)
xi. (2.14)

By the second inequality in (4),

A1 + B1

n∑
j=1

x j(t) ≤ A1 + nB1

(A
B
+ X̂enBτ

)
≡ C, for t ≤ τ. (2.15)

Hence,
dxi

dt
≥ −Cxi, or

d
dt

(eCtxi) ≥ 0, (2.16)

so that
xi(τ) > e−Cτxi(0). (2.17)

This completes the proof by contradiction. □

The system (2.1)–(3.3) satisfies the conditions of Theorem 2.1. Hence, for the appropriate initial
conditions, the solutions of the system (2.1)–(3.3) remain nonnegative and bounded.

3. Numerical simulations and results

All computations are performed using the Python ODE solver odeint(). In all simulations, we
take an initial load of Plasmodium parasites, while all other initial values are taken to be close, but
not necessarily identical, to their steady state estimated in Section A. The baseline parameters for the
simulations are presented in Table 2.

3.1. Simulations without drugs

Figure 2 shows simulations of all the model variables for a virtual malaria patient with no drug
treatment. We observe that as the time (t) increases, the concentration of healthy RBCs decreases,
while the population of iRBCs initially increases within the first 14 days, and then monotonically
decreases. The increase and subsequent decrease of iRBCs correspond to a rise in T cells, which is a
response to the infection by Plasmodium parasites. The concentration of MIF initially rapidly increases
and then gradually thereafter, as it is utilized to regulate the activation of naive RBCs. Notably, PFMIF
exhibits dynamics similar to iRBCs and intracellular parasites (Pi).
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(A) Profiles of all the model variables in the untreated case.

(B) Profiles of total parasite load (Pi + Pe) and hemoglobin concentration (Hb).

Figure 2. Simulations for untreated malarial anemia: The patient goes from healthy state
(Normal Hb level) to a severe anemia state. All variables are in units of g/ml.

Anemia is a condition characterized by a decrease in hemoglobin levels below the normal range
of 0.12–0.18 g/ml due to a reduction in RBCs. Anemia occurs in various levels of severity, including
mild anemia (Hb between 0.1–0.12 g/ml), moderate anemia (Hb between 0.08–0.10 g/ml), and severe
anemia (Hb <0.08 g/ml) [41–43].

In Figure 2, Hb exhibits a continuous, monotonous decrease, thereby declining from a healthy
concentration of approximately 0.15 g/ml to a severe anemia level of around 0.06 g/ml. This decline
indicates that without treatment, the virtual patient depicted in Figure 2 will ultimately experience
severe anemia due to the Plasmodium infection.

AIMS Allergy and Immunology Volume 7, Issue 4, 281–303
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3.2. Simulations with anti-malarial drugs

Following the work in [21], we treated the virtual patient in Figure 2 with all combinations of the
drugs Artesunate and epoxyazadiradione (Epoxy).

3.2.1. Equation for Artesunate (A) and epoxyazadiradione (E)

We start treatment with both drugs at Day 21 of malaria and give each drug at constant doses per
day. We use the PK/PD (pharmacokinetic/pharmacodynamic) model for the drugs.

We denote γA as the amount of Artesunate administered at times t0 = 21, t1 = 22, t2 = 23. Hence,

CA(t) =
k∑

j=0

γAe−βA(t−t j) for tk−1 < t < tk, k = 1, 2, 3, (3.1)

where βA and βE are some positive parameters. The PD term accounts for depletion of the drug through
its effect on iRBCs, namely by enhancing the death of iRBCs. We assume that this term has the form
λABi BiA/(KA+A), where λBiA is a positive parameter. Then, the dynamic of A takes the following form:

dA
dt
= CA(t)︸︷︷︸

source

− λABi Bi
A

KA + A︸           ︷︷           ︸
absorption

− µAA︸︷︷︸
degradation

(3.2)

where µAA is the intrinsic degradation of the drug [44].

The equation for Epoxy has a similar form:

dE
dt
= CE(t)︸︷︷︸

source

− (λEBB + λETC Tc)
E

KE + E︸                         ︷︷                         ︸
absorption

− µEE,︸︷︷︸
degradation

(3.3)

where CE(t) = has the same form as CA(t) with some parameters γE and βE.

Figure 3 shows simulations of the total parasite load (P1 + Pe, Figure 3A) and the hemoglobin con-
centration (Hb, Figure 3B) in a malaria patient under treatment with various combinations of Artesunate
and Epoxy.
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Figure 3. Treatment of severe malarial anemia with combinations of Artesunate and
epoxyazadiradione. (A) The total parasite load is significantly decreased when Artesunate
is given, and not so much otherwise. (B) The concentration of hemoglobin is significantly
increased when epoxyazadiradione is given, and not so much otherwise.

Observations from Figure 3A reveal that Pi+Pe decreases to less than half of its level in the absence
of any medication when Artesunate is administered. Furthermore, this reduction in the overall parasite
load is further enhanced when Artesunate is used in combination with Epoxy. In contrast, treatment
with Epoxy alone yields only a modest decrease in the total parasite load when compared to the no-drug
scenario.

On the other hand, as observed in Figure 3B, hemoglobin (Hb) levels rise from their low value
(approximately 0.06 g/ml) in the no-drug scenario, which is equivalent to severe anemia, to a level
indicative of mild anemia (around 0.12 g/ml) under treatment with Epoxy alone. Furthermore, when
treated with a combination of Artesunate and Epoxy, hemoglobin level returns to its normal range
(greater than 0.12 g/ml). In contrast, treatment with Artesunate alone results in only a modest increase
in hemoglobin levels as compared to the no-drug condition.

These findings align with empirical data documented in references such as [16, 45, 46], thereby
corroborating the observations reported in [21].

3.2.2. Simulations with drugs and immune boosters

The effect of immune boosters on malaria therapy refers to the impact of either substances or inter-
ventions that enhance the body’s immune response in the context of treating malaria. These immune
boosters can include vaccines [47], immunomodulatory drugs [48], or strategies aimed at strengthen-
ing the host’s immune system to better combat the malaria parasite [49]. The goal is to improve the
effectiveness of malaria treatments and reduce the severity of the disease.

We represent the immune booster by pulsing the dynamics of Tc, that is, we modify Eq (2.5) as
follows:

dTc

dt
= CTc(t)︸︷︷︸

booster

+

(
λTcBi

Bi

KBi + Bi
+ λTcPi

Pi

KPi + Pi
+ λTcPe

Pe

KPe + Pe

)
T 0

c︸                                                              ︷︷                                                              ︸
proliferation
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−

(
µTc + µTcP f

P f

KP f + P f

1
1 + E/KE

)
Tc︸                                        ︷︷                                        ︸

death

(3.4)

where CTc(t) = γTc , which is a constant when the booster is given, and 0 otherwise.

In Figure 4, we model the impact of an immune booster in conjunction with the anti-malarial drugs
Artesunate and Epoxy for the virtual patient depicted in Figure 2.

As demonstrated in Figure 4A, the immune booster substantially enhances the effectiveness of Arte-
sunate treatment by reducing the overall parasite load to approximately half of the parasite count at
Day 30, in contrast to the case of Artesunate treatment alone. However, this significant improvement
in parasite reduction does not correspond to a similar enhancement in hemoglobin dynamics.

In Figure 4B, where the immune booster is employed in conjunction with Epoxy, and in Figure 4C,
where the immune booster is combined with both Artesunate and Epoxy, we observe a similar trend
to Figure 4A as far as parasitemia is concerned. The immune booster consistently and significantly
enhances the reduction of parasitemia. However, while the concentration of hemoglobin remains lower
than that under treatment with either Epoxy alone or Epoxy combined with Artesunate, there is a
notable improvement in Hb compared to the scenario with no treatment.

Figure 4. Immune booster and anti-malarial drugs. Association of immune booster with
(A) Artesunate alone, (B) epoxyazadiradione alone, and (C) combination of Artesunate and
epoxyazadiradione.

3.3. Optimizing the anti-malarial drug and immune booster doses

We use a combination of Artesunate and Epoxy and assess the optimal doses of these drugs in con-
junction with immune booster doses that yield a maximum decrease in parasitemia, while maintaining
the hemoglobin concentration at a normal level.
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In Figure 5, we present a heatmap illustrating the reduction in parasitemia under treatment with
Artesunate+Epoxy+booster versus the no-drug case at Day 30. We vary the doses of the drugs (γA and
γE) simultaneously by a factor and the booster (γTc) (Figure 5A). The corresponding plot of hemoglobin
concentration is provided in Figure 5B.

Figure 5. Optimizing the doses for anti-malarial drugs and immune booster. (A) Percentage
decrease in total parasite load at Day 30 and (B) hemoglobin concentration at Day 30.

We notice that when γA, γE, and γTc have small values, the reduction in parasitemia remains min-
imal, thereby leading to a persistently high total parasite load. As a consequence, the hemoglobin
concentration decreases. Interestingly, increasing the values of γA and γE while keeping γTc small
actually exacerbates the anemia condition.

Large enough values of γTc result in optimal parasitemia reduction when γA and γE are small enough.
However, this combination may lead to abnormally high hemoglobin levels (> 1.8 g/ml), unless γA and
γE are appropriately chosen.

4. Discussion and conclusions

Malaria is a disease that has remained a threat to human and animal populations; millions of lives
are lost every year due to this disease. The disease may result in severe anemia when the parasite
causes a marked reduction in RBC count, thereby leading to a decrease in the hemoglobin level. Arte-
sunate is the first line treatment for severe malaria anemia because it is effective in killing the malaria
parasites (Plasmodium), thus reducing the parasite load in the blood. However, in the process of killing
the parasites in the blood, Artesunate also contributes to the destruction of RBCs, thereby causing a
decrease in hemoglobin level, hence causing anemia.

In this work, we developed a mathematical model of within-host interactions between the Plasmod-
ium, the RBCs (i.e., healthy RBCs and iRBCs), the macrophages and the T cells that are involved in the
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immune response to malaria. To avoid a blood transfusion, which is often applied in severe malarial
anemia cases, we proposed to combine Artesunate with an experimental drug, Epoxy, which increases
the level of hemoglobin in the blood. Our model simulations in Figure 3 confirm that, when used in
a single regimen, the drugs Artesunate and Epoxy can only either reduce parasitemia for Artesunate,
which has a mild effect on hemoglobin level, or increase in the hemoglobin level for Epoxy, which has a
rather small effect on parasitemia. However, our model simulations suggest that combining Artesunate
with Epoxy could effectively reduce the parasite load while maintaining a high enough hemoglobin
level, thus treating the patient and avoiding anemia.

The primary results of this paper were previously obtained in a recent article [21], where the authors
used a more complex model that included all the variables of our model in addition to various cytokines
such as IL-12, IFN-γ and TNF-α, which regulate the activities of the cells. Thus, our model is a
simplified version of the model in [21] with comparable results. The purpose of the modification
was to reduce the complexity in terms of reducing the number of equations, variables and parameters,
thereby resulting in an easier simulation, analysis, interpretation and computational efficiency, while
maintaining the essential features.

In malaria infection, as in most pathogenic diseases, the patient’s immune system plays a crucial
role in combating the pathogens. Immune boosters can help strengthen the immune response, making it
more effective in targeting and eliminating the malaria parasites [47–49]. In our model, we represented
an immune booster as an impulse in the T cells dynamics, at a constant amount γTc . Then, we simulated
cases of severe malaria treatment with combinations of the drugs Artesunate (at dose γA) and Epoxy
(at dose γE), where the immune booster is given in conjunction with the two drugs. We obtained the
following results:

(i) Small enough amounts of γA, γE, and γTc result in very large parasitemia and a significantly
reduced hemoglobin level.

(ii) For a γTc large enough, parasitemia is generally significantly decreased, and this decrease is opti-
mal when γA and γE are small enough. However, in this case, the hemoglobin level may increase
to an abnormally large level.

(iii) The most effective combination of Artesunate, Epoxy, and an immune booster for achieving the
maximum reduction in parasitemia while simultaneously maintaining hemoglobin concentration
at normal levels is obtained when γTc reaches a significant magnitude, and both γA and γE are
well-balanced, without being excessively large or too small.

In this paper we demonstrated that by combining immune boosters with a combination of standard
anti-malarial drugs, such as Artesunate and epoxyazadiradione, we can significantly improve the effi-
cacy of treatment. However, these conclusions will need to be confirmed in actual clinical trials, with
additional attention to potential side effects.

AIMS Allergy and Immunology Volume 7, Issue 4, 281–303



296

Appendix A

A. Parameters estimations

Most of the parameters of the variables shown in Table 2 are estimated based on the main article
and previous studies [40, 50–57]. For simplicity, we assume that

Y
S

KS + S
= Y

1
2

for any expression where Y is stimulated by S , and the parameter KS is the half-saturation of S [21].
Half-saturation, which signifies the point where half of the maximum intake is obtained, is an essential
factor in determining the results of models [58]. We will solve for the missing parameters using the
time-average steady state equations, with S o = KS and S o = S . The values of S 0 are estimated from
both experimental and clinical information. We will use the parameters from Table 2 to solve for the
following parameters:

Estimate for NB and nB

The number of merozoites produced after the rupturing of an infected RBC is approximately 16 to
32 merozoites. We take NB to be 24. In addition, nB is the average number of intracellular merozoites
inside one infected RBC, which can be as low as 4 or as high as 32 depending on the type of malaria
parasite hence, we take nB = 6 [59].

Estimate for mM f

The mass of one MIF is approximately mM f = 2.1×10−20 and mass of one red blood cell is 27×10−12.

Hence,

mM f =
mass of 1 MIF
mass of 1 RBC

= 7.7 × 10−10.

Estimate for µB

The half-life of RBCs in a human being is approximately 120 days [60]. The half-life means that
half of the population of RBCs, namely the older RBCs, will no longer be in circulation and will be
replaced by new RBCs. We calculate the natural death of red blood cells as follows:

µB =
ln 2
tH
,

where tH = 120 days; therefore,

µB =
0.693
120

= 5.78 × 10−3 d−1.

Estimate for µPe

The half-life of the extracellular merozoites after being released by the infected RBCs is approxi-
mately five min [61]. We take tH = 1.38 × 10−3 day (2 min),

µPe =
0.693

1.38 × 10−3 = 4.9 × 102 d−1.
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Estimation for production/activation in steady state

Estimate for λB

In the human steady state of health, Eq (2.1) implies that the production and death of RBCs are
equal, which is λB = µB. In this case, we assume that the rate of production is higher than the rate of
death and take λB = 2µB. Therefore,

λB = 1.15 × 10−2 d−1.

Estimate for λBiTc

Solving Eq (2.2) of iRBCs in average time steady state, becomes the following:

λBBi BPe −
λPiPe Bi

2
− λBiTcTcBi −

µBiA

2
Bi − µBi Bi = 0. (A.1)

We assume that the presence of Artesunate increases the natural death of iRBCs by 20 [62], hence we
take

µBiA

2
= 20µBi .

Equation (A.1) becomes the following:

λBBi BPe −
λPiPe Bi

2
− λBiTcTcBi − 40µBi Bi − µBi Bi = 0. (A.2)

We have that µBi = 2.43 × 10−3 d−1, λBBi = 1.44 × 103 ml/g d−1, Bi = KBi = 0.015 g/ml, Pe = KPe =

4 × 10−4g/ml, Tc = KTc = 1.08 × 10−3g/ml and λPiPe = 0.66 d−1 from Table 2.

λBiTc =
0.2592 − 6.445 × 10−3

1.62 × 10−5 = 1.5602 × 10−6 ml/g d−1.

Estimate for λPiTc

The average time steady state of Eq (2.3) is as follows:

λpi Pi

(
1 −

Pi

Ca

)
+ λBBim

∗
BBPe − λPiPem

∗
BNBBi

P2
i

(m∗BNBBi)2 + P2
i

− λPiTc

Pi

KPi + Pi
Tc

− µBinBPi = 0,

Let Pi
Ca
=

KPi
CPi

and KPi ≃ m∗BNBBi, hence, P2
i

(m∗BNBBi)2+P2
i
= 1

2 . We have that µBi = 2.43 × 10−3 d−1, λBBi =

1.44×103 ml/g d−1, Bi = KBi = 0.015 g/ml, Pe = KPe = 4×10−4 g/ml, Pi = KPi = 1.3×10−3 g/ml, nB =

6, Tc = KTc = 1.08×10−3 g/ml, µBiAnBBi
A

A+KA
= 0 because there is no treatment yet and λPiPe = 0.66 d−1

from Table 2.

3.18 × 1.3 × 10−3 + 1.44 × 103 × 3.7 × 10−3 × 0.45 × 4 × 10−4 −
0.66 × 1.3 × 10−3

2

−
λPiTc1.08×10−3

2
− 2.43 × 10−3 × 6 × 1.3 × 10−3 = 0.

Hence,
λPiTc = 4.845 × 10−8 d−1.
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Estimate for λPeTc

We assume that T cells are capable of killing extracellular parasites at a rate that is five times
faster than their ability to kill intracellular parasites because extracellular parasites are more readily
accessible. Therefore we have the following:

λPeTc = 2.425 × 10−7 d−1.

Estimates for λTcBi , λTcPe and λTcPi

We write Eq (2.5) in its time average steady state without treatment in the following form:(λTcBi

2
+
λTcPi

2
+
λTcPe

2

)
T 0

c−

(
µTc +

µTcP f

2

)
Tc = 0. (A.3)

We assume that extracellular parasites are more effective in activating the T cells than intracellular
parasites during the infection of malaria; therefore, we take λTcPe = 2λTcBi . Since intracellular parasites
are hidden inside the iRBCs, we can assume that λTcPi = λTcBi . Hence, Eq (A.3) becomes the following:(

4λTcBi

)
T 0

c−

(
2µTc + µTcP f

)
Tc = 0, (A.4)

with T 0
c = 1.08 × 10−3 g/ml, µTc = 0.197 d−1, µTcP f = 2 × 109 d−1 and Tc = KTc = 1.08 × 10−3 g/ml

from Table 2. Replacing the values in Eq (A.4), we obtain the following:

4.32 × 10−3λTcBi = (0.394 + 2 × 109)1.08 × 10−3.

Hence,
λTcBi = 5 × 102 d−1.

We took λTcPe = 2λTcBi; therefore, λTcPe = 1 × 103 d−1 and λTcBi = λTcPi = 5 × 102 d−1.

Estimate for CA

From Eq (3.2), CA represents the dosage of the drug Artesunate administered per day. Before admin-
istering the drug, some factors need to be considered: the patient’s weight, the duration of treatment,
the number of days the medication will be given and the number of doses. An average adult weighs
between 60 and 80 kg and has a blood volume of approximately 5 liters. In this situation, Artesunate
will be administered intravenously to ensure that the medication is quickly delivered to the targeted
area of the body [63]. The recommended dosage for this medication is 2.4 mg/kg intravenously at 0,
12, and 24 hours [64]. For simplicity, instead of considering the drug dose at each time ti we take
the average of 1 day. Taking the units for the drug dosage into grams, we obtain 0.0024 g/kg. Since
this dosage is given per kg of weight, we take 70kg as the weight of an average adult which gives us
0.168 g. Calculating the average volume of blood of a healthy person in milliliters gives the following:

5L = 5 × 103 ml.

Hence, the level of drug administered per day for 4 days is calculated as follows:

CA =
4 doses
4 days

0.168 g
5 × 103 ml

= 4.4 × 10−5 g/ml per day.
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We take the dose of Epoxy CE to be the same since there is no standard dose for its administration.
Hence,

CE = 4.4 × 10−5 g/ml per day.
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