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Abstract

Human malaria infection poses a major global health threat worldwide. Yet,
no sophisticated mathematical model exists to study the complex dynamics
and interactions between the parasites and host immune response at the
blood and liver stages. In this paper, an in-host mathematical model of Plas-
modium falciparum malaria dynamics and interactions in an infected host
cells are studied at the liver stage by incorporating the red blood cells and the
immune system. Numerical simulations are applied to investigate the interac-
tions between the host immune response, the parasite dynamics, and the dis-
ease dynamics at both the blood and liver stages. Results show that immunity
has a significant impact in clearing infected red blood cells. Furthermore, the
infected erythrocytes and hence the severity of malaria tend to increase with
increasing density of merozoites in the blood. The result revealed that inter-
vention during malaria infection should focus on minimizing merozoite in-
vasion rate on healthy erythrocytes and the density of merozoites in circula-
tion.
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1. Introduction

Malaria is a multifactorial infectious disease that represents a serious public
health problem especially in sub-Saharan Africa and Southeast Asia [1]. The
disease is caused by parasites of the genus Plasmodium belonging to the api-
complexan phylum, which invades and reproduces in the erythrocytes. Hema-
tophagous mosquitoes of the genus Anopheles are required for the transmission

of the Plasmodium falciparum (the most virulent and prevalent parasite in Afri-

ca and Asia) invading humans and are responsible for most morbidity and mor-
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tality [2].

The main aspects of malaria infections can be summarized in three points: 1)
the mechanism of transmission through the parasite life cycle between host and
vector, 2) the clinical symptoms, showing illness, that depend on a specific stage
of this life cycle and 3) the burden of morbidity and mortality [3]. In a single
bite, an estimated average of 15 sporozoites is injected into the human body by a
feeding mosquito infected with plasmodium falciparum [4] [5]. A sporozoite
travels in the blood stream to the liver where it invades hepatic cells, matures
into schizonts and produces 30,000 to 40,000 merozoites within 6 days. Each
merozoite tries to invade a red blood cell where it reproduces asexually, and after
approximately 48 hours the erythrocyte ruptures, releasing a number of mero-
zoites to renew the cycle [6]. Some merozoites differentiate into gametocytes
which are later picked up by a female anopheles mosquito during blood meal.
The interaction between merozoites and red blood cells is well represented in the
malaria parasite life cycle diagram in [7] [8]. The blood stage merozoite replica-
tion process is the main cause of malaria morbidity and mortality. The infection
is associated with a reduction in haemoglobin levels, frequently leading to anae-
mia [9]. This happens especially when the destruction of red blood cells is fol-
lowed by a decreased production of red blood cells from the bone marrow [7]
[10].

Like most other infectious diseases, malaria infection triggers the immune
system. The cells of the immune system are produced in the bone marrow and
they include myeloid (neutrophils, basophils, eosinophils, macrophages and
dendritic cells) and lymphoid (B lymphocyte, T lymphocyte and Natural Killer)
cells [11] [12] [13] [14]. The myeloid induces red blood cells and platelets in ad-
dition to controlling the innate immune mechanism whilst lymphoid plays a
crucial role in the adaptive immune response [13]. The T cells produced by the
lymphoid undergo a process of maturation in the thymus differentiating into
naive CD8+ cells and CD4+ T helper cells (Th1l and Th2). These helper cells lat-
er prime CD8+ cells to kill pathogens directly by cytotoxicity and indirectly by
inducing B cells to produce antigen specific antibodies [14] [15] [16]. Immune
response to malaria is greatly determined by the activities of antigen presenting
cells (APCs), namely dendritic cells (DCs), macrophages and B lymphocytes.
APCs capture and process antigens for presentation to T cells (CD4+ and CD8+
T cells) and it is reported in Annan ef al (2018). The contributions of the ma-
crophages during phagocytosis and opsonization of malaria pathogens is well
studied [15] [17] [18] [19] [20].

In addition, the dendritic cells recognize and capture malaria parasites and
infected red blood cells at the Marginal Zone for presentation to CD4+ and
CD8+ T cells. This initiates differentiation of CD4+ T cells into T helper 1
(Th1), T helper 2 (Th2) cells and Regulatory T cells (Treg). Mature dendritic
cells produce IL-12 inducing Thl cell to produce inflammatory cytokine Inter-
feron gamma (IFN-y), which makes CD8+ T cells become cytotoxic, hence hav-
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ing the capacity to phagocytose. IL-12 activates natural Killer (NK) cells, which
further enhances the production of (IFN-yp) [17] [20]. Macrophages activated by
(IFN-p) produce inflammatory cytokines which regulate intercellular adhesion
molecule 1 (ICAM-1) [21], and help bind infected erythrocytes in patients with
severe malaria diagnosis [21] [22]. The binding of uninfected and parasite in-
fected erythrocytes to endothelial cells has been examined in vitro by [23] with
the result of binding of parasite infected erythrocytes being significantly higher
than that of uninfected erythrocytes. This result may be due to the fact that un-
infected erythrocyte binding is independent of IFN-y.

Furthermore, through phagocytosis, macrophages and dendritic cells be-
coming heavily loaded with haemozoins due to uptake of hemoglobin, their
functionality is impeded as antigen-presenting cells and large production of
pro-inflammatory cytokines, (IFN-y) and (TNF-a) are created [23]. However,
these unpleasant inflammatory responses do not continue indefinitely as they
are often regulated by some immunosuppressive anti-inflammatory cytokines
such as the immunomodulatory cytokines IL-10 and Transforming growth fac-
tor S (TGF-p), thus, limiting the pathology of disease [23] [24] [25]. High ratios
of (IFN-y), (TNF-a) and IL-12 to TGF-p or IL-10 are associated with decreased
risk of malaria infection but increase risk of those who actually become infected
[25]. Since malaria pathogenesis in the human host is very complex, many epi-
demiological researchers have used mathematical models to describe in-host in-
teraction of blood stage malaria parasites with red blood cells and the immune
system [26] [27] [28]. This is because the merozoite and the gametocyte forma-
tion stages occur in the human host and the blood stage merozoite replication
process is the main cause of the diseases’ morbidity and mortality.

Malaria parasite interaction with the human host was first modeled mathe-
matically by Anderson et al [29] [30] where they examined the malaria para-
site life cycle suggested that the effectiveness of the immunological response
was inversely proportional to the life expectancy of the target stage of the pa-
rasite development cycle. The model was adjusted by Hetzel ef al to investigate
blood-stage malaria infection [31]. In the new model, merozoites were assumed
to be absorbed into already infected erythrocytes, however, they did not include
the immune system. They observed that the rates creation and death of mero-
zoite and erythrocyte were favored by the persistent invasion of the red blood
cells. Hence suggested that without immunity, the density of susceptible eryt-
hrocytes in the red blood cells were crucial in determining the initial pattern of
malaria infection. Analysis of the model with simple immune response resulted
in effective destruction of infected red blood cells by controlling the parasite
density.

Recently, several studies on mathematical modeling of in-host malaria and its
dynamics within the human host have been done. Nearly all the earlier mathe-
matical models focused on improving Plasmodium falciparum control while fo-

cusing on the blood stage of parasite development [32] [33] [34] [35].
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These models have been found to be useful in explaining in-host observations
such as parasite diversity [36]; predicting the impact of interventions or the use
of antimalarial [37]; dynamics of densities of healthy erythrocytes, infected eryt-
hrocytes and free merozoites [38]; age-structured model [39]; in-host model
with immune response to regulate malaria parasites [40] [41] [42] [43]. Al-
though models [40] [41] [42] [43] considered the impact of immune response
and treatment, models in [41] [42] [43] were limited only to the blood stage of
Plasmodium falciparum development. Chiyaka et al [40] came up with an im-
proved model that incorporated immune factors, red blood cells, infected red
blood cells, merozoites, B cells, and antibodies. However, their model did not
account for the natural death rate of infected red blood cells that may occur
within the period of schizogony. Tuwiine ef a/. [44] improved on this limitation,
but omitted an important biological interaction of the innate response and the
pathogen. Thus, none of the in-host models show explicitly the effect of innate
immune response on the pathology of the disease or account for the natural
death rate of infected red blood cells during the period of schizogony. In [45]
[46] [47], the liver stage is incorporated into the malaria model. However, the
contribution of immune system was ignored. Moreover, all the immune cells
were assumed to play an active role during malaria infection in [46] [47]. This
may not be entirely true. The specific impacts of immune responses to malaria
infection are well discussed in [48] and in other earlier papers [49] [50] [51]
[52].

In this paper, we extended the model in [40] by incorporating the liver stage
of parasite development and adapted the immune response discussed in [48].
The reformulated in-host malaria model focused on the post-liver stage and de-
scribed the dynamics of interactions between the malaria parasites, infiltration of
the red blood cells by merozoites. We also examined the immune system cells
activation that aimed to interfere and destroy the malaria infection. The under-
standing of the dynamics of the parasite at the post-liver stage in human host is
crucial to the quest for malaria elimination and eradication.

We formulate the in-host malaria model equations, dimensionless the system
of equations, and perform model parametrization in the next section. Section 3
is devoted to numerical simulations of the in-host model interactions with mala-
ria parasites, red blood cells, and immunity effectors. We then give some discus-

sion and conclusion of the paper in Section 4.

2. Model Formulation

2.1. Variables Description & Equations

The health of the susceptible individual depends on the red blood cell count and
is denoted as density C,. Let the concentration of merozoite released from the
liverat t=0 be C, and the concentration of infected red blood cells by me-
rozoites be |, . The maturation of infected red blood cells results in the produc-

tion of subsequent generations of merozoites with some forming asexual game-
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tocytes denoted by C, . For simplicity, we represent the blood-borne phagocytic
inmate immune cells (NK, macrophages and dendritic cells) concentration by
C, . Antibodies produced in large amount by B cells induced through T-cells ac-
tivation in response to signals from C; is denoted by C,.

Since the presence of antibodies restrict the infection of the red blood cells by
the merozoites, we state the infection rate of red blood cells by merozoites as
fiC.C,

, where [, is the infection rate of red blood cells, ¢, the efficiency
1+c,C,

of antibodies hindering merozoite release, and the factor denoting

1+c,C,

antibodies in blocking and reducing erythrocytic invasion. Since red blood cells

develop continuously from stem cells in the bone marrow through reticulocytes

within seven days and can live up to 120 days [39], we assume a rate of fresh

erythrocytes conscription A, from the bone marrow and a natural death rate
of 1,C, . Thus, the equation for the infected red blood cells is:

dc, . BuCC,

== e

C.. 1
dt lcC, ‘e M

The removal of infected red blood cells by the innate immune cells through
phagocytosis is given by k,C;1, (1+k¢,C,), where k, is the elimination rate
of infected red blood cells by innate immune cells, k., is the antibodies in-
duced Fc-dependent killing rate of infected red blood cells. Assuming that in the
first two days of parasitized erythrocyte schizogony the infected red blood cells

die at rate 4,1, or survive to experience a per capita death rate due to parasite
rupture of . With no loss of blood cells on infection, (4, + 4, )1, , we have

dI,
dt

:_(Mr+yn)|r+%-k,rci|r(1+k%ca), @)
If the number of merozoites per busting schizont, on average, is x merozoites
and the fraction of merozoites committed to gametocytogenesis is &, then
the net rate of merozoites production by the infected red blood cells is
Xpy (1_ & ) . . . . .
———————=, where ¢, is the efficiency of antibodies preventing the release of
1+¢C,
new merozoites. Assume that antibodies assist phagocytic cells in killing mero-
zoites and that they inhibit gametocyte development in the host by binding to
young gametocytes during their developmental stages. The rate of merozoites
and gametocytes killing through binding can be expressed as K k,C,,C,C; and
k,k.C,C.C;, respectively, where kK, is the elimination rate of merozoites by
innate immune cells and k; is the elimination rate of gametocytes by innate
immune cells. Thus, if we represent the natural death rates or portion killed by
innate and adaptive immune cells of gametocytes and merozoites by x,C, and

4.,C.,» then we have the merozoites and gametocytes equations as,

de _ Xzulrlr (1_ g) _ ﬁCrCrCm _
dt 1+¢C, 1+c¢,C,

4#nCp —k,C,C,, (1+k,C, ), and (3)
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dCQ — X/uIr Irg _

C, —k,CC, (1+kC,). 4
dt 1+01Ca ’ugg g'g( Cﬁ) ()

Assume that immune cells coming from the bone marrow’s stem cells have
rate b, and the one stimulated by the presence of infected red blood cells and
merozoites have a per capita rate, with an induced rate of innate immune cell
production of 7,(I, +¢C,) where ¢ indicates the phagocyte growth differ-
ence between merozoites and infected red blood cells. Since malaria specific an-
tibodies are associated with merozoites and sporoziotes, we write the rate of an-
tibody’s enrolment of merozoites and malaria parasite as 7,(1, +9,C,,)(t—d,).
Here, g, is the adaptive immunity difference between merozoites and in-
fected red blood cells, and d, is the time delay between parasites contact and
the production of the adaptive cells. The deteriorating rates of innate immune
cells and antibodies interacting with the parasites are represented as
C (kI +k,C,) and C,(m,l, +7,C,), respectively. Furthermore, assuming
that antibodies die at a rate 4, (Cao —Ca) , where C, is the initial antibodies
density. Thus, the innate immune cells and antibodies equations are formulated

as:

%zbm +771(|r +¢Cm)_tuici_Ci(kdcr+kncm)’and )

dC
dt

2 :772(|r +gzcm)(t_d1)+:ut(ca0 _Ca)_ca(nslr +774Cm)' (6)

2.2. Initial Conditions

The initial condition for C,is the concentration of red blood cells of an uninfected

individual which is represented by the steady state rate A . Similarly, the initial
r

steady state rate of the innate immune cells for an individual is i—m Annan et al.
i
(2017) predicted that for a successful infectious bite of a mosquito, an average of
525,000 merozoites is produced and thus we estimate the initial concentration of
merozoites released into the blood stream as 0.105 cells per . The concentra-
tions of infected red blood cells and gametocytes are estimated as zero at the re-
lease of hepatic merozoite, since it is the blood stage merozoites that penetrate
red blood cells and eventually convert to gametocytes. Furthermore, the choice
of C, asanon-zero initial density of antibodies is important because instead

of restricting the model to only a single contact it makes provision for subse-
quent contacts which lead to accumulated immunity from previous infections.
At initial contact, C, =0 and since the number of memory cells does not

change much over the course of a single infection, C, — 0 as the parasites are
cleared. Nevertheless, for an additional infection before antibodies completely

decline to zero, we have C, — C, . Thus, the system’s initial conditions are:

cr(o)=#—:, 1,(0)=0, C,(0)=0.105, C,(0)=0, C, (o):t;—mi, c.(0)=0.
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Since Equation (6) is dependent on the solution at the previous time t—d,, it
is necessary to state an initial functions to specify the solution before time t=0
as

C, (t)=#—'r, 1,(t)=0, C,(t)=0.105, C,(t)=0, C, (t):%mi

, C,(t)=0, vt<O.

In addition, the system of equation works for a number of time scales derived
in [20] [43] [48] that include natural red blood cell turnover (~120 days), blood
infiltrated merozoite maturation in blood cells (~2 days), non-infiltrated mero-
zoite survival (~30 minutes), and adaptive immune response (~2 days).

2.3. Dimensionless Model

t 1
We scale time with the maturation of merozoites and state t=—, where —
My He

is the duration of schizogony leading to cell induced death of infected red blood
cells and subsequent release of new generation merozoites. The dimensionless
time, t =1 is a time scale of about 2 days and we note here that it is relatively
longer time compared with the longevity of merozoites and their invasion ca-
pacity. The choice of this scaling enables the study of the model in relation to the
replication rate of blood stage parasites. The red blood cell equation is normalized

with the steady state rate A . The infected red blood cells, merozoites and ga-
Hy

metocyte are rescaled using the same parameter. Also, the innate immune den-

b 1
sity is rescaled using — and antibodies with activation rescaled by —.

H; Co
Introducing new variables in terms of proportion as follows:
Y B A A A b, 1 .
¢ =—¢C, I, =—I,C,=—C,, C, =—C,, C,=—C;, C,=—C,.
He He Hy He Hi CO

Thus, we define the dimensionless parameters below with their parametric
values defined in Table 1.

pBle p g o M ke Ky K
He H H H H Co Co Co
k = I(Ibm e:ﬂ a= kmbm f = kgbm o= ﬂrﬂﬂh — j‘r’73 h2 — ﬂ’r774
iy Hy Iy 9 b 244 2y Iy
CoA, 7 kA k.4
$=cC,, p=—", py=—"2, k4=Lv ks = b r=dy, kezi'
Ml H; Hi Ml Co

Consequently, the dimensionless model Equations (1)-(6) becomes:

%:a(l—cr)—%, @

‘Z'tr :%_(1_ﬂ)|,_kci|,(1+k1ca), (®)

d;m = X‘l(i;ga" - f (jgm —dC, —aC,C, (1+k,C,), ©)
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dC ex|
—2=-_"0r _eC -fCC, (1+k,C,), 10
dt 1+|<6<:aeg C (1+kCs) (1)
dC.
i ~PA-C)+ (1, +4C,)-Ci(kl, +kCy), (11)
dc,
F:pl(t—l')(h+p2Cm)+p3(¢0—Ca)—Ca(hl|r+h2Cm)r (12)

Subject to the history and initial conditions below:

[C (1)1, (1),Cy (1),C4 (1),C, (1).C. (1) ]
(1,0,0,0,1,0) for t<0 (13)
- {(1,0,1.05x10"7,0,1,0) for t=0

2.4. Model Parameterization

Equations (7)-(12) are solved using the dimensionless parameter values defined
in Table 1. The values in Table 1 are expressed in terms of x <1, a small
parameter, to allow the investigation of timescale asymptotic analyses of the pa-
rasites interactions with the host’s red blood cells. In this study, x describes a
state where the death rate of merozoites is larger than the death rate of infected
red blood cells. Thus, triggering merozoite survival a direct consequence of pa-
rasite replication and disease pathology.

Dimensional parameter values stated in Table 2 are either estimated from ex-
perimental/mathematical model sources or are taken from peer reviewed publi-
cations. Furthermore, we determine the remaining dimensional values using the

combinations of parameters expressed in Table 1.

3. Numerical Simulations

Numerical simulations describing the events of in-host model were presented in
Figures 1-5. The model had a single constant delay, x in the antibodies concen-
tration equation that expressed the time lag before the activation of adaptive
immune response. The system of the delay differential equations was numerical-
ly solved using MATLAB with the parameter values summarized in Table 1 & Ta-
ble 2 and initial conditions as follows: C =11, =0,C, =1.05x10",C, =C, =0
and C, =1, derived in Annan et al, [20]. These conditions described a situation
where a susceptible human (that is C,(0)=4¢,), is exposed to malaria infection
for the first time.. Here, a hepatic merozoites from a single infectious bite were
released into the blood stream to undergo the first phase of erythrocytic schizo-
gony. The individual having normal concentration of red blood cells (C, =1)
and normal innate immune cell concentration (C; =1) was infected with an ini-
tial concentration of merozoites (C, =1.05x10" representing 35,000 mero-
zoites [51]). The program was run in MATLAB using a relative and absolute to-
lerance of 1077 with a delay of two days. The history conditions were the same as
the initial conditions for t>0.

In Figure 1, merozoites invade red blood cells and the immune cells respond
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Table 1. Dimensionless parameter values of in-host model in terms of a small parameter

K =42 ~0.001.
Hr
Dimensional Dimensionless Value Valuein x
u/u, o 0.02 K
B2 ot B 49 O(x™)
/1 b 0.6 0(1)
Mo 4 d 96 o(x™)
o " 0.11 0(1)
o e 0.034 O(x)
k,b, /a1, f 0.35 0(1)
A/, h 0.45 0(1)
AN i, h, 0.34 0(1)
kb, /aa, k 0.23 0(1)
k,/c, k, 2.3 0(1)
k, /C, k, 20 o(1)
k./c, K, 2.1 0(1)
k,A, /1, k, 0.028 O(x)
Vymn K, 0.031 O(x)
c/c, k, 15.2 0(1)
k.b, /s, a 30 o(x)
2,41, [0, 144, ) 10 o(1)
CoA 1, P, 1.8 0(1)
P, o) 1.86 0(1)
ym P 0.6 0(1)
¢.C. ¢ 2 0(1)
m, m, 1.05x107 0(x?)
X, X 16 o(1)
£ & 0.0064 O(x)

by attacking and eradicating pathogens, leading to red blood cell recovery and
subsequent drop down of immune cells.

Specifically, the blue dots in Figure 1(a) represent data on the red blood cells
concentration of a malaria patient. The data were extracted from a data set ob-
tained from the South Carolina State hospitals in which prior uninfected neuro-
syphilis patients were inoculated with P. falciparum malaria parasites as a means
of malaria therapy for neurosyphilis. The infected red blood cells concentration
dropped to a minimum level due to the merozoites invasion and then increased
at the time when the immune system gained control. The lowest red blood cells
concentration level of 0.55 occurred around t=5.4 days. When the red blood
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Table 2. In-host model dimensional parameter values. Values with asterisk (*) are ma-
thematical model estimates and values with bullet (e ) are obtained from experimental

sources.
Dimensional Value Unit Source
A 4.15x10° * cell/yl/day
B 49x10° wl/cell/day estimated
H, 8.3x10% e /day
M, 5.5x10? /day estimated
H, 0.5e /day
Hy 48e /day
M, 2.0x107 /day estimated
C, 0.6* cell/mol
c, 1.12 cell/mol estimated
k, 1.38 cell/mol estimated
k, 12 cell/mol estimated
k., 1.26 cell/mol estimated
k. 0.9* ul/cell/day
K, 1.18x10° w/cell/day estimated
K, 1.4 wl/cell/day estimated
b, 3.8x10° cell/ul/day estimated
m, 1.3x107 /day estimated
, 3.0x10” mol pl/cell’/day estimated
1, 45x10° u/cell/day estimated
1, 3.4x10° u/cell/day estimated
K, o) 1.8 0(1)
k, P 1.86 0(1)
u, Ps 0.6 0(1)
C, ¢ 2 o1
H, m, 1.05x10” O(x*)

cells concentration reached the minimum level, the concentrations of infected
red blood cells, merozoites, and gametocytes all peaked with similar shapes in-
dicating some form of proportionality, as shown in Figures 1(b)-(d). The ob-
servations were expected since merozoites were expected to convert to infected
red blood cells after a successful penetration.

The innate immune cells graph depicted in Figure 2 described how innate
immune cells reacted to malaria pathogens in the host by proliferating to a peak
value and then leveling off. During the beginning of the infection, the innate
immune cells concentration preserved its normalcy and just after the concentra-
tion of the parasites attained its maximum level that the red blood cells concen-

tration reached its minimum. This resulted in rapid increase in the adaptive
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1 0.25 Infected red
o blood cells
0.8 . e e 0.2
0.6 0.15
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© 04 = 0.1
02 Red blood cells 0.05
0 e Data 0
0 10 20 30 40 0 5 10 15
t t
_— (@) os (b)
10
| Merozoites | Gametocytes
10
£ 8 s
O
5
0 0
0 5 10 15 0 5 10 15 20

t t

(c) (d)

Figure 1. The figure shows the pathogenesis of malaria in human host with initial intro-
duction of merozoites invading red blood cells. In (a), the blue dots represent data of
strain malaria infected patient. Time equals to one in 1b represents 2 days in real time
and it corresponds to the period of each erythrocytic schizogony.

25 Innate immune cells
2F 4
15F d
O 1F i
05F 4
0 'l 'l 'l 'l 'l 'l 'l
0 5 10 15 20 25 30 35 40
t
025k I . ) ’ I Adaptive immune cells
0.2k o
o 015 J
O
0.1F o
0.05f o
0 L L L 2 2 Il . M 9
0 5 10 15 20 25 30 35 40

t

Figure 2. Results show the behavior of the concentrations of innate immune cells and the
antibodies (adaptive immune cells). Both innate and adaptive immune cells decay after an
initial growth.

immune cells concentration, as shown in the second graph in Figure 2. As the
innate immune cells level reached its peak, there was a massive damage of ga-

metocytes, merozoites, and infected red blood cells. As a result, the concentra-
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tions of infected red blood cells and that of merozoites died out causing no more
reaction from infected red blood cells to gametocytes, see Figure 3. Hence, ga-
metocytes concentration decayed and innate immune cells concentration res-
tored back to normal.

When different sets of parameter values are used, the shapes of the graphs
were similar, however, the minimum red blood cell levels and the times they
took to reach such levels were different. This was expected because different pa-
tients react differently to disease pathology and may have different immune re-
sponse statuses. For example, a healthier eating habit of an individual may pro-
mote a stronger immune system that could diminish the infection rate of red
blood cells.

We also demonstrated the effect of different immune profiles on disease pa-
thology using a death threshold defined by a third of the normal red blood cell
level in Figure 4. The results suggested that both innate and adaptive immune
had the minimum levels of red blood cell above the threshold level. However, in
the absence of one or both of the immune types the minimum blood level was
below the threshold. Similarly, the rate of production of gametocytes was higher
in the absence of immunity since gametocytes are produced from infected red
blood cells. The overall amount of gametocytes produced at any time #from the

beginning of the disease until death is illustrated in Figure 5.
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Figure 3. Result shows secondary outbreak of the malaria disease. Here, the concentra-
tion of red blood cells drops after the initial outbreak. However, recovery is initiated as
the immune response gains control. The immune cells ease after the concentration of
merozoites drops creating room for merozoites growth and re-invasion of the red blood
cells.
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Figure 4. Results show the effect of immune response on the pathogenesis of mala-
ria. The red curve represents concentration of red blood cells when the individual
has both innate and adaptive immune response. The curves with the cyan and blue
colors indicate red blood cell concentrations due to innate immunity only and adap-
tive immunity only, respectively. Death is assumed to occur when the red blood cell
levels are below the dotted horizontal line while the magenta curve represents the

red blood cell level in the absence of immunity.
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Figure 5. Results show that the total concentration of gametocyte at any point in

time as the disease progresses until death is = 6.2.

4. Discussion and Conclusion

4.1. Discussion

We modeled in-host dynamics of malaria parasites depicting the erythrocytic

blood-stage asexual parasite and gametocyte formation. The model was impor-
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tant since clinical symptoms, mortality, and disease transmission are relevant at
this stage of the disease. In first contact with the parasite, the innate immune
cells were activated through antigen presentation mechanism that lead to the
production of antibodies. The time lagged between the parasite contact and the
immune activation was signified in our simulation as x and assumed to be a de-
lay of 2 days. The simulation revealed the in-host malaria interactions with the
red blood cells and the host immunity. Specifically, we observed that increased
merozoites death rate decreased the concentration of infected red blood cells and
increased the healthy red blood cells. Furthermore, an improved merozoites rate
on susceptible red blood cells caused decrease in healthy erythrocytes. The con-
trary that an increased in the infected rate of healthy erythrocytes caused an in-
crease in the density of infected red blood cells was also true. Thus, malaria con-
trol should target the infectious merozoites at the blood stage.

Although several biological factors may seem to influence this development,
the primary effect appeared to be moderate or high parasite density [47]. How-
ever, the concentration of the red blood cells did not fall at once after the malaria
parasite invasion. This could be partly due to recruitment of red blood cells and
the intervention of innate immune cells providing mechanism to prevent the
growth of infection. Another reason could be that since there were only 1.05 x
1077 initial merozoites concentration representing 35,000 merozoites, immune
response was low until concentrations of infected red blood cells and merozoites
reached sufficient levels. We also observed that the parasites invading the red
blood cells triggered a decrease in the concentration of uninfected red blood
cells, thus, increasing infected red blood cells, merozoites and gametocytes con-
centrations.

In addition, we observed that the severity of malaria infection increased when
either the density or the activation of the innate and/or adaptive immune system
was compromised. For example, a decrease in immune concentration caused
erythrocytic schizogony and hence increased merozoites concentration in the
host blood. Consequently, the concentrations of both the innate and adaptive
immune cells surged up to reduce infected red blood cells, merozoites, and ga-
metocytes to a small level that was inept to attack, therefore, causing the red
blood cells to recover and eventually bringing the immune cells back to normal.

Considering the clinical setting case of the patient infected with malaria strain,
we observed that the total amount of gametocytes at death was 6.9 x 10* cells/pl
and it took 14 days after the release of merozoites into the blood stream for the
blood level to drop to its minimum of 2.7 x 10° cells/ul. This is within the incu-
bation period of Plamodium falciparum malaria which is 10 - 15 days. Thus,
since it takes about six days for merozoites release, the likely duration from the
bite to attain the minimum blood level may be about 3 weeks. Thus, the mero-
zoites concentration peaked at 5.5 x 10° cells/pl, which was two days prior to the
red blood cells attaining its minimum level, whilst maximum adaptive immunity

was achieved three days after.
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To determine the effect of the innate immune response in defending the indi-
vidual against malaria, we disabled the immune response and found out that an
individual without adaptive immunity was more likely to die after 18 days of pa-
rasites introduction, see Figure 4. We observed that the horizontal line inter-
sected with the red blood cells curve at (6.2, 0.3) where we have indicated death
to occur at fatal red blood cells level.

4.2. Conclusion

In this paper, we constructed and analyzed an in-host malaria model in which
the interaction between parasites, red blood cells, and immune system were
formulated and examined. Mechanism of antigen presentation and time delay of
innate and adaptive immune cells at the beginning of infection were established.
Numerical simulations of the disease pathology from asexual erythrocyte stage
to sexual exoerythrocytic stage were examined. The result revealed that interven-
tion during malaria infection should focus on minimizing merozoite invasion
rate on healthy erythrocytes and the density of merozoites in circulation. In the
absence of treatment, the immune cells were vital in eliminating infected red
blood cells at the blood stage. Reducing immunity propelled erythrocytic schi-
zogony and hence increased merozoits in the host’s blood and higher merozoite
density increased the severity of the disease infection. However, deactivating
immunity caused in fatal red blood cell count which could result to death.
Therefore, the intervention could help terminate the erythrocytic schizont, lead-
ing to minimal parasite transmission of malaria. Thus, our model help to gain
insights to complex dynamics and interactions of in-host malaria infection at the

blood stage.
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