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Abstract: Coronavirus disease 2019 (COVID-19) is a new viral disease caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2). Malaria is a parasitic disease caused by Plasmodium
parasites. In this paper, we explore a within-host model of SARS-CoV-2/malaria coinfection. This
model consists of seven ordinary differential equations that study the interactions between uninfected
red blood cells, infected red blood cells, free merozoites, uninfected epithelial cells, infected epithelial
cells, free SARS-CoV-2 particles, and antibodies. We show that the model has bounded and non-
negative solutions. We compute all steady state points and derive their existence conditions. We use
appropriate Lyapunov functions to confirm the global stability of all steady states. We enhance the
reliability of the theoretical results by performing numerical simulations. The steady states reflect
the monoinfection and coinfection with malaria and SARS-CoV-2. The shared immune response re-
duces the concentrations of malaria merozoites and SARS-CoV-2 particles in coinfected patients. This
response reduces the severity of SARS-CoV-2 infection in this group of patients.
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1. Introduction

Coronavirus disease 2019 (COVID-19) is a respiratory disease that emerged in China in late 2019.
It is attributed to a virus called severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). It
continues to spread and causes new cases and deaths daily around the world. According to the update
published on 5 April 2022 by the World Health Organization (WHO) [1], over 489 million confirmed
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cases and over 6 million deaths have been reported. The highest numbers of new deaths were regis-
tered in the United States of America, the Russian Federation, the Republic of Korea, Germany, and
Brazil [1]. The coinfection of SARS-CoV-2 with other diseases represents an extra challenge to health
care systems. One of the concerns is coinfection with malaria and COVID-19. In fact, many SARS-
CoV-2/malaria coinfections have been reported in malaria-endemic countries [2]. This condition has
increased the need to understand the dynamics of coinfection between malaria and SARS-CoV-2.

SARS-CoV-2 is a single-stranded positive-sense RNA virus [3]. It is a part of the family Coron-
aviridae [3]. It enters the host cell through the angiotensin-converting enzyme 2 (ACE?2) receptor [4,5].
ACE?2 is expressed in the heart, gastrointestinal tract, kidney, blood vessels and other organs [6].
However, it is expressed at high levels in the alveolar epithelial cells of the lungs [6]. The trans-
mission of SARS-CoV-2 occurs through respiratory droplets that carry viral particles or by human-to-
human contact [7]. Ten COVID-19 vaccines have been approved for use by the WHO, including No-
vavax, Serum Institute of India (Novavax formulation), Moderna, Pfizer/BioNTech, Janssen (Johnson
& Johnson), Oxford/AstraZeneca, Serum Institute of India (Oxford/AstraZeneca formulation), Bharat
Biotech, Sinopharm, and Sinovac [8]. The progress of mRNA-based vaccines is elaborately discussed
in a previous study [9]. On October 22, 2020, the U.S. Food and Drug Administration (FDA) approved
the antiviral drug Veklury (remdesivir) for the treatment of patients with COVID-19 requiring hospital-
ization [10]. It is used to treat adults and pediatric patients aged 12 years and older (with weight> 40
kg) [10].

Malaria is a parasitic disease caused by Plasmodium parasites [7, 11]. Plasmodium falciparum is
the deadliest parasite causing malaria. The other parasites causing malaria are P. vivax, P. ovale, P.
malariae and P. knowlesi. In 2020, approximately 241 million confirmed cases of malaria and 627000
deaths were reported worldwide [12]. The African Region had 95% malaria cases and 96% malaria-
related deaths [12]. Malaria is transmitted through the bites of infected Anopheles mosquitoes [11].
Malaria infection in humans consists of two stages: the liver stage and the blood stage [11]. Most of
the clinical symptoms occur in the blood stage. During the blood stage, the parasites in the form of
merozoites infect red blood cells and replicate within them [11]. After cells rupture, 8-32 daughter
merozoites are released to infect healthy red blood cells [11]. Preventive chemotherapies are used to
treat malaria infection and its consequences [12]. The WHO also recommended the use of RTS and
the S/ASO1 malaria vaccine for children living in regions with medium to high P. falciparum malaria
transmission [12]. In this paper, we concentrate on malaria infection in the blood stage.

SARS-CoV-2 and malaria infections share many symptoms, such as fever, fatigue, difficulty breath-
ing, headache, and myalgia [13-15]. This similarly may lead to problems in the clinical diagnosis of
these diseases or ignoring the possibility of coinfection [6,7]. SARS-CoV-2 and malaria also share
a close incubation period of 7-14 days for Plasmodium falciparum malaria and 2-17 days for SARS-
CoV-2, which increases the chance of coinfection [7, 16]. Indeed, SARS-CoV-2/malaria coinfection
has been recorded in many countries [16-18]. Some studies mentioned that coinfection potentially
increases the severity of COVID-19 [2, 16, 19]. However, a large number of studies have stated that
neutralizing antibodies directed against Plasmodium falciparum are effective against SARS-CoV-2 par-
ticles, reducing the severity of SARS-CoV-2 infection in coinfected patients [6,20-22]. Therefore, an
understanding of the dynamics of coinfection is crucial to develop functional treatments that minimize
the risk of death.

Mathematical models have been considered a robust tool to support biological and medical studies
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of most epidemics. Malaria models have been widely developed and investigated (see, for example,
[23-28]). Similarly, SARS-CoV-2 models have been developed in many studies (see, for example,
[29-39]). Nevertheless, between-host models have attracted more attention than within-host models
that study infection within a human body [40]. To the best of our knowledge, a SARS-CoV-2/malaria
coinfection model has not yet been developed. In this paper, we develop a within-host model of SARS-
CoV-2/malaria coinfection. This model inspects the interactions between seven components: healthy
red blood cells, infected red blood cells, free merozoites, healthy epithelial cells, infected epithelial
cells, free SARS-CoV-2 particles, and antibodies. Using the developed model, we (i) confirm the
biological acceptance of solutions by proving the boundedness and nonnegativity, (ii) compute all
steady-state points with the corresponding conditions of their existence, (iii) prove the global stability
of all steady-state points, and (iv) validate the theoretical results by performing numerical simulations.

The article is arranged as described below. Section 2 provides a description of the developed model.
Section 3 proves that all solutions are bounded and nonnegative. Moreover, it computes all steady state
points. Section 4 uses Lyapunov functions to prove the global stability of these solutions. Section
S presents some numerical simulations. Finally, Section 6 discusses the results with some future
directions.

2. SARS-CoV-2/malaria model with an antibody immune response

This section provides a description of the model under consideration. The model consists of seven
ordinary differential equations and takes the form

% = oy = BuX(OM(D) — dy X (),

% = B X(OM(1) — do(2),

C”Zt(t) = ndaI(1) — i M(DZ(D) — dsM(2),

% = oy = BY(OV(E) — dyY(2), _
d]:; :t) =B.YOV(t) — dsN(2),

% = eN(1) ~ 2 V(DZ(1) — d V1),

% = piM()Z({@) + paV(DZ(t) — d1Z(1),

where X(¢), I1(r), M(r), Y(¢), N(t), V(¢), and Z(t) denote the concentrations of uninfected red blood
cells, infected red blood cells, free merozoites, uninfected epithelial cells, infected epithelial cells,
free SARS-CoV-2 particles, and antibodies, respectively. Uninfected red blood cells are recruited at
a constant rate o;. They are infected by free merozoites at rate 3,XM and die at rate d;X. Infected
red blood cells burst to produce n merozoites per infected cell and die at rate d,/. Free merozoites are
eliminated by antibodies at rate g; MZ and die at rate d; M. Healthy epithelial cells are generated at a
constant rate 0, infected by SARS-CoV-2 at rate 5,YV and die at rate d,Y. Infected epithelial cells
produce SARS-CoV-2 particles at rate eN and die at rate dsN. SARS-CoV-2 particles are eliminated
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by antibodies at rate g,VZ and die at rate dgV. B cells are stimulated to produce antibodies to clear
malaria merozoites and SARS-CoV-2 particles at rates pyMZ and p,VZ, respectively. Antibodies die
at a natural rate of d;Z. The meanings of the different parameters are summarized in Table 2.

3. Basic properties

This section verifies the basic properties of the model (2.1), including the existence, nonnegativity
and boundedness. Additionally, it lists all possible steady state points of the model with the corre-
sponding existence conditions.

Theorem 1. Assume that ¢; > 0 fori = 1,2,3,4,5. Define the compact set ® = {(X, I,M,Y,N,V,Z) €

RI : 0 < X(0),1(t) < ¢1,0 < Y(1), N(t) < 5,0 < M(1) < 3,0 < V(1) < 4,0 < Z(1) < ¢5}. Then, ® is
a positively invariant set for system (2.1).

Proof. For system (2.1), we obtain

ax

Elx:o =0 > 0,

dl

Ell:o =B XM >0 VX,M=>0,
aM

_lM:0:nd2IZO VIZO,
dt

dY

dN

ElNzO :,BVYV 20 YYV=0,
av

—|ly=o=eN >0 VYN >0,

i lv-o = e

dz

—|,_q = 0.

o |z=0

This equation ensures that (X(2), (), M(2), Y(¢), N(t), V(2), Z(t)) € R for all + > 0 when the initial
conditions (X(0), 1(0), M(0), Y(0), N(0), V(0), Z(0)) € RZ.

We define the following equation to prove the boundedness of solutions:
Qi) = X))+ 1(0).

By taking the derivative with respect to ¢, we obtain the following formula:

dQ,(1)
dt

=0 —d1 X(@) — drI(1)

<o =y [X(®) + 1(1)]
=01 — v (1),

where y; = min {d;, d,}. Hence, we obtain

0<Q(n)<d if Q0) <, fort>0,
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where ¢; = ﬂ. Thus, X(f) < ¢; and I(f) < ¢,. We define the following equation to prove the

Y1
boundedness of Y (#) and N(¢):
(1) =Y(@) + N(@).
Then, we obtain
dQ(1)
dt

=03 — dsY (1) — dsN(1)
<oy — 2 [Y(1) + N(®)]
=02 — y2Ah(1),

where y, = min {d,, ds}. Therefore, the formula becomes

0< Q@) <y if Q(0) < ¢y, fore>0,

where ¢, = 72 This equation implies that Y(¢) < ¢, and N(¢) < ¢,. Finally, we define the following
Y2
equation to prove the boundedness of M(¥), V(¢), and Z(t):

D22y gy + L zp).
P92 P1

Qi(t) = M(t) +

Then, we obtain

dQx(t
“¥MMHQWM0@anW%m 0
d P1g2 Piq> 12
<nd¢, +° ¢2 —y3 | M(1) + 4P V() + ﬂZ(t)
P19>2 P1
=nd,$, 4+ &

¢z —v3823(0),
192

where y3 = min {d3, ds, d7}. Therefore, we have

d. d
nd>p, N eq1p2¢> i 030) < ndxp, N eq1p2¢2
Y3 P192Y3 Y3 P192Y3

0<Q3(r) <

, fort > 0.

d d
ndx$y eC]1P2¢2 bs = np192d¢, N 6;152’ and

Thus M(t) < ¢39 V(t) < ¢47 and Z(t) < ¢57 where ¢3 - > P4
V3 P1927Y3 q1P2Y3 V3

np1dx¢; €P2¢2

¢s =
s oy o
From the equations listed above, the set @ is positively invariant. O

Theorem 2. The conditions Ry, > 0, Ry, > 0, R, > 0 Ry, > 0, and Ry, > 0 exist such that the model
(2.1) has seven steady states when the following conditions are met:

(1) The uninfected steady state Ey always exists;
(2) The SARS-CoV-2-free steady state without an immune response E; exists if Ro,, > 1;
(3) The SARS-CoV-2-free steady state E, exists if Ry, > 1;

(4) The malaria-free steady state without an immune response E5 exists if Ry, > 1;
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(5) The malaria-free steady state Ey4 exists if Ry, > 1;

(6) The SARS-CoV-2/malaria coinfection immune-free steady state Es exists if Ron > 1 and Ry, > 1;

and
(7) The SARS-CoV-2/malaria coinfection steady state Eg exists if R, > 1 + 11192 , Rom +
q1ds(p1d + Bnd7)
q1ds 14 efyq102p2 Cand Ry, + efn02p2 o1+ Bun(p2ds +ﬁvd7).
q2d3 q2d3ds(p2ds + Bod7) p1ddsds Bvprd;
Proof. The steady states of system (2.1) satisfy the following algebraic system:
0 =0y —BuXM —d,X,
0=p0,XM—-dI,
0 =nd)l — g MZ - d; M,
0=0,-BYV-4d,Y, (3.1
0=8,YV —dsN,
0=eN-qVZ-dsV,
0=pMZ+ p,VZ - d;Z

By solving (3.1), we obtain the following steady states:

(1) The uninfected steady state Ey = (Xy, 0,0, ¥y, 0,0, 0), where

(O] ()
Xo=—>0, Yy=—7>0.
0 d; 0 4,

Therefore, E always exists.

(2) The SARS-CoV-2-free steady state without an immune response is designated E; =
(X1,1,,M,,Y1,0,0,0), where

d3 d1d3 dl ()
Xi=—, IL=—®Rm-1), Mi=—Rm-1), Yi=-—,
nﬁm nﬁmd2 ﬁm d4
where Ry, = Td Notably, X; and Y, are positive, while I, and M, are positive for Ry, > 1.
1d3

Thus, E; exists when Ry, > 1. The threshold parameter R, marks the initiation of malaria
infection in the body.

(3) The SARS-CoV-2-free steady state with an immune response E, = (X, 1, M>,Y,,0,0,Z,). The
components are defined as follows:

a0 1d d d
XZ:&, ) = P16 . M=, Y2=2, 22:—3(7{1;1;—1),
pidi + Bud; dy(p1d; + Bdy) D1 dy q1
nBmo 1 p1 .. . .
where R;,, = We note that X;, I, M, and Y, are always positive, while Z, > 0 if

d3(pld1 +ﬁmd7) . o
Rim > 1. Hence, E, exists if Ry, > 1. The threshold parameter R;,, determines the initiation of the

antibody immune response against malaria merozoites.
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(4) The malaria-free steady state without an immune response is defined as E; =
(X3,0,0, Y3, N3, V3,0). The components are calculated using the following equation:

dsd dsd d
X; = ﬁ, Ys= —2 Ny= —2(Ry,— 1), Vz=—(Rp 1),
dl €ﬁv eﬁv ﬁv
where Ry, = ;'BC;O; . Clearly, X35 and Y3 are always positive, while N3 and Vj; are positive if Ry, > 1.
4dsdg

The threshold parameter R, marks the initiation of SARS-CoV-2 infection in the body.

(5) The malaria-free steady state is E4 = (X4,0,0, Y4, N4, V4, Z4), where

op| o2P2 Buorady d; ds
Xy=—, Yy= —"F—— = , Vu=—, Zy=—(R;,—-1),
! d ! pady + Bud; ! ds(prds + B,d7) ! D2 ) f]z( 1 )
ef.oaps .. .
here R;, = . Notably, X4, Y4, Ny and V, 1 tive, while Z, > 0
where R, dode(pads + Bods) otably, Xy, Y4, N4 and V, are always positive, while Z,

if Ry, > 1. Hence, E,4 exists if Ry, > 1. The threshold parameter R, establishes an antibody-
mediated immune response against SARS-CoV-2 particles.

(6) The SARS-CoV-2/malaria coinfection immune-free steady state is defined as Es =
(Xs, Is, Ms, Ys, N5, Vs, 0), where

ds dds d;
Xs=—, I1=——Ron-1), Ms=—(Ro,—1),
: nﬁm : 77,8de( . ) > IBm( 0 )
dsds dsds dy
Ys=——, Ns5= Row— 1), Vs=—(Rop, — 1).
5 B, 5 eﬁv( 0 ) 5 ﬁv( 0 )

The components X5 and Y5 are always positive. Is and M5 are positive if Ry,, > 1, while N5 and V5
are positive if Ry, > 1. Hence, E5 exists if R;,, > 1 and Ry, > 1. These two conditions are needed
to establish a SARS-CoV-2/malaria coinfection.

(7) The SARS-CoV-2/malaria coinfection steady state is defined as E¢ = (X¢, Is, Mg, Y6, No, Vs, Zo),

where

X = 1D I = 1Bu(dr — p2Ve) M = d7 — p2Vs

6= , Ig= , 6= ————,

pidi + Bu(d; — p2Ve) d [prdy + Bu(dr — p2Ve)] p1
Y, = q2dzds(pidy + Budr)(Rim — 1) + Bup2g2dsdsVe + dsqids [ pi1dy + Bu(d7 — p2 V)]
eqiBy [p1dy + Bu(dr — p2Vs)] ’
N, = q2d3(pidy + Bud7)Rim — 1) + Bup2g2ds Vs + qids [ pr1dy + Bu(dr — p2 V)] Ve
eqi [pidy + Bu(d7 — p2Ve)] ’

Z = d3(prdy + Bnd7)(Rim — 1) +ﬁmp2d3V6.

g1 [p1di + Bu(d7 — p2Ve))

By substituting Y in the fourth equation of the model (2.1), we obtain

eB,q102 [p1dy + Bu(dr — p2Ve)| — duds [ prdy + Bu(d7 — p2Ve)| [q1ds — g2d3] — 18,01 P1G2dads
- BudsVe [prdy + Bu(d7 — p2Ve)| (q1ds — q2d3) — BmfBy071 P1G2ds Ve = 0.
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Thus, Vi satisfies the following equation:

BuBup2ds(qids — g2d3) Ve + (IBmCIIPZd4d5d6 + Bvp1diqadzds + Bfyqardidsdys — eB,fyq102p2

— BuP2q2d3dsds — Byp1qididsds — Bufrqidsdedy — U,Bmﬁvo'll?lCIzds)Vs +efypi1qidio
+ eBuPvq102d7 + prd\qadsdsds + B,qrdsdsdsdr — pidiqidsdsds — Bnqidadsdsdr — 1,01 p1gadads = 0.

We define a function H(V) as follows:
H(V)=aV*+bV +c,

where

a =BuPyp2ds(q1ds — q2ds),

b =Buwq1p2dadsds + Bup1d1g2dsds + BuBrqadsdsd; — eBnfrq102p2 — BnP2q2d3dads
= Bvp1q1didsds — BnBrqidsdsds — nB.Byo1p1q2ds,

¢ =efyp191d102 + eBufrq102d7 + prdigadidads + Bugadsdsdsdr; — pidiqidadsds
= Buq1dadsdedr — 101 p1g2dads.

By evaluating the value of H(V) at V = 0, we obtain

H(0) =ef,qi102(p1d + Budy) + qadsdsds(pidy + Budy) — qidadsds(prdy + Bud7) — nBm0 1 P1G2dads
efvq102 + qrdzdyds 1Bm0 1 D192
—g1dydsde( d+md)[ _1-
1dadsde(pré + Pdy q1dsdsds q1de(pr1d) + Bdy)
nBmo1P192

- q1ds(prdy + Bndy) I

=qidsdsde(prds + )| R, ~ 1

efvq1072 + qadsdads

here R, =
VISR Ry q1dsdsds

. Notably, H(0) > 0 if

nBmo1P192
q1ds(p1dy + Budy)’

In addition, we find

R, >1+ 3.2)

d -1
H(#) :p_[nﬂmO'IPIQZdS(pzd4 + Bvd7) + p1qididsde(pads + Bod7) — pirdiqadids(prds + Bod)
» )

- eﬁvpl%dm'zpz]

_ nidiqadsds(pads +ﬁvd7)[7€ N q1ds ! eByqi102p2
- _ o + 10
P2 G q2dzds(prds + Bud7)
Thus, H(ﬁ) < 0if
P2
d d
Ropy + D0 7 4 D0g0 (3.3)
qrds qrds
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d
This result implies that a root 0 < V* < =T exists such that H(V*) = 0. Let Vg = V* and note that
P2

d
for 0 < Vg < = and Rim > 1 (Ry, > 1 is naturally satisfied at E¢ because E, coexists with Eg when
2
R > 1. However, it will not be stable as concluded from Theorem 5, where Xg > 0, Is > 0, Mg > 0,
Y > 0, Ng > 0 and Z¢ > 0. Similarly, we determine the third existence condition of E¢ by formulating
a function of Z and extracting the conditions under which a positive root is obtained as follows:
n a(pady + B.d
m+€,3 0'2P2>1+,3 (p2ds + B 7).
p1didsds Bvpid
Therefore, E¢ exists if conditions (3.2), (3.3), and (3.4) are satisfied.

Ro

(3.4)

4. Global properties

This section proves the global stability of all steady states of model (2.1) by selecting proper
Lyapunov functions.
We define a function I1;(X, I, M, Y, N, V,Z) and let S l be the largest invariant subset of
dIl;
= {1 My vz S =0l
Theorem 3. The steady state E is globally asymptotically stable (GAS) if Rom < 1 and Ry, < 1.

Proof. We define a Lyapunov function as follows:

Ny L2y, D

Z.
np1q2ds npiq2 npi

X X 1 Y Y
Ho(l)—Xo(——l—l —)+I+ My P2 Yo(——l ln—)+ eq\p>

Xo Xo n npiq2ds \ Yo Yy

By taking the time derivative of I1y(#), we obtain

Ay (1 - &) (0'1 — BuXM — dlx) + BuXM — doI + 1(770321 - \MZ — d3M)
n

dt X
Y,
eq1 D2 (1 B _0)(0_2 _BYV - d4Y) 4 ﬂ(ﬁvyv _ dSN)
nP1qads Y np1qds
611P2

(eN BVZ — d6V)+q—(p1MZ+p2VZ d7)
T pas npi

eqi1p2 d3
a2 -2
( AN Ryl S 2 L CE Rl Rl

d d
+ (eqmzﬁv Y, — qi1p2 6)V _q 7,
np1q2ds npi1q: npi

d (X - X, dy (Y =Y, d d
__4 ( 0)’ _eqip2 4 ( o)’ _(Rom M + q1P2 6(R0v 1)V - q 17
X Capigds Y np1q: npi

dIl drl,
In this case, d_to < 0if Ry, < 1 and Ry, < 1. Additionally, — i = 0when X = Xy, Y = Y, and

, ) . ) dM
M =V =Z = 0. The solutions tend to S, which contains elements with M = V = 0 and then I =0
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dv
and I = 0. From the third and sixth equations of the model (2.1), we obtain / = N = 0. Therefore,
S ;) = {Ey}, which guarantees the global asymptotic stability of E, when Ry,, < 1 and R, < 1 according
to LaSalle’s invariance principle [41]. O

Theorem 4. Suppose that Ry, > 1. Then, the steady state E is GAS if Ro, < 1 and Ry, < 1.
Proof. We establish the following Lyapunov function:

X X i I\ 1. (M M Y Y
Hl(t):Xl(——1—ln—)+ll(——1—ln—)+—Ml(——l—ln—)+ 1P Yl(——l—ln—)

X X I Ii)] n M, M) npigds \Y, Y,
g P2y D2y Dy
np1q2ds npi1q» npi

Then, we obtain

dl X I
(-5 o)1~ 4o
1 M Y
i - (1 - —1)(nd21 — g MZ - d3M) . Lap (1 - —‘)(az _BYV - d4Y)
n M np1q2ds Y
L _eqip (,BVYV B d5N) L 4P (eN — V7 - d6V) + ﬂ(leZ + poVZ - d7Z). 4.1
np192ds np142 npi

By applying the steady state conditions at E;

o =B XiM, + di X,
BunXiMy = do1,,
d
dpl; = =M,
n
oo =diYy,
and collecting the terms of Eq. (4.1), we obtain
dll; Xl)( X1 XIM
— =1 - —=|diX —dX)+3 XM - B, XM — - B, X1M
dt(Xlll ﬁllﬁllX’BllelMl
Y M . d,
L fap (1 ——1)(d4Y1 —d4Y)—,8mX1M1 1 +(€f]1pzﬁ y, - 4172 6)V
np192ds Y LM \npiq.ds nriq»
d
+(@M1 - M)Z
n np1
d (X - X)* dy (Y = Y))? X, IM, XLM
__ 1 ( 1) _eqip2 4 ( 1) +,3mX1M1(3——1——1— 1 )
X UP1QQd5 Y X I]M XllMl
d dy + B,d
L G(ROV v+ q(prd; +B 7)(731,” _1)z
npri1q2 nP1Bm

dIl dIl
Thus, d_tl < 0if Ry, < 1 and R;,, < 1. Furthermore, d_tl =0whenX=X,,I=1,,M=M,,Y =Y,

— dv , ,
and V = Z = 0. The solutions tend to S| which has V = 0 and then i 0. From the sixth equation

of (2.1), we obtain N = 0. Hence, S 1 = {E }. Accordingly, LaSalle’s invariance principle [41] ensures
the global asymptotic stability of E; if Ry, > 1, Ry, < 1 and Ry, < 1. O
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: . BT 1 D192
Theorem 5. Assume that R,,, > 1. Then, the steady state E, is GAS if R, <1+ .
! yoe s IR < 1% dapuds + i)

Proof. We define a Lyapunov function

X X I N 1. (M M Y Y
Hz(t):Xz(——l—ln )+12( —1-1In )+ Mz(——l—l —)+ q1p2 Yz(——l—ln—)
X5 X> 15 L) n M, M,] npigds “\Y, Y,

Z Z
eqip2 N+ 611P2V q Zz(——l—ln—)
1

np1q»ds npiq> np 7z, Z)

Then, we obtain

ATl X
(=) - pxmt = anx) « (1= ) (uxst - el
1 M, eqipz Y,
1——(d1 MZ - dM) (1——)( _BY —dY)
77( M)Uz q1 3 —— Y oy = BYV 4

M(ﬁvw - d5N) , 4P (eN —VZ - dﬁv)
77P1Q2d5 np192

Z
(1 - —)(lez + pVZ - d7Z) 4.2)
77P1 zZ

After collecting the terms of Eq. (4.2) and using the following steady state conditions at E,

oy = BnXoM;y + di X,
BunXoMy = do 1,

d
b = 2 My + Lm,z,,
n n

0y = diYs,

d
L vz, = 197,
n npi

we obtain

dil, X5 ) ( ) eq\p2 ( ) ( ) X
1-—=|ld{ X, —diX 1-—=)[dsYr, —d 3B, XoM> — B, XoM>—
TS ( X 1X2 1 +17p1q2d5 Y %) 4Y |+ 3B, Xo M, - B, X> 2y

XLM M . J
— BuXoMy——— — B, X, My —= + (eq]pzﬁ _Qpads  qiP2
XoIM, LM np1q2ds np1g> np

Now, we must calculate the last term of Eq. (4.3). From Theorem 2, we obtain

zz)v. 4.3)

eQIPZ,Bv _ q1p2ds anp2, :eﬁvChO‘sz _ qip2ds  q1p2 (B0 1Py — Prdids — Budsdy)

77P1(12d5 npig: pr o npigadads g np1q1(prdy + Bndy)
_q1P2ds [eﬁvqléfz tqadsdads | mBno1P192
nriq: q1dsdsds q1ds(p1d; + Budy)
:Cllpzdﬁ [R - 1Bno 10192 .
nri1q2 q1ds(p1dy + Budy)
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Thus, the derivative in (4.3) is rewritten as follows:

dll, __ d (X - X2)2 ~ eqipady (Y — Y2)2
dt X npiqxds Y

d m
q1D2 G(R - N8O 1192 )V.
nP192 q1ds(p1dy + Bndy)

+

nBno1P192
q1ds(prdy + Budy)’

dIl
Importantly, d_t2 <0ifR, <1+

X, IM, XLM

drl
In addition, th =Owhen X = Xo, I = I,

M = M, Y =Y, and V = 0. We easily show that the elements of S'2 satisfy N = 0 and Z = Z,.
This result implies that S 2 = {E,}. Therefore, the global asymptotic stability of E, follows LaSalle’s

BT 1 P19
q1de(pr1dy + Budy)

invariance principle [41] when R;,, > 1and R, <1 +

Theorem 6. Suppose that Ry, > 1. Then, the steady state E3 is GAS if Ron < 1 and Ry, < 1.

Proof. We establish a Lyapunov function as follows:

X X | Y Y
() =Xs | — — 1 —In— |+ 14+ -M+ D22 y (2 4 _jp2
X X

3 n npiq2ds ~\Y3 Y3

N N 1%
1P N3(——1—1n—)+ 412 Vg(——l—lnz)+ﬂz.

npig2ds "~ \N3 N3) npigx " \V3 Vi) np

Then, we obtain

R U )
T3 (1= 22 o) = BuXM — diX) + BuXM — dol
7l ( X o —p 1X)+B 2
1 Y
+ —(qd21 — g MZ - d3M) . b2 (1 - —3) (0’2 —BYV - d4Y)
n np192ds Y

N eqi1p2 (1 _ &)(ﬁVYV - dsN) + Py (1 - E)(eN -qVZ - d(,V)

np1q2ds N npiq> 1%
+ ﬂ(lez + pVZ - d7Z).
npi

Using the steady state conditions at E3

o =d i Xs,
o2 =B, Y3V3 +dsYs,
eq1p2fy eq1p2

Y;V3 =
np1q2ds npi1q>

6611P2N3 _ q1p2ds Vi

npiq2 npiqz

N3,

O

(4.4)
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the derivative in (4.4) is transformed to

d1l X Y :
) (1 - —3)(le3 - dlx) , S (1 E —)(a’4Y3 - d4Y) 3Dy,
dr X npi1q»ds Y np1q2ds
Y NV YNV d
_eqipr AL eqip2 B,YsVs 3 eqip; BV V2 (m 3——3)M
np192ds Y npiqads N3V npigads Y3NV;3 n
d
+ (%Pz _ 4 7)2
npi npi
__ X=X eqippdi (Y- Y9)'  eqips 5 v(3— Y5 NVs YN3V)
X np1q2ds Y npiqads 3 Y NV Y3NV;
d ds + B,d
+ _3(R0m - I)M + (]1(192 : B 7)(Rlv - 1)Z
n npiBy

dIl dIl
This result implies that d_t3 < 0if Ry, < 1 and Ry, < 1. Additionally, d_t3 =0when X =X;5,1 =0,

M=0,Y=Y;, N=N;,V=1V; and Z = 0. Thus, S' = {E3}. Accordingly, LaSalle’s invariance
principle [41] ensures the global asymptotic stability of E3 when Ry, > 1, Ry, < 1 and Ry, < 1. O

d d
Theorem 7. Assume that Ry, > 1. Then, the steady state E, is GAS if Ron + ql—d6 <1 Q1 d67€1v
4243 612 3

Proof. We consider the following Lyapunov function:

X X | Y Y N N
H4(t):X4(X——l—ln—)+I+—M+ 412 Y4(——1—ln—)+ anr y, (——1—ln—)

4 Xy n np1q2ds 4 Yy) nmpigads " \Nay Ny
\% Vv Z Z
4 b2 V4(—— 1 —ln—)+ ﬂ24(— ~1 —ln—)
npiqx  \Va Vo) npr \Z Zy
Then, we obtain
dH4
1——)( - mXM—dX)+ XM — ol
T ( <\ B 1 B 2
1 Y.
; —(ndzl — g MZ - d3M) L L (1 - —4) (0'2 _BYV - d4Y)
n np1q2ds Y
V.
q\p> (1 - —)(ﬁVYV dsN ) 9P (1 4)(eN BV - dﬁv)
np192ds N np19> 14
Z
is (1 - —4) (lez + paVZ - d7Z). (4.5)
npi zZ
The steady state conditions at £, are written as follows:
o =d Xy,
0y = B, Y4Vy + diYs,
eq1 2Py eqpbvy, \, _ P2y
np192ds npi1q> (4.6)
d,
6(]1P2N _ q1P2 6V + q1D2 ViZs.
npiqz npiq2 npi
d
q1P2 ViZ = qi 7Z4
npi npi
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Using Eq. (4.6) to collect the terms of Eq. (4.5), we obtain

dily — di (X - X,)? _eqipads (Y — Y. L P

dt X npiqds Y np1q2ds

d
+BuXe -2 L7y
'

ﬁvY4V4(3 -5 "o

_ d; (X - X4)2 €q1p2d4 (Y - Y4)2 N eq1pa ﬁ Y.V (3 Y, NV, YN,V
=- - WYaVyl3 - — — — -
X np1q2ds Y np1q2ds Y NV YuNVy
d d, d,
+ —3(R0m 0% 4 67€1V)M.
n q2d; q2d;

q1ds q1ds

dll dll
Hence, d_t4 <0if ROm + _d <1+ _dev- In addition, d_t4 = 0 when X = X4, M =0,Y =Y,,

q2a3 q2a3

N = N4, and V = V4. In this case, S ; = {E4}. According to LaSalle’s invariance principle [41], the

d d
steady state E4 is GAS if Ry, > 1 and Ry, + 4% <1+ MRW.

qrds3 qrds

Theorem 8. Suppose that R, > 1 and Ry, > 1. Then, the steady state Es is GAS if R +

1+ ﬁm(p2d4 +,8vd7)
ﬁvpldl ’

Proof. We consider the following Lyapunov function:

X Is Is)] n M;s Ms)  nmpig.ds
N N 1% 174
eq1p> NS(—— I _1n_)+ il vs(_ . _1n_)+ @,
npiqxds ~\Ns Ns) npig2 “\Vs Vs np
Then, we obtain
d1l X i
d—ts = (1 - 75) (0'1 — BnXM - le) + (1 - 75) (ﬁmXM _ dzl)
1 M Y.
- (1 - —5)(nd21 — g MZ - d3M) 4 L4 (1 - —5)((72 —BYV - d4Y)
n M npiq»ds Y
N. V.
L Lap (1 - —5)(ﬁVYV - a’sN) i (1 - —5)(eN — V7 - d6V)
np1q2ds N npiqz Vv
+ i(leZ + paVZ - d7Z).
npi

Ys

O

eIBmO-ZPZ
pididsds

X X 1 1 1 M M Y
(2 (o () (1
5

7)

4.7)
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The steady state conditions for E5 are written as follows:

o = di Xs + BnXs5Ms,
BnXsMs = d;Is,

d
dols = = Ms,

n
o2 =B,Ys5Vs +dsYs,
eq1p2By YsVs = eqip2 N,
np192ds np1q:

d

eCIlpst _ qi1D2 6V5'
npiq: npiq»

Using the aforementioned conditions, the derivative in (4.7) is transformed into

dIl d; (X — X5)? dy (Y = Ys)? Xs IMs XIsM
5 __ 1 ( 5) _eqipr 4 ( 5) +ﬁmX5M5(3——5——5— 5 )
dt X ﬂPIQQd5 Y X I5M X5IM5
Ys NV YNsV d
+ eqip2 ,BVY5V5(3 s 5 5 )+(@M5 Cllpzvs 9 7)Z 4.8)
np1q2ds Y N5V YsNVs n npi npi

We evaluate the last term in (4.8) by computing

d d d d
@M5+ %szs_ Gd; _qion  eqioapy iy qipads  qudy

n np1 npy ds npidsds B MpiBy NP
_Dds [Ua'lﬁm L Buoapr | Bulpads +,3vd7)]
mBn L dids  pididsds Bvp1d;
QIdl [RO eIBm0-2p2 1= ,Bm(p2d4 +:8vd7)]
1B " p1didsds Bupid '

Thus, we obtain

dlls  di(X—Xs)’ eqipds (Y —Ys) Xs IMs XM
=- - ﬂmX5M5(3 - - )
dt X Upquds Y X I5M X5IM5
Y. NV. YNsV - (pady + B,d
L e ,BVYSV5(3 _Ys NVs  YN;s ) (ROm eBmoapr 1 _ Bu(p2ds + By 7))Z.
np1q2ds Y N5V YsNVs pididsds Bup1d,

dlls . eBnoaps Bun(p2ds + Bud7) dlls
H ,— < 0if Ry, + ———— <1+ . Additi lly, — = 0 when X = X;,
ence, —- if Ry v deds Bopid, itionally, ——= when 5

I =I5, M =Ms5,Y =Ys, N=N5,V =Vs,and Z = 0. Thus, 55 = {E5}. According to LaSalle’s

m m d Vd
invariance principle [41], Es is GAS if Ry, > 1, Roy > 1, and Ry, + PnI2P2 o ¢ 4 Bnlp2ds +Budy)
piddsds Bupid,

BT 1P1q2 q1ds C]ldﬁ 6,3;110' 202
Theorem 9. Suppose that R, > 1+ , Rom+— > 1+—Ry,, and Ropy+ ———
Pp ’ q1de(p1dy + Bnd7) 0 q»d3 Clzd ! 0 pididsds

1+ Bm(p2d4 +:8vd7)

. Then, the steady state E¢ is GAS.
ﬁvp ldl
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Proof. We consider the following Lyapunov function:

X X I I 1. (M M Y Y
H6(t):X6()7—1—1n—)+16(——1—1n—)+—M6(——1—ln—)+ il Yé(——l—ln—
6

X 13 ls) 1 Mg Ms)  npigads ~\Ys Ys
N N \% \% Z VA
cur (V¥ (V) ()
npig2ds —\Ng Ne) npigz "\ Vs Vo) np1 \Zs Zs
By taking the time derivative, we obtain
dH6 X6 16
e 1——)( - mXM—dX)+(1 _ —)( ,,,XM—dI)
g (1= ) (o =t - ax) e (1= 2 (poxar -
1 M, Y
+ - (1 - —6)(77d21 — g MZ - d3M) 4 i (1 - —6)(02 —BYV - d4Y)
n M np192ds Y
N, V
qp> (1 - —6)(ﬁVYV - d5N) ;4P (1 - —6)(eN — V7 - dﬁv)
np192ds N np192 v
Z
iE (1 - —6) (lez 4 pVZ - d7Z). (4.9)
npi zZ

The equilibrium conditions at E are written as follows:

g1 = d1X6 +ﬁmX6M67
BnXcMe = dr 15,

d
drls = _3M6 + @M6Z6,
n n

02 = B,Y6Ve + ds¥e,
eq1p2fy YoV = eqip>
np1g2ds np19:2
d,
e%PzNﬁ _ q1p2 6V6 + 41192‘/626,
npiq: npiq: npi

@M6Z6 + q1P2

n np1 npi

Utilizing the aforementioned conditions, Eq. (4.9) becomes

dlle _  di (X - Xs)? _eqiprds (Y — Ye)®

s IMg XIM
= BuXeMo(3 - 52 - ot - o)
dt X npqud5 Y X IcM XoIMg
Y NV, YNV
L e ﬁvY6V6(3 _te NVe 6 )
np192ds Y N¢V YNV

dIl dIl
Hence, we have d_t6 < 0. Furthermore, d_tb =0when X = X¢, [ =1s, M = Mg, Y = Y, N = Ng,

V = Vg, and Z = Z. Thus, S ; = {Es}. Based on LaSalle’s invariance principle [41], E¢ is GAS when

- d d " a(pad o
nBno1P192 R0m+6]1 6144 6R1v,andROm+e'B 2Py 1+,3 (p2ds + 7)‘

R, > 1+ , T e
P q1ds(p1d; + Budy) qrd3 qrd3 pididsds Buvpid,

All steady states with their existence and stability conditions are summarized in Table 1.
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5. Numerical simulations

In this section, we present some numerical simulations to verify the results of the previous sections.
These numerical simulations are performed using MATLAB solver ode45 with the following sets of
initial conditions:

(i) X(0) =5, 1(0) = 0.0001, M(0) = 0.0002, Y(0) = 10, N(0) = 0.02, V(0) = 0.01, Z(0) = 0.1 x 10'°,
(i) X(0) = 10, I(0) = 0.0001, M(0) = 0.002, Y(0) = 5, N(0) = 0.03, V(0) = 0.001, Z(0) = 0.2x 10'°,
(iii) X(0) = 15, I(0) = 0.002, M(0) = 0.003, Y(0) = 1, N(0) = 0.04, V(0) = 0.002, Z(0) = 0.3 x 10'°.

The numerical simulations of model (2.1) are divided into seven cases according to the global stability
of each of the steady states calculated in Theorem 2. In each case, the values of 8,,, 58,, p1, p2, and d;
vary, while the remaining parameters are predetermined as described in Table 2. The seven cases are
as follows:

(1) We choose B, = 2x 10719, 8, = 0.1, p; = 3 x 1078, p, = 0.96, and d; = 2 x 107! to yield
Rom = 0.6667 < 1 and Ry, = 0.9122 < 1. This equation implies that the steady state Ey, =
(10x10°,0,0,22.41,0,0,0) is GAS (see Figure 1), which coincides with Theorem 3. This equation

represents the case of a healthy individual who does not suffer from either malaria infection or
SARS-CoV-2 infection.

(2) We select B, = 2x 107, 8, = 0.1, p; = 2x 107, p, = 0.96, and d; = 2 x 10~!. Hence, we
obtain Ry,, = 6.6667 > 1, Ry, = 09122 < 1, and R;,, = 0.7407 < 1. Consistent with Theorem
4, the steady state E; = (1.5 x 10°,4.25 x 108,7.08 x 107,22.41,0,0,0) is GAS (see Figure 2)
and represents the case of a patient who only has malaria in the absence of an antibody-mediated
immune response.

(3) We take B, = 2x 107, 8, = 0.1, p; = 3x 1078, p, = 0.96, and d; = 2 x 10~!. The threshold

. BT 1 D192
arameters are obtained as R;,, = 4.3478 > 1 and R, = 44.6137 < 1 + =
: ! ’ 1de(prdy + Budy)
191.0065. This calculation implies that the steady state E, = (6.522 X 10%,1.739 x 108, 6.667 x

10°,22.41,0,0,1.607 x 10'°) is GAS (see Figure 3), which supports Theorem 5. At this point, the
antibody-mediated immune response is activated to eliminate free merozoites from the blood of
patients with malaria.

(4) We set B,, = 2x1071° B, = 09, py = 3x 1078, p, = 0.96, and d; = 2 x 10~'. This gives
Roy = 8.2099 > 1, R, = 0.6667 < 1, and Ry, = 0.0436 < 1. This calculation leads to the global
asymptotic stability of the steady state E3 = (10 x 10°,0,0,2.73,0.1789,0.008, 0) as approved by
Theorem 6 (see Figure 4). The patient in this case suffered only from SARS-CoV-2 infection,
while the antibody-mediated immune response had not yet been activated.

(5) We choose B, = 2x 1071, B8, = 09, p; = 3x 1078, p, = 39, and d; = 1 x 1072. These

d )
values produce Ry, = 24821 > 1, Rop + 119 = 06895 < 1+ —PNT2P2_ _ | 568

qrd3 q2dzds(pads + Bod7)
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Accordingly, the steady state £, = (10 X 10°,0,0,6.775,0.1421,0.0026, 1.628 x 10%) is GAS (see
Figure 5). This result is consistent with Theorem 7. At this point, the antibody-mediated immune
response is activated to clear SARS-CoV-2 particles from the body of patients with COVID-19,
reducing the concentration of SARS-CoV-2 particles.

(6) We consider 8,, = 4 x 1071°, 8, = 0.9, p; = 3 x 1078, p, = 0.96, and d; = 0.8. This gives

- a(Pady + Bd

Ro. = 13333 > 1Ry, = 8.2099 > 1, and Ry, + P22 _ | 33 o | PrP2da +BdD) | 4o0s
pididsds Bvp1d,

Thus, the steady state Es = (7.5 x 10%, 1.25 x 10%,2.08 x 107,2.73,0.1789,0.008,0) is GAS (see

Figure 6), consistent with Theorem 8. In this situation, SARS-CoV-2/malaria coinfection occurs in
the absence of an antibody-mediated immune response. Coinfection increases the concentrations
of malaria merozoites and SARS-CoV-2 particles and worsens the medical condition of the patient.

(7) We take B,, = 4 x 1071°, 8, = 3.9, p; =3 x 1078, p, = 0.5, and d; = 0.3. In this case, the thresh-

m d
old parameters are R, = 79.2777 > 1 + —InTIP182__ _ 5y 9316 @ o D% _ 3567
q1de(p1d; + Bdy) G2d3
ﬁm(p2d4 +:Bvd7) —

eB.q1o2p> eBnoapa
1+ = 1.0003, and Ry, + ————— = 1.3358 > 1 +

qrd3ds(prds + Bdy) ° pididsds Buvpid,
1.1601. Consistent with Theorem 9, the steady state Eg = (8.623 x 10%,6.887 x 107,9.994 x

10%,4.75,0.1605,0.0015,7.185 x 10%) is GAS (see Figure 7). At this point, the antibody-mediated
immune response is directed against both malaria and SARS-CoV-2 infections. This immune re-
sponse works to reduce the concentrations of both malaria merozoites and viral particles.
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Figure 1. The numerical simulations of model (2.1) for 8, = 2 x 1071°, g, = 0.1, p; =
3x 1078, p, = 0.96, and d; = 2 x 107" with three different sets of initial conditions. The
uninfected steady state E, = (10 x 10°,0,0,22.41,0,0,0) is GAS.
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Figure 2. The numerical simulations of model (2.1) for 8,, = 2x107°, 8, = 0.1, p; = 2x107°,
p> = 0.96, and d; = 2 x 107! with three different sets of initial conditions. The steady state
E, =(1.5%x10°,4.25x10%,7.08 x 107,22.41,0,0,0) is GAS.
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Figure 3. The numerical simulations of model (2.1) for 8,, = 2x107°, 8, = 0.1, p; = 3x1078,
p2 = 0.96, and d; = 2 x 107! with three different sets of initial conditions. The steady state
E, = (6.522 x 10°,1.739 x 10%,6.667 x 10°,22.41,0,0, 1.607 x 10'%) is GAS.
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Table 1. Stability and conditions for the existence of steady states in model (2.1).

Steady state Existence conditions Stability conditions
Ey - Rom < 1and Ry, < 1
E1 ROm > 1 R()V < 1and R]m <1
BT 1P192
E Rim > 1 R, <1+
’ : ’ q1ds(prdy + Budy)
E3 Rov > 1 ROm <1 and R]V <1
d d,
E, R]v > 1 ﬂom + M <1+ MRW
q2d; q2d; (pad &)
m m + v
E5 ROm > 1 and ROV > 1 ROm + —6,8 T2p2 < 1+ ﬁ P24 IB !
5 pldldel% Bvpid,
npmo1P192 npmo1P1492
E R,>1+ R,>1+
° ’ 1do(prds + o) ’ do(prds + o)
7{()m_'_%6>1+Q167z1v R0m+q16>1+CI16R1v
q2ds3 q»d3 q2d3 qod;
Ry, + efnoap2 o +,3m(P2d4 + Bud7) - Pno2Pr | L Bun(p2ds + Bud7)
pi1didsds Bupid; pididsds Bupid;

6. Discussion

SARS-CoV-2/malaria coinfection represents a real concern, especially in malaria-endemic areas.
Thus, a crucial goal is to address the dynamics of this coinfection. Here, we develop a within-host
SARS-CoV-2/malaria coinfection model. This model considers the interactions between uninfected
red blood cells, infected red blood cells, free merozoites, uninfected epithelial cells, infected epithelial
cells, free SARS-CoV-2 particles, and antibodies. The model has seven steady states as follows:

(1) The uninfected steady state E, always exists. It is GAS when Ry,, < 1 and R,, < 1. This point

simulates the condition of a person without SARS-CoV-2 or malaria infections.

(2) The SARS-CoV-2-free steady state without an antibody-mediated immune response E; exists if
Rom > 1. It is GAS when Ry, < 1 and R;,, < 1. This state represents the condition of a malaria
monoinfected patient with an inactive immune response.

(3) The SARS-CoV-2-free steady state E, exists if Ry, > 1. It is GAS when R, < 1 +
nBno1P192

q1ds(prdy + Budr)
merozoites.

Here, the antibody-mediated immune response is activated to eliminate malaria

(4) The malaria-free steady state without an immune response Ej exists if Ry, > 1. It is GAS when
Rom < 1 and R;, < 1. This point simulates the situation of a SARS-CoV-2 monoinfected patient
with an inactive immune response.

q1ds
qrd3

The immune response is activated in SARS-CoV-2 monoinfected patients.

(5) The malaria-free steady state E4 exists if Ry, > 1. It is GAS when R, + 1+

IA

ef.q102p2
G2d3ds(pads + Bd7)
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Table 2. Values for the parameters in model (2.1).

Parameter Description Value Reference
o Recruitment rate of uninfected red blood cells 2.5% 108 [42]
o Recruitment rate of uninfected epithelial cells 0.02241 [32]
B Infection rate constant of red blood cells Varied -
By Infection rate constant of epithelial cells Varied -

n Number of merozoites released per infected cell 16 [43]
q1 Removal rate constant of merozoites by antibodies 1078 [42]
q> Removal rate constant of SARS-CoV-2 particles by antibodies 4.88 x 1078 [31]
e Production rate constant of SARS-CoV-2 by infected epithelial cells 0.24 [32]
P1 Stimulation rate constant of antibodies by merozoites Varied -
D2 Stimulation rate constant of antibodies induced by SARS-CoV-2 Varied -

d, Death rate constant of uninfected red blood cells 0.025 [42]
d> Death rate constant of infected red blood cells 0.5 [44]
ds Death rate constant of merozoites 48 [42]
dy Death rate constant of uninfected epithelial cells 1073 [32]
ds Death rate constant of infected epithelial cells 0.11 [32]
de Death rate constant of SARS-CoV-2 particles 5.36 [32]
d; Death rate constant of antibodies Varied -

(6) The SARS-CoV-2/malaria coinfection immune-free steady state Es exists if Ry, > 1 and Ry, > 1.
m m d vd
Itis GAS when R, + Lr72P> _ | , Prp2ds + Budy)

_ pididsds Byp1d
an immune response.

. Here, coinfection occurs in the absence of

(7) The SARS-CoV-2/malaria coinfection steady state Eg exists, and it is GAS if R, > 1 +
B0 1P192 Ry, + D Do nd Ry, + Puoapr | Bulpada +f 7).
q1de(p1dy + Budy) q2d; q2d; - pididsds Bypid,
This state represents the occurrence of SARS-CoV-2/malaria coinfection in the presence of an

antibody-mediated immune response.

The numerical results are fully consistent with the theoretical results. We found that SARS-CoV-
2/malaria coinfection may be protective, as the shared antibody-mediated immune response works by
eliminating SARS-CoV-2 particles from the body. This immune response may cause less severe SARS-
CoV-2 infection. This result is consistent with many studies that confirmed the positive effect of the
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shared antibody immune response [6,20-22]. However, other studies mentioned an increased risk of
death in patients with malaria who are infected with SARS-CoV-2 [2, 16, 19] or that malaria infection
does not elicit an antibody immune response against COVID-19 [45]. Therefore, further studies are
needed to evaluate the effect of coinfection of malaria and SARS-CoV-2, to inspect the role of the im-
mune system during coinfection and to develop better methods to treat coinfected patients. The model
investigated in the present study can be developed (i) using real data to estimate the values for the pa-
rameters and examine the accuracy of the model by analyzing other Plasmodium parasites responsible
for human infection, (ii) testing the effect of time delays that may occur during infection or the produc-
tion of malaria merozoites and SARS-CoV-2 particles, (iii) expanding to a multiscale model to obtain
a deeper understanding of coinfection dynamics [40,46,47], (iv) considering a coinfection model with
more aggressive variants of SARS-CoV-2 (variants of concern), such as alpha, beta, gamma, delta,
lambda, and omicron [9,46,47], and (v) incorporating the role of CTLs in killing infected cells.
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