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Analysis of Immune Response Mechanism of a
Malaria-Autophagy Model

Abstract

Malaria is one of the diseases causing high mortality worldwide. Latest research reports insist
that, besides adaptive immune response, autophagy also plays a prominent role in the elimination of
infected cells and pathogens. In this article, a nonlinear mathematical model is proposed as a system
of ordinary differential equations to study malaria infection within a host in the presence of autophagy
and immune response. The model considers interactions among healthy and infected erythrocytes, free
malaria parasites, the activity of autophagy and the amount of immune effector cells. Elimination of
infected erythrocytes and free merozoites by autophagy as well as effector cells are incorporated here.
Positivity and boundedness of solutions as well as the existence of a positively invariant region are
verified. The basic reproduction number is obtained and threshold dynamics are explored analytically.
The disease free equilibrium is shown to be locally and globally asymptotically stable when the basic
reproduction number is less than unity. Otherwise, infection persists depending on initial conditions.
The importance of autophagy as an additional effort for inhibition of infection is demonstrated in the
absence or inefficiency of immune response. This work provides insight into the treatment of malaria
using approaches that enhance autophagy in the host.

Keywords: Malaria, Autophagy, Mathematical Modeling, Immune Response, Within-host Dynamics,
Qualitative and Stability Analysis, Basic Reproduction Number.

1 Introduction

Malaria is one of the most important infectious diseases of humans and continues to represent a tremen-
dous public health burden in many regions of the world. Malaria is caused by protozoan parasites of the
genus Plasmodium and is transmitted by the bite of infected female Anopheles mosquitoes. Despite great
advances in malaria prevention, diagnosis, and treatment, the disease still causes significant morbidity
and mortality, particularly in sub-Saharan Africa, which accounts for more than ninety percent of deaths
from malaria. According to the World Health Organization, malaria remains responsible for more than
200 million clinical cases every year, with human children and pregnant women being most at risk [1, 2].

The malaria parasite has a complicated life cycle involving a mosquito and a human host. Following
transmission by the bite of an infected mosquito, sporozoites reach the bloodstream and quickly travel
to the liver, where they infect a hepatocyte and undergo extensive replication. Merozoites are released
into the blood stream to infect red blood cells and begin the erythrocytic phase of infection. It is the
blood-stage infection that causes the symptoms and complications of malaria, including fever, anemia,
cerebral malaria, metabolic acidosis, and ultimately death in severe cases [3, 4].

The erythrocytic stage of infection is a cycle of red blood cell invasion, parasite growth, and cell
rupture. The release of merozoites from infected erythrocytes each cycle results in the destruction of the
host red blood cell, propagating the amplification of infection of healthy erythrocytes. This destruction
of erythrocytes is a major cause of malaria-associated pathologies. Parasite proliferation in the host is
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a balance between the red blood cell lysis required for pathogenesis but the resultant likelihood of a
response from the host immune system [5].

Host defense against malaria relies on a highly coordinated interplay of the innate and adaptive
immune responses. Innate immunity includes macrophages, dendritic cells, neutrophils, natural killer
cells, inflammatory cytokines, and the complement cascade. Adaptive immunity is achieved by the
action of T cells and generation of parasite-specific antibodies by B cells [6, 7].

Many studies have shown that immune responses can reduce parasite burden: activated macrophages
can phagocytose infected erythrocytes; cytolytic immune cells can destroy infected erythrocytes; and
antibodies can neutralize circulating parasites. However, malaria parasites employ a number of strategies
to avoid immune clearance, such as antigenic variation and sequestration from immune cells in the deep
tissues, which allow them to maintain high parasitemias in the host [6, 21].

In addition to the classical components of the immune response, recent work has demonstrated the
importance of homeostatic cellular mechanisms to defending host cells from invasion by intracellular
pathogens. One such host process is autophagy, a highly conserved intracellular degradation mecha-
nism that maintains cellular integrity by recycling old organelles, protein aggregates, and intracellular
pathogens. Autophagy relies on the biogenesis of double-membraned vesicles, termed autophagosomes,
which engulf portions of the cytoplasm and then fuse with lysosomes [8, 9, 10, 24].

Though originally thought to be a purely homeostatic process, autophagy has recently become recog-
nized as an important mechanism of innate immunity. Many studies have demonstrated that autophagy
is essential for host defense against bacteria, viruses, fungi, and protozoan parasites [11]. The interaction
between malaria parasites and autophagy has been a topic of great interest. There are many indications
that host autophagy is activated to defend against infection.

However, instead of only restricting infection, autophagy seems to play a dual role, with some studies
suggesting that aspects of the autophagy machinery are exploited by malaria parasites for intracellular
survival and propagation, while activation of other aspects of the autophagy machinery results in increased
parasite clearance [15].

Mathematical modeling has become an essential tool for understanding infectious disease dynamics.
Models offer a formal method to investigate the interactions between pathogens and their hosts, identify
important components, and test the effects of targeted interventions. The first malaria transmission
models were introduced by Ross and Macdonald and are well-known in public health [16, 17]. Many
models have been published of within-host malaria infection of humans, mice, and birds by various
parasite species, and have succeeded in explaining many observed attributes of malaria infection, such
as the existence of oscillations, chronic infections, and parasite elimination by the host immune system
[18, 19, 20].

Many mathematical studies have included immune responses in models of within-host malaria infection
and have shown that immune responses can alter the infection outcome by clearing all parasites from the
host. Nonlinear immune responses have even been reported to result in threshold behavior, bistability, and
oscillatory solutions [21, 23, 22]. However, few mathematical studies have modeled within-host malaria
infection including autophagy, but rather have focused on parasite dynamics and immune response in the
host.

Here, we propose a within-host mathematical model that includes malaria parasites, healthy and in-
fected red blood cells, autophagy, and immune cells. This model allows us to investigate the combined
effect of autophagy and immune response on parasite dynamics in the context of host defense. In partic-
ular, we mathematically identify conditions for elimination of malaria infection, as well as the ability of
autophagy to successfully defend alongside an immune response.

The goal of this work is to mathematically formulate a meaningful malaria, autophagy, immune
response model, prove some useful background results, derive the basic reproduction number, investigate
the stability of interesting equilibria, and determine the role of these two host-defense mechanisms in
controlling parasite proliferation.

2 Model Formulation

Malaria is caused by infection with protozoan parasites of the genus Plasmodium. Malaria parasites
invade red blood cells (RBCs), where they grow and replicate, resulting in cell lysis and the release of
merozoites that can invade another RBC to continue the cycle. Malaria infection in the host is regulated
by several host processes, including innate and adaptive immune responses and autophagy. Autophagy
is a highly conserved intracellular degradation mechanism through which damaged organelles, protein
aggregates, and intracellular pathogens are engulfed and degraded within lysosomes. Autophagy has been
shown to defend the host against malaria infection by clearing infected cells and reducing parasite burden.
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Simultaneously, the immune system recognizes infected erythrocytes and free parasites, activating various
effector cells that participate in parasite clearance.

To investigate the combined effects of autophagy and immune response on malaria progression, we
formulate a within-host mathematical model consisting of five interacting populations.

Let T'(t) denote the concentration of healthy red blood cells, I(t) denote the concentration of infected
red blood cells, P(t) denote the concentration of free malaria parasites, A(t) denote the level of autophagic
activity, and R(¢) denote the concentration of activated immune effector cells. The total red blood cell
population is defined as

N(t) = T(t) + I(t).
2.1 Model Assumptions

The formulation of the model is based on the following biological assumptions:

1. Healthy red blood cells are produced continuously from the bone marrow at a constant rate ¢.
2. Healthy red blood cells die naturally at rate dr.

Infection occurs when free parasites successfully invade healthy red blood cells at rate 7T P.

Ll

Infected red blood cells die naturally at rate dj.

Each infected red blood cell contributes to the production of free parasites at rate k.
Free parasites are naturally cleared from circulation at rate c.

Autophagy is stimulated by both infected red blood cells and parasite burden.

Autophagy contributes to the elimination of infected red blood cells and free parasites.
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The immune response is activated by the presence of infected cells and circulating parasites.
10. Activated immune cells destroy infected red blood cells and free parasites.
11. Autophagic activity decays naturally in the absence of stimulation.

12. Activated immune cells also decay naturally when antigenic stimulation decreases.

2.2 Model Equations

Under the above assumptions, the dynamics of malaria infection, autophagy, and immune response are
governed by the system

dT

— =@ —dyT —7TP

dt ¥ T TLL,

I
%:TTP—dII—quI—wRI,
dP

T kI —cP — AP — wRP, (1)
dA

E:sll—i—sQP—uA,

dR

— =pl P —6grR.

dt pl +o R

2.3 Description of the Model

The first equation of system (1) describes the dynamics of healthy red blood cells. The constant term
o represents the recruitment of erythrocytes from the bone marrow. Healthy cells die naturally at rate
drT and become infected through interactions with free parasites at rate 77 P.

The second equation describes the dynamics of infected red blood cells. New infected cells are gen-
erated through successful parasite invasion of healthy erythrocytes. Infected cells are removed through
natural death at rate d;I, autophagy-mediated clearance at rate ¢ AI, and immune-mediated destruction
at rate Y RI.
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The third equation governs the parasite population. Parasites are released from infected cells at rate
kI. They are naturally removed at rate cP and additionally cleared through autophagic activity and
immune response at rates AP and wRP, respectively.

The fourth equation models autophagic activity. The presence of infected cells and free parasites
stimulates autophagy at rates s1I and so P, respectively. In the absence of stimulation, autophagic
activity decays at rate pA.

The fifth equation describes the dynamics of activated immune cells. The immune response is stim-
ulated by infected cells and parasites at rates pI and oP. Activated immune cells decline naturally at
rate dpR.

2.4 Parameter Description

The parameters of the model are described in the table below.

Table 1: Description of model parameters.
Parameter | Biological Meaning
Recruitment rate of healthy red blood cells
Natural death rate of healthy red blood cells
Infection rate of healthy red blood cells by parasites
Natural death rate of infected red blood cells
Production rate of parasites from infected cells
Natural clearance rate of parasites
Autophagy-mediated clearance rate of infected cells
Autophagy-mediated clearance rate of parasites
Activation rate of autophagy due to infected cells
Activation rate of autophagy due to parasites
Natural decay rate of autophagic activity
Immune-mediated clearance rate of infected cells
Immune-mediated clearance rate of parasites
Immune activation rate due to infected cells
Immune activation rate due to parasites
Natural decay rate of immune effector cells

Falz|elels|S |2 e | = |56

3 Qualitative Analysis and Stability Theory

Qualitative and stability analysis of the model is done in this section.

3.1 Positivity of Solutions

Since the model variables represent biological populations and physiological quantities, it is necessary to
establish that solutions remain nonnegative for all future time.

Theorem 1. Let
(T(0), 1(0), P(0), A(0), R(0)) € RS..
Then every solution of system (1) remains nonnegative for all t > 0.

Proof. From the first equation of system (1),

dT

— =p—drT —7TP

dt ¥ T T
Since P > 0,

dT

— > —(d PT

dt (dr +7P)
Hence,
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Similarly,

% =7TP — (d; + A+ YR > —(d; + A+ YR)I.

Thus,
I(t)>0.
For the parasite population,

dP

o =kl —(c+&A+wR)P > —(c+EA+wR)P,

which implies

P(t) > 0.
For autophagy,

dA
o s1I + s9P — pA > —pA,
and therefore
A(t) > 0.
Finally,
dR
E = pI—I—O'P—(SRR > —0rR,
yielding
R(t) > 0.
Therefore
(T,1,P,A,R) € R’
for all t > 0.

3.2 Boundedness of Solutions
To establish boundedness, define the total erythrocyte population

N(t)=T() + 1(t).
Adding the first two equations of system (1) gives

dN
a =@ —drT —d;I — ¢Al — YRI.
Since all variables are nonnegative,
dN
— < p—dN
dt _— <p b)

where

d= min{dT, d[}

Applying the comparison theorem,

Hence
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Thus
0<T+I1<?.
d
Next,
P
CiTt =kl —cP—&(AP — wRP < kI — cP.
Since
P
i<z
—_ d7
we obtain
dP ko
— < L —cP.
at = d ¢
Therefore
ko
limsup P(t) < —.
im sup ) = —
Similarly,
dA
— =311 P—uA
i S11 + s9 22
implies
1 (s1p | sakyp
At < = [ —— .
(t) < 7 ( d + cd
Also,
dR
— =pl P-4
g POl ork
gives

1 (pp  ockp
< —([Z=Z+ =),
R(t) ~ dgr < d + cd

Hence all solutions remain bounded.

3.3 Invariant Region

Define

o={rPAR R T+I<E].

Theorem 2. The region ) is positively invariant and attracting.

Proof. The positivity and boundedness results imply that every trajectory entering €2 remains in 2 for
all future time.
Hence € is positively invariant.

3.4 Local Stability of the Disease-Free Equilibrium
The disease-free equilibrium is
Ey= (1°1°P° A° R") = (f,O,O,O,()) .
T

To investigate local stability, we linearize system (1) about Ej.
The Jacobian matrix of system (1) is
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—dp — 7P 0 —7T 0
TP —dr — ¢A - YR 7T —pl
J = 0 k —c—¢(A—-wR —¢P
0 S1 S9 —

0 p o 0

Evaluating at Ey yields

—dr 0 —7T° 0 0
0 —d;y 71° 0 0
J(Ey) = 0 k —c 0 0
0 S1 So —u 0
0 p o 0 —dr

Since the matrix is block triangular,

A1 = —dr, Ao = —p, A3 = —0R.

The remaining eigenvalues are obtained from

7d1 — )\ TTO -0
k —c— A 7
Hence
(dr +N)(c+X) — 7ET" = 0.
Expanding,

A+ (dr 4+ )\ + (edr — TKT®) = 0.

The Routh-Hurwitz criterion requires

dr+c¢>0,
and
cdy — TET® > 0.
Since
¥
T° = =
dr’
we obtain
Tk
dr > ——.
car dT
Equivalently,
Tk
1.
Cde[ <
Therefore,
Ry < 1.

Thus all eigenvalues possess negative real parts.

—pI
—wP

R
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Theorem 3. The disease-free equilibrium

¥
Ey=(-—,0,0,0,0
0 (dTav77)

1s locally asymptotically stable whenever

Ry < 1,
and unstable whenever
Ry > 1.
Proof. The proof follows directly from the Routh—Hurwitz criterion applied to the characteristic polyno-
mial above. O
3.5 Global Stability of the Disease-Free Equilibrium
Theorem 4. If
Ry <1,
then the disease-free equilibrium is globally asymptotically stable in €.

Proof. Consider the Lyapunov function

TO
V=I+—P
c
Clearly,
V>0
for
(I,P) #(0,0),
and
V=0
only at the disease-free equilibrium.
Differentiating along solutions of system (1),
. . TO .
V=i+—P
c

Substituting the model equations,

V =rTP — d;I — ¢AI — ¢RI

0
+%(kI—CP—§AP—wRP).

Since
T<T1°,
we obtain
. ETO
V <rT°P —dil + 1 — 7T°P
c
ETO
= <T - d1> I.
c
Using
TETO
Ry =
0 Cd[ )
gives
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V =d(Ry — 1)I.

Hence

V<0
whenever

Ry < 1.
Furthermore,

V=0
implies

I1=0.

Substituting I = 0 into the parasite equation gives

P=0.

Consequently,
The largest invariant set contained in
is therefore

By LaSalle’s Invariance Principle,

(T,1,P,A,R) — Ey

as

t — o0.

Therefore the disease-free equilibrium is globally asymptotically stable.

3.6 Derivation of the Basic Reproduction Number

The basic reproduction number, denoted by Ry, is one of the most important threshold quantities in
infectious disease modeling. Biologically, it represents the average number of newly infected red blood
cells generated by a single infected red blood cell during its infectious lifetime when introduced into a
completely susceptible environment.

For the within-host malaria model, the basic reproduction number determines whether malaria par-
asites can successfully invade and establish infection within the host.

3.6.1 Identification of Infected Compartments

Following the next-generation matrix approach of van den Driessche and Watmough (2002) [25], we
identify the infected compartments. The infected state variables are I(t) and P(t), where I(t) represents
infected red blood cells, P(t) represents free malaria parasites. Thus we define

= (1).

The remaining variables T, A, R are regarded as uninfected or auxiliary compartments.
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3.6.2 Disease-Free Equilibrium
At the disease-free equilibrium,
I=P=A=R=0.
The healthy red blood cell equation becomes

dT
— = —drT.
dt 14 T
Setting
dT
— =0
dt ’
gives
¥
T = =,
dr

Hence the disease-free equilibrium is

Ey = <¢,0,0,0,0).
dr

3.6.3 Construction of the Matrices I' and V

The infected subsystem is

% = 7TP —d;I — ¢AI — ¢RI,
% = kI —cP — €AP — wRP.

Following the next-generation method, each equation is written as
X = F(X) - V(X),
where F(X) contains the appearance of new infections, V(X) contains all transfers and removals.
New Infection Terms The only process creating newly infected red blood cells is

7T P.

Therefore,

F(X) = <TTOP ) .

The Jacobian matrix of F' evaluated at the disease-free equilibrium is

oF;
F = .
|:an:| Eo

Computing the partial derivatives gives

Substituting

yields

10
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Transition Terms The remaining terms are

drl
ViX)= (cPl—kI

The Jacobian matrix of V' evaluated at Ey becomes

(d; 0
v_(k )

3.6.4 Inverse of V

The determinant of V' is

|V| = cdj.

Hence

- 1 (c 0
vl =
cdy <k’ dr

3.6.5 Next-Generation Matrix

The next-generation matrix is

).

).

dr

K=rv!
Thus
0 779\ 1 (¢
K= (0 0 ) ol (k
Performing the multiplication,
TkTY 719
K= cdy c
0 0
Substituting
'
T = =
dr’
gives
The TP
K= Cde[ CdT
0 0
3.6.6 Spectral Radius
The eigenvalues of K are
_ Tkp
o Cde]’
and
Ao=0
The spectral radius is therefore
Tko
K =
pl) = max { TEE.
Hence the basic reproduction number is
Tk
R —
07 cdrd;

11

)
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3.6.7 Biological Description of the Ry

The expression Ry has a clear biological interpretation. The numerator Tk contains factors that promote
infection, such as: 7: infection rate of healthy red blood cells, k: parasite production rate from infected
cells, ¢: recruitment rate of healthy red blood cells. An increase in any of these parameters increases the
number of newly infected cells generated and therefore increases Ry. The denominator cdrd; contains
factors that suppress infection. These are ¢: natural parasite clearance rate, d7: natural turnover rate
of healthy red blood cells, d;: death rate of infected red blood cells. Increasing any of these parameters
decreases the parasite’s ability to establish infection and therefore reduces Ry.

3.6.8 Threshold Dynamics

The threshold quantity Ry completely determines the invasion potential of malaria parasites.

1. If Ry < 1, each infected red blood cell produces less than one secondary infected cell on average.
The infection cannot invade and eventually dies out.

2. If Ry = 1, the system is at a critical threshold separating disease extinction from persistence.

3. If Ry > 1, each infected red blood cell generates more than one secondary infected cell. The parasite
population grows and infection becomes established within the host.

This implies, Ry = 1 serves as the fundamental bifurcation threshold governing malaria persistence.

3.6.9 Role of Autophagy and Immune Response

It is noteworthy that the autophagy parameters ¢, &, s1, S2, p and the immune-response pa-
rameters ¢, w, p, o, Or do not appear explicitly in the formula for Ry.

This occurs because autophagy and immune responses are activated only after infection has appeared.
At the disease-free equilibrium, A° = 0, R° =0.

Consequently, these defense mechanisms do not affect the initial invasion threshold but play a crucial
role in determining the magnitude of infection, parasite burden, and stability of the endemic equilibrium
once infection becomes established.

4 Discussion and Conclusion

The mathematical model developed in this study describes the within-host dynamics of malaria infection
in the presence of two important host-defense mechanisms, namely autophagy and immune response. The
model captures the interactions among healthy red blood cells, infected red blood cells, free malaria para-
sites, autophagic activity, and activated immune effector cells. By incorporating both cellular degradation
pathways and immune-mediated parasite clearance, the model provides a more comprehensive representa-
tion of the biological processes involved in malaria progression than classical within-host malaria models.

The qualitative analysis established that the model is biologically and mathematically well posed. The
positivity of solutions guarantees that all state variables remain nonnegative for all future time whenever
nonnegative initial conditions are prescribed. This result is important since negative populations of cells
or parasites or immune components is meaningless. Moreover, the boundedness analysis revealed that
all solutions are bounded and eventually enter the positively invariant and biologically reasonable region.
Therefore, the model has biologically reasonable long-term behavior and it is very suitable to investigate
the analysis of malaria infection within the host.

The most important result of this section is the formula for the basic reproduction ratio Ry. This
threshold quantity represents the average number of newly infected red blood cells produced in the
lifetime of an infected red blood cell, at the beginningof the- infection. In biological terms, Ry measures
the ability of an infection of malaria parasite to establish itself in a host. Parasite invasion is favored
by the infection rate 7, the parasite production rate k, and the healthy red blood cellrecruitment- rate
p, since all of those parameters increase the number of offspring produced by an infected cell over its
lifetime.

In the denominator of Ry, we find the parasite clearance rate ¢, the death rate of healthy erythrocytes
dr, and the death rate of infected erythrocytes d;. All of these parameters serve to reduce parasite
production and make infection establishment less likely. Thus, biological or clinical mechanisms that
act to promote parasite clearance or decrease the life span of infected erythrocytes can be important in
controlling the disease.

The disease-free equilibrium FEj corresponds to a biologically reasonable state in which there are no
infected red blood cells, parasites, autophagy, or immune cells present in the system.. Its local stability

12
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analysis revealed that Ej is locally asymptotically stable whenever Ry < 1. This means that malaria
parasites cannot successfully invasion the host when their reproductive potential is sufficiently low. When
Ry < 1, a small introduction of parasites in the system eventually disappears, and the host returns to a
parasite-free state.

The global analysis strengthened this result by proving that the disease-free equilibrium is globally
asymptotically stable whenever Ry < 1.The biological implication of this result is very important: it
shows that the eventual eradication of infection does not depend on the initial parasite challenge. No
matter how many parasites the host is exposed to, the infection cannot be sustained when the reproductive
potential of parasites is less than one. This result indicates that drug interventions should primarily aim
to bring Ry below one, by decreasing parasite infectivity or reproduction or increasing parasite clearance.

When Ry > 1, the disease-free equilibrium loses stability and a positive endemic equilibrium appears.
The endemic equilibrium corresponds to a persistent infection state, in which healthy erythrocytes, in-
fectederythrocytes, parasites, autophagy, and immune response are all present in the system. It captures
the biological reality of long-term malaria infection, in which parasite reproduction is perpetually checked
by host responses but infection is not fully cleared.

One major advancement of the current model is the inclusion of authophagy as a dynamic variable.
Here, the presence of authophagy is captured in the variable A(t), and is stimulated by infected red blood
cells and parasite burden. Autophagy is assumed to aid in infection elimination viatwo- main mechanisms:
first, autophagy promotes the destruction of infected erythrocytes via the nonlinear term ¢AI. Second,
autophagy enhances parasite clearance through £ AP. These terms capture the experimentally observed
role of autophagy in eliminating intracellular pathogens and infected host cells.

The model predicts that autophagy functions as a natural negative feedback mechanism. As infection
intensifies, increasing levels of infected cells and parasites stimulate greater autophagic activity through
the activation terms s;/ and s9P. The resulting increase in autophagic activity subsequently sup-
presses parasite growth by enhancing parasite destruction and infected-cell clearance. Thus, autophagy
acts to stabilize the system and reduce infection severity.

An equally important component of the model is the immune response represented by the variable
R(t). The immune response is activated by infected cells and free parasites through the stimulation terms
pl and oP.

Activated immune cells contribute to parasite control through two additional clearance mechanisms,
Y RI and wRP, which represent immune-mediated destruction of infected erythrocytes and free parasites,
respectively. The inclusion of both autophagy and immune response allows the model to capture syn-
ergistic interactions between different host-defense systems. Instead of being systemically positioned as
immune cells are, autophagy is an intracellular cleaning mechanism. These defensive mechanisms work
in a coordinated manner as is observed in the biology to prevent the overexpansion of the pathogen. We
see that the model encapsulates the biological reality that often more than one defensive mechanism are
required to provide a robust defense against malaria.

It is also clear that there is no influence of the autophagic or immune response parameters on Ry,
since these defensive mechanisms only become activated after infection has already set in. Indeed, at the
disease-free equilibrium, A = 0, R=0.

Therefore, it is only the parasite’s infectivity and survivability rates that contribute to initial invasion.
However, autophagy and immunity can strongly affect the persistence of infection and the level of the
endemic equilibrium. It seems that with stronger levels of autophagy and immune response, the parasite
load, recovered erythrocytes, and the detrimental effects on the mouse should all decrease.

From a clinical perspective, the model highlights potential therapy strategies, specifically to increase
autophagy in order to clear out more infected erythrocytes and parasites. Inducing immune response may
also help in clearing the parasite and lowering infection and its related symptoms. Perhaps combinatorial
therapies will be more effective than targeting the parasite alone.

The model results are consistent with increasing experimental evidence that cell-specific defensive
mechanisms are important for host success, and that autophagy may be a useful future target for host
modulating therapies. By implementing autophagy and immune response into a single model, we have
added to the biological understanding of these processes during malaria infection.

References

[1] World Health Organization. (2023). World malaria report 2023. Geneva, Switzerland: World Health
Organization.

[2] World Health Organization. (2022). World malaria report 2022. Geneva, Switzerland: World Health
Organization.

13



UNDER PEER REVI EW

3]

Miller, L. H., Baruch, D. I., Marsh, K., & Doumbo, O. K. (2002). The pathogenic basis of malaria.
Nature, 415(6872), 673-679. https://doi.org/10.1038/415673a

Cowman, A. F., Healer, J., Marapana, D., & Marsh, K. (2016). Malaria: Biology and disease. Cell,
167(3), 610-624. https://doi.org/10.1016/j.cell.2016.07.055

White, N. J., Pukrittayakamee, S., Hien, T. T., Faiz, M. A., Mokuolu, O. A., & Dondorp, A. M.
(2014). Malaria. The Lancet, 383(9918), 723-735. https://doi.org/10.1016/S0140-6736(13)60024-0

Langhorne, J., Ndungu, F. M., Sponaas, A. M., & Marsh, K. (2008). Immunity to malaria. Journal
of Clinical Investigation, 118(4), 1266-1276. https://doi.org/10.1172/JCI33996

Schofield, L., & Grau, G. E. (2005). Immunological processes in malaria pathogenesis. Nature Reviews
Immunology, 5(9), 722-735. https://doi.org/10.1038 /nri1686

Levine, B., & Klionsky, D. J. (2004). Development by self-digestion: Molecular mechanisms and bi-
ological functions of autophagy. Developmental Cell, 6(4), 463-477. https://doi.org/10.1016/S1534-
5807(04)00099-1

Mizushima, N., & Komatsu, M. (2011). Autophagy: Renovation of cells and tissues. Cell, 147(4),
728-741. https://doi.org/10.1016/j.cell.2011.10.026

Levine, B., Mizushima, N., & Virgin, H. W. (2011). Autophagy in immunity and inflammation.
Nature, 469(7330), 323-335. https://doi.org/10.1038 /nature09782

Deretic, V., Saitoh, T., & Akira, S. (2013). Autophagy in infection, inflammation and immunity.
Nature Reviews Immunology, 13(10), 722-737. https://doi.org/10.1038/nri3532

Deretic, V. (2021). Autophagy in inflammation, infection, and immunometabolism. Immunity, 54 (3),
437-453. https://doi.org/10.1016/j.immuni.2021.01.018

Thieleke-Matos, C., Lopes da Silva, M., Cabrita-Santos, L., et al. (2017). Host cell au-
tophagy contributes to Plasmodium liver development. Cellular Microbiology, 18(3), el2608.
https://doi.org/10.1111/cmi. 12608

Cyrklaff, M., Sanchez, C. P., Frischknecht, F., & Lanzer, M. (2016). Host cell autophagy and malaria
parasites. Autophagy, 12(7), 1218-1219. https://doi.org/10.1080/15548627.2016.1179405

Real, E., Rodrigues, L., Cabal, G. G., et al. (2018). Plasmodium UIS3 sequesters host LC3 to avoid
elimination by autophagy. Nature Microbiology, 3(1), 17-25. https://doi.org/10.1038/s41564-017-
0054-z

Ross, R. (1911). The Prevention of Malaria. London, UK: John Murray.

Macdonald, G. (1957). The Epidemiology and Control of Malaria. London, UK: Oxford University
Press.

Anderson, R. M., May, R. M., & Gupta, S. (1989). Non-linear phenomena in host-parasite interac-
tions. Parasitology, 99(S1), S59-S79. https://doi.org/10.1017/S0031182000083426

McQueen, P. G., & McKenzie, F. E. (2004). Age-structured red blood cell susceptibility and the
dynamics of malaria infections. Proceedings of the National Academy of Sciences, 101(24), 9161—
9166. https://doi.org/10.1073 /pnas.0402454101

Miao, H., Hollenbaugh, J. A., Zand, M. S., & Holden-Wiltse, J. (2010). Quantifying the early
dynamics of within-host malaria infection. Mathematical Biosciences and Engineering, 7(4), 855
878. https://doi.org/10.3934/mbe.2010.7.855

Recker, M., Nee, S., Bull, P. C., Kinyanjui, S., Marsh, K., Newbold, C., & Gupta, S. (2004). Transient
cross-reactive immune responses can orchestrate antigenic variation in malaria. Nature, 429(6991),
555-558. https://doi.org/10.1038 /nature02486

Nowak, M. A., & May, R. M. (2000). Virus Dynamics: Mathematical Principles of Immunology and
Virology. Oxford, UK: Oxford University Press.

Perelson, A. S. (2002). Modelling viral and immune system dynamics. Nature Reviews Immunology,
2(1), 28-36. https://doi.org/10.1038/nri700

14



UNDER PEER REVI EW

[24] Levine, B., & Kroemer, G. (2019). Biological functions of autophagy genes: A disease perspective.
Cell, 176(1-2), 11-42. https://doi.org/10.1016/j.cell.2018.09.048

[25] van den Driessche, P., & Watmough, J. (2002). Reproduction numbers and sub-threshold endemic
equilibria for compartmental models of disease transmission. Mathematical Biosciences, 180(1-2),
29-48. https://doi.org/10.1016/50025-5564(02)00108-6

15



