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Abstract

Malaria is a mosquito-borne infectious disease caused by parasites of the genus Plasmodium.
Mortality and morbidity due to malaria infection is a serious burden to malaria endemic
countries. Despite the many years of prevention and control, malaria cases and mortality are
still quite high. In 2018, the World Health Organization (WHO) reported about 219 million
cases and 435000 deaths due to malaria globally. The threat of parasite resistance, minimal
efficacy of malaria vaccines and the high burden of malaria prevention and control measures
offer serious challenge to malaria elimination efforts. Improved therapeutic measures is

hence necessary for malaria control and possible eradication.

In this study, deterministic in-host malaria models with therapeutic control measures are
extended and mathematically analysed. Effects of antimalarial drugs and malaria vaccines
on disease severity are established analytically and numerically. Parasite resistance and the
effects of competition between different parasite strains are also investigated numerically.
Each model is analysed and vital properties such as positivity, existence of steady states and
their stability conditions are precisely determined. By Pontryagin’s Maximum Principle, the

optimal control therapy measure against P. falciparum malaria is determined.

Results indicate that a combination of different malaria vaccine antigens yield better ther-
apeutic outcome compared to individual vaccine antigens. A highly efficacious malaria
vaccine (efficacy > 90%) is likely to offer the much needed protection against P. falciparum
malaria. Multiple-strain infection is likely to increase parasitaemia and hence the severity
and cost of malaria control. Malaria therapeutic control efforts should focus on reducing:
the parasite invasion rate, the proportions of merozoites that become gametocytes per dying
blood schizont, the average number of merozoites released per bursting blood schizonts
and the rate of development of resistance during multiple-strain infections. Moreover, a
combination of pre-erythrocytic vaccine antigen, blood schizontocide and gametocytocide

drugs is likely to offer the best therapeutic control strategy against P. falciparum malaria.

In conclusion, future malaria control efforts should consider efficacious malaria vaccines and
vaccine combinations. To reduce development of resistance and morbidity, only efficacious
antimalarials such as ACT should be used against P. falciparum malaria. The administration
and use of current antimalarial drugs alongside efficacious malaria vaccines is likely to
offer the much needed therapeutic combination against P. falciparum. Regular and strict
surveillance on quality and standards of antimalarial drugs in medical facilities in malaria
endemic countries is therefore very critical. Collectively, results from this study highlights
the need for continued investment in malaria drug development and urgent drive to improve

the efficacy of malaria vaccine candidates such as RTS,S/ASO1.
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Chapter 1

Introduction

1.1 Background to the study

Malaria is a mosquito-borne infectious disease caused by protozoa of the genus Plasmodium
(P). Since its discovery in 1880, malaria infection has greatly influenced human evolution
and history (Carter and Mendis, 2002; Sachs and Malaney, 2002; Snow et al., 2005). Today,
nearly half of the world’s population is at risk of malaria infection (Whegang et al., 2019). In
2018, the World Health Organization (WHO) reported about 219 million cases and 435000
deaths due to malaria globally. The WHO African region was the most affected. This region
accounted for 92% and 93% of reported global malaria cases and deaths, respectively (WHO,
2018f). Majority of the reported global deaths (61%) were from children aged under 5 years.
The WHO South-East Asia Region continued to see its incidence rate fall (from 17 (in 2007)
to 7 (in 2017)) cases per 1000 population at risk, representing a 59% decline in reported
malaria cases (WHO, 2018f). Although it is estimated that malaria cases declined by about
20 million in 2010-2017 period, data for the period 2015-2017 indicates that no significant

progress in reducing global malaria cases was made during this period (WHO, 2018f).

The socio-economic burden of malaria has significant negative impacts on individuals,
families and governments, especially in the WHO African region (Gallup and Sachs, 2001;
Rowe et al., 2006; Sachs and Malaney, 2002), where the disease is most prevalent. In
2017, an estimated US$ 3.1 billion and US$ 2.2 billion was invested in malaria control and
elimination efforts globally and in the WHO African region, respectively. Despite stable
funding since the year 2010, a lot more funding will be necessary if the Global Technical
Strategy for Malaria (GTS) are to be achieved (WHO, 2015a).



Research in malaria control constitutes a significant component of these efforts and budgets.
Although funding for malaria vaccine research and development declined in the period
2015-2016, investment in vector control doubled in the same period (US$ 33 million to US$
61 million) (Zelman et al., 2016). While targeting the highly (malaria) burdened African
countries, the WHO has rolled out a new drive called “high burden to high impact” to achieve
the much needed global malaria response back (WHO, 2018b). This drive is a partnership
of the WHO and the Roll Back Malaria (RBM) initiative. It aims to galvanize national and
global political attention to reduce morbidity and mortality due to malaria infections.

Human malaria is caused by five species of Plasmodium parasites. They include: P. falci-
parum, P. vivax, P. ovale and P. malariae and P. knowlesi (Abdulla et al., 2011). Most malaria
infections are caused by the deadly P. falciparum, which is predominant in sub-Saharan
Africa (see Figure 1.1) (Brazier et al., 2017). The parasite is responsible for the most severe
malaria globally. P. vivax mainly contributes to malaria’s morbidity (Wickramasinghe and
Abdalla, 2000). P. vivax and P. ovale can hide in the liver for prolonged periods as hyp-
nozoites. This can cause relapsing malaria months or even years after the initial infection
(Derbyshire et al., 2011). Although human infections are rare, P. knowlesi is mainly found in
long-tailed and pig-tailed macaques (Cox-Singh et al., 2008). It is primarily zoonotic (Singh
and Daneshvar, 2013).

Victims of malaria infection often experience a wide variety of symptoms. Uncomplicated P.
falciparum malaria is characterised by such symptoms as fever, chills, sweats, headaches,
nausea and vomiting, body aches and general malaise (CDC, 2019a). Physical symptoms
may include elevated temperatures (> 38°C), perspirations, body weakness, enlarged spleen,
mild jaundice, enlarged liver and increased respiratory rate (Bartoloni and Zammarchi, 2012).
Severe malaria occur when the infection is complicated and is often characterised by major
organ failures or abnormalities in the patients’s blood or metabolism. Symptoms of severe
malaria include: severe anaemia due to haemolysis, haemoglobuniria, acute respiratory dis-
tress syndrome, abnormalities in blood coagulation, low blood pressure due to cardiovascular
collapse, hyperparasitaemia (> 100000 per mm?>), metabolic acidosis and hypoglycemia
(Weatherall et al., 2002). Severe malaria is a clinico-pathological medical emergency that
should be treated immediately and aggressively (CDC, 2019a).
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Figure 1.1: Estimated malaria cases (in millions) based on WHO regions for the year 2017.
The area of the circle is shown as a percentage of the estimated number of cases in each
region. AFR (WHO African region), AMR (WHO region of the Americas), EMR (WHO
Eastern Mediterranean region), SEAR (WHO South-East Asia region), WPR (WHO Western
Pacific region). Source: WHO (2018f).

1.2 The life cycle of malaria parasite

Plasmodium parasite has a complex life cycle characterised by cyclical sexual and asexual
stages between vertebrates and female Anopheles mosquitoes. Both sexual and asexual
stages occurs within the human host. This is preceded by another sexual phase within the
mosquito vectors. These three phases translate into (1) pre-erythrocytic stage (which begins
when sporozoites enter the human host, its movement towards and development within the
liver hepatocytes), (2) erythrocytic stage (which begins when merozoites are released into
blood stream, their invasion of and development within the red blood cells. The third and
final phase is the (3) sporogonic cycle (which begins when mosquitos ingest gametocytes
(male and female), preceded by fertilization, leading to formation of oocysts that rupture into
sporozoites) (Chiyaka, 2010; Li et al., 2011). The life cycle of P. falciparum is summarised

as shown in Figure 1.2.

Pre-erythrocytic phase kicks off when an infected mosquito transmits haploid sporozoites into
the human dermis during its blood meal. The injected sporozoites travel randomly from the
skin, through the blood stream, and within 2 hours to the liver. Once in the liver, a sporozoite
migrates through several hepatocytes before it settles on a final one (Frevert et al., 2005).
Within the hepatocyte, the sporozoites develop, divide and propagate to produce 1500-8000
merozoites that are released into the blood stream from mature schizonts (Sturm et al., 2006).

This pre-erythrocytic phase (also called the liver stage) is asymptomatic. The release of



infective merozoites into the host’s blood stream marks the beginning of the erythrocytic

phase (blood stage) of the parasite life cycle.

The free floating merozoites then begin to invade the host’s erythrocytes through a complex
multi-stage process that results in the formation of protective parasitophorous vacuole
(Koch and Baum, 2016; Paul et al., 2015). A mature blood schizont releases 8-24 daughter
merozoites (Lee and Fidock, 2008). The waves of bursting red blood cells and the invasion
of fresh red blood cells by the newly released merozoites produce malaria’s characteristic
symptoms (Miller et al., 2013). The infected erythrocytes develop into trophozoites which
mature into schizonts full of merozoites. A single erythrocytic cycle due to P. falciparum
takes about 48 hours (Reilly et al., 2007). Some of infected erythrocytes develop into sexual
forms called gametocytes, which are later taken up by other mosquitoes when they feed on
infected blood from infected individuals (Miller et al., 2002). Successive erythrocytic cycles
result in an increase in parasitaemia and disease severity. Unless they are brought under
control by the host’s protective immune responses or antimalarial drug therapy, the human

host is likely to undergo severe infection leading to anemia and even death.
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Figure 1.2: Illustration of the life cycles of malaria parasites, Plasmodium (P) species. Source:
CDC (2017).



In the mosquito midgut, the gametocytes taken up from the human host differentiate into
macrogametes and microgametes in response to environment cues (Kengne-Ouafo et al.,
2019). Sexual reproduction results in the formation of a motile form called ookinete that
migrates through the mosquito gut wall and transforms into an oocyst. In approximately 2
weeks, the oocyst produces and releases thousands of sporozoites that invade the mosquito’s
salivary glands (Chiyaka et al., 2008; Sidjanski and Vanderberg, 1997). These parasites are
then transmitted to human hosts in subsequent blood meals for new infections.

Parasite invasion of susceptible hepatocytes and erythrocytes is described by Cowman et al.
(2012) as an ordered three stage process involving initial attachment, reorientation and
invasion. The asymptomatic liver stage which the parasite goes through only once in its life
time offer a special target for future malaria control (March et al., 2013). The use of highly
effective malaria vaccines could interrupt the parasite’s life cycle at this stage, eliminating the
establishment of clinical infections. In this study, we shall limit our analysis to the dynamics

within the human host.

1.3 Malaria diagnosis and treatment

Malaria is both a preventable and treatable disease. Microscopic examination based on
Romanovsky stain is the gold standard laboratory confirmation of malaria in sick individuals
(CDC, 2019a). Prompt malaria diagnosis and treatment is the best strategy to prevent
progression from mild to severe disease and death (Talisuna et al., 2007). The goal of
malaria treatment is to ensure total eradication of all infecting parasites from the human host
(Lin Ouédraogo et al., 2015). Epidemiologically, treatment is offered to reduce infectious
reservoirs (Gerardin et al., 2015; Goncalves, 2017). Additionally, effective malaria treatment
therapy limits development of resistance and reduces spread of infection to other susceptible

humans and mosquito vector (Talisuna et al., 2007).

Malaria therapeutic interventions are patient-dependent and may vary based on: the species
of infecting parasite, the clinical status of the patient, pregnancy status (females), drug
allergies or other medications taken by the patient (CDC, 2019b). Most antimalarial drugs
are active against blood stage parasites. Some blood schizontocides include: chloroquine,
atovaquone-proguanil, artemether-lumefantrine, mefloquine, quinine, quinidine, doxycycline,
clindamycin and artesunate. Primaquine is active against the hypnozoites at the liver stage,
preventing infection relapses. However, this drug should not be administered to malaria



patients with glucose-6-phosphate dehydrogenase deficiency (G6PD), as they may develop

anaemia (Peters and Noorden, 2009).

Currently, artemisin-based combination therapies (ACTs) is the recommended first-line
antimalaria drug against uncomplicated P. falciparum malaria infections (Heller and Roepe,
2019). ACT is a combination of artemisinin derivative (artemether, artesunate and de-
hydroartemisinin) and a partner monotherapy drug. Artemisinin derivative reduces the
parasite biomass within the first three days of therapy while the partner drug, with longer
half-life, eliminates the remaining parasites (Bhatt et al., 2015). The five recommended
ACTs by the WHO include: artesunate-amodiaquine (AS+AQ), artesunate-mefloquine
(AS+MQ), artemether-lumefantrine (AL), artesunate+sulfadoxine-pyrimethamine (AS+SP)
and dihydroartemisinin-piperaquine (DHA+PPQ). Additionally, artesunate-pyronaridine
(AS+PY) may be used in regions where ACT treatment response is low (WHO, 2018e).

Access to ACT has been tremendous in the last 8 years; with recorded increases of 122 million
procured treatment courses for the period 2010-2016. However, resistance to currently used
ACTs have important public health consequences, especially in the WHO African region,
where the disease is endemic (White and Pongtavornpinyo, 2003). Effective vector control
strategies such as insecticide-treated mosquito nets (ITNs) and indoor residual spraying (IRS)
are considered by the WHO as the main ways to prevent and reduce malaria transmission in
communities with high malaria prevalence (Homan, 2016). In 2017, half of the population
at risk of malaria infection were protected by ITNs (WHO, 2018f). Other vector control

measures are presented in Table 1.1.

Women and children are considered the most vulnerable groups in malaria epidemiology. To
reduce maternal anaemia, low birth weight and perinatal mortality in sub-Saharan Africa,
the WHO recommends the use of intermittent preventive treatment in pregnancy (IPTp)
using sulfadoxine-pyrimethamine (SP) (Yaya et al., 2018). For travellers and tourists from
malaria-free regions, chemoprophylaxis such as Atovaquone/Proguanil (Malarone) may be
taken to prevent possible malaria infection in malaria endemic countries (Dorsey et al., 2000).
The combination of vector control, personal protective measures and the use of antimalarial
drugs have contributed immensely to the substantial global decline in malaria mortality
and morbidity (Negal et al., 2016). However, despite the success of the existing malaria
prevention and control strategies, reported malaria cases are still quite high (Talapko et al.,
2019).



Table 1.1: Malaria vector control strategies. Source: Killeen et al. (2017).

Action For individual and For community protection
family protection

Reduction of human- Insecticide-treated Insecticide-treated nets
mosquito-contact nets, repellents, zooprophylaxis
protective clothing,

screening of houses

Destruction of adult Insecticide-treated nets, in-
mosquitoes door residual spraying, space

spraying, ultra low-volume

sprays
Destruction of Peri-domestic sanita- Larviciding of water surfaces,
mosquito larvae tion intermittent irrigation, slucing,

biological control

Source reduction Small-scale drainage Environmental sanitation, wa-

ter management, drainage

Social protection Motivation for per- Health education, community
sonal and family pro- participation

tection

1.4 Parasite resistance to antimalarial drugs

Artemisinin (partial) resistance is defined as delayed parasite clearance following treatment
with an artesunate monotherapy or with an ACT drug (WHO, 2018a). Resistance to anti-
malaria drugs is associated with the following factors: (i) poor patient treatment services, (i)
inadequate treatment adherence to prescribed malaria drugs, (iii) widespread availability of
oral artemisinin-based monotherapies and (iv) substandard antimalarial drugs (Mackinnon,
2005; WHO, 2018a). In the past decade, P. falciparum has developed resistance to several an-
timalarial drugs (Xu et al., 2018). Resistance to chloroquine and sulfadoxine—pyrimethamine
led malaria endemic countries to adopt WHO recommended ACTs as a first-and second-line
treatment for uncomplicated P. falciparum malaria as well as for chloroquine-resistant P.
vivax malaria (Dondorp et al., 2009).

Several studies conducted in the period 2010-2017 showed that ACT drugs are very effective
with a success rates of at least 95% (Whegang et al., 2019). However, as of July 2016,



artemisinin resistance was confirmed in 5 countries of the Greater Mekong subregion (GMS):
Cambodia, the Lao People’s Democratic Republic, Myanmar, Thailand and Viet Nam (WHO,
2017b). Despite the above reported cases, there has been a massive reduction in malaria
cases and deaths in the GMS (WHO, 2018f). Most patients treated with an ACT containing

an effective partner drug have however been able to recover.

To prevent global spread of the resistant strain, it is important to identify molecular markers
associated with ACT resistance. Results from genome wide association studies (GWAS)
have revealed mutations in the PFF3D7_1343700 kelch propeller domain (‘K13-propeller’) in
artemisinin-resistant parasite from Cambodia (Das et al., 2017). Outside the GMS, treatment
failure with ACTs have mainly occurred due to resistance of the parasite to the partner drug
(Dondorp et al., 2010; WHO, 2012a). In sub-Saharan Africa, artemisin resistance is yet to be
reported. It is important to note that ACTs have been very integral in the recent success of
global malaria control. Monitoring their efficacy has resulting in prompt updating of malaria
treatment policies in the GMS and globally. It is therefore prudent that multidrug resistance

is stopped before it emerges in other parts of the world, especially in sub-Saharan Africa.

1.5 The role of immunity in controlling malaria infection

The presence of malaria parasites in the human body elicits response from numerous immune
cells. The innate and the adaptive immune systems form the first and the second lines
of defenses, respectively (Augustine et al., 2009). Adaptive immunity, which is acquired
naturally in individuals living in malaria-endemic areas following continuous exposure to the
parasite, provides protection against future exposures to malaria pathogens. However, this
immunity wanes in the absence of ongoing P. falciparum exposures (Doolan and Martinez-
Alier, 2006). Historic passive transfer studies have demonstrated a key role of the antibodies
in controlling blood-stage parasites during natural P. falciparum infection and reducing
clinical symptoms of malaria (Cohen et al., 1961). Although antibodies are crucial in
controlling blood-stages, naturally acquired immunity never results in complete parasite
elimination.

Malaria-specific antibodies perform such functions as (i) inhibition of cytoadherence (New-
bold et al., 1992) (ii) inhibition of red blood cell invasion (Patifio et al., 1997), and (iii)
antibody dependent cytotoxicity and cellular inhibition (Oeuvray et al., 1994). Innate im-
mune cells such as the P. falciparum DNA, natural killer cells (NK cells), dendritic cells

(DCs), macrophages, natural killer T (NKT) cells and T cells are involved in the clearance



of circulating parasites, infected erythrocytes and infected hepatocytes (Augustine et al.,
2009). Subject to parasite strain, the DCs and NK cells may prompt or restrain inflammatory
responses (Chen et al., 2014). The NKT cells also help regulate DCs and T cell responses to
plasmodium (Augustine et al., 2009).

Additionally, studies by Franklin et al. (2009) have demonstrated that malaria infection
induces activation of Toll-like receptors (TLRs): TLR1, TLR2, TLR4 (which are located
on the cell surface) and TLRY which is not expressed on the cell surface. TLR2 and
TLRO are also activated by malarial glycosylphosphatidylinosital (GPI) anchors and parasite-
derived DNA bound to hemozoin (Franklin et al., 2009). Cell-mediated immune responses
include macrophage activation by NK cell-,ydT cell- or Thl-derived interferon y (IFN-7)
for enhanced phagocytosis and killing of infected/parasitised red blood cells (Fritsche et al.,
2001), inhibition of sporozoite growth and development within the liver hepatocytes by CD8™
cytotoxic and IFN-y-producing T cells (Tsuji and Zavala, 2003). Unlike the NK cells, the
macrophages have been shown to effectively phagocytose malaria-infected red blood cells
during the erythrocytic phase (De Back et al., 2014). A part from its ability to wholly ingest
infected red blood cells, the macrophages can also selectively extract malaria parasites from
recently infected erythrocytes (Chotivanich et al., 2002). The parasite-extraction capability
of macrophage therefore leaves the surving erythrocytes to continue to circulate like the other
healthy red blood cells.

1.6 Malaria vaccine development

A malaria vaccination strategy is performed to either induce protective immune responses
prior to malaria infection or to provide protection in case of malaria attack (Arama and Troye-
Blomberg, 2014). There are more than 30 malaria vaccine candidates under development.
These vaccines are generally categorised into: (1) pre-erythrocytic vaccines (PEV), (2) blood
stage vaccines (BSV) and (3) transmission blocking vaccines (TBV) (Birkett, 2016). The
vaccines target the parasite at specific life stages as shown in Figure 1.3.

The PEV induces antibodies that block invasion of hepatocytes by sporozoites and or cell-
mediated immune responses that target infected hepatocytes (Duffy et al., 2012). On the
other hand, BSV target blood merozoites or infected red blood cells. They elicit anti-invasion
and anti-disease responses at the blood stage (Moorthy et al., 2004). They, therefore, lower
merozoites density and prevent clinical manifestations and hence severity of malaria infection

in humans. Unlike PEV and BSV, TBV are mainly intended to reduce parasite transmission to



secondary hosts. TBV induce antibodies against antigens on gametes, zygotes and ookinetes,
blocking ookinete to oocyst transition and hence stopping parasite development within the
mosquito mid-gut (Carter et al., 2000). While TBV does not directly protect the person
who is vaccinated, it has the potential to stop continued spread of malaria infection within a
population.

Transmission-
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Figure 1.3: Target sites in the malaria life cycle that could be interrupted by: pre-erythrocytic,
blood-stage and transmission-blocking vaccines. Source: Arama and Troye-Blomberg
(2014).

Currently available malaria vaccines have shown minimal efficacy (Birkett, 2016; Birkett
et al., 2013; Miura, 2016). RTS,S/ASO1 (also known as Mosquirix) is the only malaria
vaccine that has received a positive scientific opinion from the European Medicines Agency
(EMA) (EMA, 2015). This pre-erythrocytic vaccine has been evaluated in large phase 3 trial
in sub-Saharan Africa. The vaccine showed a 45.7% (95% CI, 41.7 - 49.5) efficacy against
all episodes of clinical P. falciparum malaria across all sites in the 5-17 month age category
(RCTP, 2014). Despite positive assessment from EMA, the World Health Organization
(WHO) recommends further evaluation of RTS,S/ASO1 in a series of pilot implementations
before it can be introduced on a wide scale (WHO, 2018d).

Despite minimal progress, many experts believe that a malaria vaccine is a necessary tool for
successful malaria elimination (MVFG, 2018; Ouattara and Laurens, 2014). In this study,
we have provided important insights on the impacts of improved vaccine efficacy on the
dynamics of clinical malaria infection. We have also analysed a combination of different

vaccine antigens in improving their overall efficacies.
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1.7 Problem statement

Malaria is one of the most frequently occurring infectious disease worldwide, with almost
0.6 million deaths and an estimated 240 million clinical cases annually. The infectious
disease remains a global health priority with over 3 billion people in 97 countries at risk of
periodic infections and death (WHO, 2018f). To date, the WHO consider effective vector
control strategies such as long-lasting insecticidal nets (ITNs) and indoor residual spraying
(IRS) as the main ways to prevent and reduce malaria transmission in communities with
high malaria prevalence. Chemoprophylaxis and antimalarial drugs such as chloroquine and
artemisinin-based combination therapy (ACT) are currently used to prevent and treat clinical
malaria, respectively, in different parts of the world. These strategies have contributed to the

substantial global decline in malaria mortality and morbidity.

Despite the global success in malaria control, global malaria cases and mortality are still
quite high and malaria remains a global health challenge. The WHO-African region still
bears the highest burden of malaria infection. In 2017, the region was home to 92% of global
malaria cases and 93% of global deaths caused by malaria infections (WHO, 2018f). Neither
artemisinin nor chloroquine is effective against the liver stage infections. The emergence of
P. falciparum resistance to both artemisinin and partner drugs in some parts of Cambodia and
Thailand (WHO, 2012a) is a threat to future therapeutic control against malaria infections.
Moreover, vector resistance to insecticides coupled with severity and complex nature of the
infective parasite has slowed down malaria control in some regions. Additionally, current
malaria vaccines have shown minimal efficacy. The only malaria vaccine that has received
a positive scientific opinion from the European Medicines Agency (EMA) (EMA, 2015) is
RTS,S/ASO1. It showed a 30-50% protection for human trials in Africa. However, the WHO
recommends further evaluation of RTS,S/ASO1 in a series of pilot implementations before it
can be introduced on a wide scale (WHO, 2018d).

Owing to increasing level of drug-resistance with no ready vaccine for public use, a multi-
pronged approach to malaria research is imperative. It is therefore important to provide
theoretical insights on possible new targets, new drug-combinations that not only kill the
infective parasites but also reduce parasite transmission to the next host. Effects of improved
malaria vaccines and vaccine combinations alongside effective antimalarial drugs such as
ACTs are investigated in this study. We extend existing in-host malaria models to determine
effective antimalarial drug and vaccine combination therapies for P. falciparum malaria while

providing rich insights on parasite dynamics and future therapeutic control measures.
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1.8 Research objectives

The main objective of this study is to improve therapeutic strategies against P. falciparum
malaria by extending and analysing (mathematically) models of in-host malaria dynamics.

Specific objectives include:

1. To extend and analyse a mathematical model for in-host malaria infection that incorpo-

rate the liver and blood stages of parasite development.

2. To mathematically determine the effectiveness of malaria vaccines at different stages

of parasite/disease progression.

3. To determine influential parameters and establish their contributions to in-host malaria

disease dynamics and control.

4. To mathematically determine the effects of P. falciparum multiple-strain infection on
development of parasite resistance and on in-host malaria dynamics and control.

5. To determine an optimal control therapy for in-host P. falciparum malaria infection.

1.9 Significance of the study

Although numerous prevention and control techniques have been employed to manage malaria
infection, the deadly infectious disease still exerts a heavy toll on susceptible populations

around the globe. This study is therefore important in the following aspects:

(i) Contributing to existing knowledge on mathematical modelling of in-host malaria
dynamics and control measures. The presented models consider both the liver and

blood stages in malaria therapy.
(i) Improving the understanding of in-host dynamics during malaria infections.

(iii) Shaping policy making processes related to antimalarial drug use within communities

and countries.

(iv) Determining optimal therapy combinations for elimination of infectious malaria within

human host.

Locally, the findings of this study could be useful to malaria research organisations such as
the Kenya Medical Research Institute (KEMRI), Centers for Disease Control and Prevention
(CDC-Kenya) and the Ministry of Health in their effort to control malaria in the country. Our
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results on the impacts of drug and vaccine combinations could be investigated further through
vaccine trials in-vitro in these institutions. Threats caused by parasite resistance offers a
unique opportunity to closely monitor use and misuse of antimalarial drugs. Our results
call for regular and strict surveillance on antimalarial drugs use in clinics and hospitals in
malaria-endemic counties. Moreover, this study highlights gametocyte eradication measures
within the human host. This forms an important effort towards the 2030 global malaria

eradication goal.

1.10 Qutline of the thesis

Chapter 2 gives a review of mathematical models that have been formulated and analysed
previously to provide insights on malaria disease transmission and control. Specific reviews
are focused on in-host malaria models and key results from such selected models. A review
on malaria infection in Kenya and a historical perspective of the disease in Kenya and globally
is provided. The subject of optimal control theory and its application to disease interventions

and especially malaria infection is also reviewed.

Chapter 3 highlights the general dynamics of malaria infection that spans from the liver
stage to the blood stage of the parasite life cycle, in the presence of protective macrophages.
The formulated model is analysed mathematically; using theories in Mathematical Biology.
Sensitivity analysis based on the normalised forward sensitivity technique is performed to
establish influential parameters in the disease progression. Due to non-linearity, the model is
solved numerically using Runge Kutta fourth order scheme in Matlab software, to ascertain

the long term dynamics of the blood cells, the immune cells and P. falciparum parasites.

In Chapter 4, the model (formulated in Chapter 3) is modified to incorporate vaccine control
strategy. The vaccines are categorised into: pre-erythrocytic vaccines, erythrocytic vaccines
and transmission blocking vaccines. Impact of vaccine efficacy is evaluated and critical
efficacy of blood stage vaccine determined. Additionally, the general impact of vaccine
combinations on parasitaemia is predicted numerically. Parameter sensitivity to the vaccine
reproduction number is also performed. The effects of higher vaccine efficacies and possible
vaccine combinations on parasitaemia and disease progression within the human host is

investigated.

In Chapter 5, uncertainty that may accompany choices for parameter values for in-host
malaria model is investigated. The possible effects of the different model parameter values

to the model outcome are explored. Uncertainty in the values of the model parameters are
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shown to generate variability in the model’s predictive capabilities. Variabilities in model
predictions are determined using the Latin Hypercube Sampling / Partial Rank Correlation
Coefficient (LHS/PRCC) sensitivity techniques.

In Chapter 6, the effect of multiple-strain P. falciparum infection on the human host is studied.
The effects of competition between the two parasite strains is also evaluated in reference to
severity of infection. The effects of parasite resistance is highlighted in a blood stage only
model. The effect of single and multiple-strain infection and its impact on the development
of resistance to current malaria therapy is investigated. The formulated model is analysed
mathematically and sensitivity analysis pegged on the strain-specific reproduction number

established using the normalised forward technique.

In Chapter 7, the theory of optimal control is applied to an in-host malaria model. Con-
trol measures in the form of antimalarial drug regimens and malaria vaccine antigens are
employed both at the pre-erythrocytic stage and the blood stage. The permissible control
measures are assumed to be nonlinear. The optimal control model with constant control
strategies is mathematically analysed and its stability conditions determined. Using Pon-
tryagin’s maximum principle, the best combination strategy that minimises the population
of infected hepatocytes, infected erythrocytes, merozoites and free floating gametocytes is

determined.

In Chapter 8, a conclusive summary of the study is provided and some of the recommenda-
tions based on the research findings listed.
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Chapter 2

Literature review

2.1 Introduction

The biology and life cycle of Plasmodium parasite is extremely complicated with numerous
unknown dynamics and behaviour straits (Cowman et al., 2016). The parasite alternates
between the human host and female Anopheles mosquito vector to accomplish its complex
infectious life cycles. Additionally, the parasite require the formation of unique zoite forms
to invade host cells (Josling and Llinas, 2015). The invasion and transmission of the parasite
from humans to mosquito has been under study for several years. Mathematical modelling
has provided useful insights in understanding such complicated dynamics.

In this chapter, we review mathematical models that have been formulated and analysed
previously to provide insights on malaria disease transmission and control. Specific reviews
are focused on in-host malaria models and key results from such selected models. We also
review malaria infection in Kenya and provide a historical perspective of disease in Kenya
and globally. The subject of optimal control theory and its application to disease interventions

and especially malaria infection is also reviewed.

2.2 Historical perspective of malaria

Malaria is one of the most fatal diseases worldwide (see Figures 2.1 and 2.2). The infectious
disease mainly affects children under 5 years and pregnant women who are categorised
as the most vulnerable groups to the disease (Harrington et al., 2009). Molecular genetic
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evidence suggests that the first ancestor of malaria parasite existed at least half a billion years
ago (Carter and Mendis, 2002). The cause of malaria was unknown until the year 1880,
when Charles Lavran [1854-1925] discovered malaria parasite in the human blood in Africa
(Cox, 2010). Eight years later, the discovered protozoan parasite was named Plasmodium
by Giovanni Grassi [1854-1925]. In 1897 Ronald Ross [1857-1932] demonstrated that
the malaria parasite could be transmitted from the infected Anopheles mosquito to humans
(Packard, 2007). Until 1969, the mono-dimensional dichloro-diphenyl-trichloroethane (DDT)
was the only chemical used in malaria control. Emergence and widespread parasite resistance
to chloroquine coupled by the long term environmental consequences of DDT worsened
global morbidity and mortality due to malaria infections in the 1980’s (Packard, 2007).

Interestingly, much of the in-host malaria dynamics was unknown until 1948 when Henry
Shortt [1887-1987] and Cyril Garnham [1901-1994] discovered the liver stage in the de-
velopment of the parasite life cycle (Cox, 2010). The parasites grow and develop within
the liver cells before they join the blood stream. However, some of the sporozoites may
remain dormant in the liver (as hypnozoites), causing malaria relapse. This phenomenon was
discovered in 1982 (Krotoski, 1985). For over a century, research on malaria epidemiology
has focused on treatment and control of disease transmission between the mosquito vector

and the human host.

One or more cases in 2017 Certified malaria free since 2000
Zero cases in 2017 [] No malaria
Zero cases (23 years) in 2017 Not applicable

WHO: World Health Organization.

Figure 2.1: Countries with indigenous cases in 2000 and their status by 2017. Only countries
in the WHO European region, China and El Salvador reported zero indigenous cases. Source:
WHO (2018f).
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Recent success in malaria treatment and control has resulted in significant global decline in
morbidity and mortality due to malaria infection. However, the estimated cases and deaths
due to P. falciparum malaria are still quite high, especially in the WHO African region.
Figures 2.2a and 2.2b show the global trends in cases and mortality due to malaria infections
in the last decade. It is evident that a lot more resources and research activities would be
necessary if the 2030 goal of malaria eradication by WHO is to be accomplished (MCGYV,
2011).
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Figure 2.2: Trends in malaria case incidence rate (cases per 1000 population at risk) and
mortality rate (cases per 100000 population at risk) globally (World) verses the WHO Africa
region (AFR) for the 2010-2017 period. The cases are displayed in Figure 2.2a while the
deaths are in Figure 2.2b. Source: WHO (2018f).

2.2.1 A review of malaria infection in Kenya

Kenya is a country in East Africa with a population of about 47.9 million people (KNBS,
2012; USAID, 2018). In the country’s population, children under 5 and under 15 accounts for
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16% and 42% of the total population, respectively. Geographically, the country is sub-divided
into two major regions: low-land regions (Lake Victoria basin and Coastal areas) and highland
regions (along the Great Rift Valley). Majority of the population live along the West-East belt
(Lake Victoria basin and Western), Nairobi, Coast and Central highlands. Arid and semi-arid
Southern and Northern parts of the country are sparsely populated. Historically, the country
experiences seasonal rainfall pattern comprising of long rains (in the months of March/April
and May/June) and short rains (in the months of October to November/December).

Malaria prevalence in the country therefore varies across the different geographic regions
(see Figure 2.3) and is seasonal (MOH, 2016).

B 5% to <10%
B 10% to <20%
B 20% to50%
Bl 50

Figure 2.3: Kenya population adjusted P. falciparum malaria prevalence (PAPfPR,>_1p) at
I x 1 km spatial by sub-county (2000-2015). Source: USAID (2018).

Despite global and regional success in reducing morbidity and mortality due to malaria,
malaria still remains a major public health problem in Kenya. About 4 million malaria cases
are reported annually, with about 5.1% mortality rate among patients admitted with severe
malaria. Over 99% of all reported cases are due to the deadly P. falciparum malaria. The

vector species are members of the Anopheles (An) gambiae complex: An. gambiae s.s.,
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An. arabiensis, An. merus and An. funestus (USAID, 2018). In 2015, malaria infections
accounted for 16% of country-wide outpatient consultations in public and private medical
facilities in Kenya (USAID, 2018).

A survey report by the Kenya National Bureau of Statistics (KNBS) showed that over three-
quarter of the total population is at risk of malaria infections (KNBS, 2017). According to
the WHO 2018 malaria report, about 35 million Kenyans live in malaria high transmission
zones i.e., those with more than one case per 1000 population (WHO, 2018f). Another 14.8
million live in low transmission areas i.e., those with 0 to 1 case per 1000 population. Of the
50.6 million malaria cases reported in the East and Southern Africa (ESA) region, Kenya
accounted for 7% of all cases (3.542 million). Although reported mortality due to malaria
declined (by 11%) in the ESA region, malaria cases increased by 3% (from 49.1 million in
2010 to 50.6 million in 2017) (WHO, 2018f).

Malaria transmission and infection risks in the country are largely influenced by altitude,
rainfall, vector species and parasite’s intensity of biting (MOH, 2016). Temperature is
the key determinant of environmental suitability for transmission of human malaria in the
country (Gething et al., 2011). A temperature Suitability Index (TSI) for malaria transmission
in Kenya indicates that Lake Victoria and Coastal regions have the ambient temperatures
suitable for vector survival and hence malaria transmission. Additionally, these regions
receive adequate and seasonal rainfall, making them suitable for sustained longer periods of
transmission. This partly explains their endemic classification for malaria transmission and
infections in the country (MOH, 2016).

In the past 15 years, the Kenyan government with the support of international donors under
the Roll Back Malaria Partnership program, have invested millions of shillings in reducing
morbidity, mortality and economic burden of malaria in the country (MOH, 2016). Vector
control measures such as ITNs, IRS and LLINs and the use of ACTs as a first-line treatment
for uncomplicated P. falciparum malaria, form the basis for the remarkable decline in malaria
cases and deaths in the country. Moreover, in high burden counties (along Lake Victoria and
the Coastal region), populations have been covered with IRS. Although these efforts have
moved the country towards achieving the Global Technical Strategy (GTS) goal for malaria,
the achievements are still a drop in the ocean if the country’s vision 2030 of a malaria-free
Kenya is to be achieved. To control malaria vector, reduce parasite transmission and provide
efficient therapy for malaria, a lot more funding and malaria resources should be provided
to the 47 counties in the country. This study highlights the pivotal role played by strict

administration of effective ACT drugs in the country to enhance treatment success. The
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study also emphasises the need to monitor malaria drug use in clinics and hospitals to reduce

development of parasite resistance in the country.
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Figure 2.4: Trends in reported malaria cases (all ages, outpatient) in Kenya for the period
2012-2016. Source: USAID (2018).

2.3 Mathematical modelling as a tool to support infectious

disease control

Mathematical models (deterministic and stochastic) have evolved together with science
(natural sciences and social sciences) and currently have broad applications in engineering,
biology, economics among others. It therefore forms an essential and inseparable part of
scientific activity (Wainwright and Mulligan, 2013). These models are instrumental in
studying the different components of a system and help make predictions of the futuristic
behaviours of the system. Moreover, dynamical models have contributed significantly towards
the understanding of complex biological phenomenon including pathogen-host invasions
and disease transmission. Such models have provided simple and insightful understanding
of disease epidemiology and virology. They have been applied in the study of HIV/AIDS,
tuberculosis, malaria among other deadly infectious diseases.

Mathematical modelling is the process of using mathematical analysis to describe real world
phenomenon, with the goal of generating explanations and solutions to such problems. The
subject of mathematical modelling is founded on formulated mathematical models. Such
models can broadly be categorised into deterministic and stochastic models. A suitable
model should integrate present data and predict with reasonable accuracy the response of the
system to planned changes (Carrera et al., 1989).
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Unlike stochastic models, deterministic models ignore random variations. Stochastic models
are most appropriate when the system under study is characterised by inherent randomness.
However, for small data set with exact, repeated and fixed output, a deterministic approach
is preferred. Nevertheless, both model forms are characterised by assumptions on inherent

variables and parameters. They provide a simplified representation of a real system.

The translation of a real-world problem into a mathematical model begins from conceptu-
alisation and ends with a quantitative model. The conceptual model is often represented
using boxes and arrows in many epidemiological models. The boxes typify the state vari-
ables whereas the arrows indicate the direction of flow/movement or sometimes interactions
between different variables (Mbogo, 2014). The rates of change in a particular process are
combined to generate an equation to represent that process. Several processes result into
two or more equations or a system of equations called a quantitative model. Such equations
can take the form of difference equations (when time is regarded as a discrete variable) or

differential equations (when time is regarded as a continuous variable).

Mathematical models have become very essential in infectious disease modelling; that is
often characterised by complex disease dynamics. Analytical or numerical technique can be
employed to analyse such disease models. The preferred method may varry and depends on
the complexity of the formulated model. Several other aspects can be investigated from the

model including parameter sensitivity and model fitting to data for prediction purposes.

In this study, we have largely used differential equations in formulating our in-host malaria
disease models. Due to complexity and nonlinearity properties, the presented models are
analysed mathematically and their solutions presented analytically and numerically. Some
of the mathematical concepts and tools used in the qualitative analysis of the mathematical
models considered in this study are available in Appendix A.

2.4 In-host malaria models

The earliest in-host malaria model was formulated by Anderson et al. (1989). The model
describes the intra-host dynamics of malaria infection; the interactions between the healthy
erythrocytes and the merozoites. The model ignores the effects of the immune system and

hence describes the worst case scenario of the in-host malaria infection. Their mathematical
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model is presented as follows:

dx )

E =A—/.Lxx—ﬁxm,

d

d_f —Baxm — a, @2.1)
d

d_,? :ary—dm—ﬁxm,)

where x(¢),y(t) and m(t) are the concentrations of the healthy erythrocytes, infected erythro-
cytes and merozoites, respectively. The uninfected red blood cells (RBCs) are considered
susceptibles and are assumed to enter the blood circulation at a rate A. By the law of mass
action, the RBCs get infected by merozoites to form parasitised/infected red blood cells
(IRBCs) at a rate 3. As the parasites grow and multiply, the IRBCs get killed at the rate
a. The IRBCs then burst and release merozoites at a rate roy. In the absence of immunity,
IRBCs release a total of r merozoites per infected erythrocyte. As a consequence of the
bursting IRBCs, the merozoites are replenished at a rate roty. Merozoites are assumed to
invade RBCs at the rate 3, and die naturally at the rate d.

The simple mathematical model (2.1) was later expanded to include immunological responses
against malaria merozoites. The study by Anderson et al. (1989), focused on comparing the
effectiveness of immune responses against merozoites and infected (parasitised) red blood
cells. A compartment for the immune cells was added to the model system (2.1) so that we
have the following model given by system (2.2).

dx )
@ N T Hex Bxm,
dy
E :ﬁxm — Hyy — kyby7
(2.2)
dm
dr =rilyy — Wnm — Bxm — kypbm,
db
@ =(pyy + Pmm)b — Upb )

where b is the concentration of immune effectors. The IRBCs are either killed by the parasites
at the rate y, or by immunity at the rate kyb. Initially, the immune effectors form a small
population which then grows at the rate (pyy + p,m) and decays at the rate u,. Moreover,
the growth of the immune effectors are considered influenced by the presence of both the
IRBCs and the merozoites, expressed by the mass-action terms kyby and k,,,bm, respectively.

The description of model parameters in system (2.2) are presented in Table 2.1.
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Table 2.1: Model parameter descriptions

Parameters | Definition

A Immigration rate of x
B Effective (invasive) contact rate between m and x
r Number of merozoites released per IRBCs
Pys Pm Immunogenecity of IRBCs and merozoites, respectively

My, Uy, U, Wy | Death rates of the populations identified by the subscripts

ky, ki Immunosensitivity of IRBCs and merozoites, respectively

Results from system (2.2) revealed that the immune response against the merozoites is less
effective than the immune response against infected red blood cells. Therefore, vaccines
based on IRBCs antigens are likely to be more effective than vaccines based on merozoite
antigens. Further analyses and criticism of this model can be found in (Molineaux and Dietz,
1999).

Moreover, the effects of immunological responses targeted at different stages in a malaria
parasite’s life-cycle is also investigated in Anderson et al. (1989). The focus being on the
relative merits of humoral versus cell-mediated immunological responses in suppressing
parasite abundance and replication within the human host. It is shown that the effectiveness of
a given immunological response is inversely related to the life-expectancy of the target stage
in the parasite’s developmental cycle. Numerical simulation of the formulated in-human
malaria model revealed temporal changes in the total abundance of erythrocytes (healthy and
infected erythrocytes ) in the human host in the presence of immunological responses, as

shown in Figures 2.5a and 2.5b, respectively.
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Figure 2.5: The interaction of the erythrocytic cycle of P. falciparum with the human immune
system. The model is simulated under four scenarios: full line (no immunological response),
dotted line (antibody attack), dashed line (with killing of infected red blood cells) and
dotted+dashed line (with immunological responses against merozoites and infected red blood
cells). Source: Anderson et al. (1989).

Hetzel and Anderson (1996) extended the model by Anderson et al. (1989) by allowing
superinfecting merozoites to invade already infected red blood cells. They assumed that
these merozoites are wasted. The growth of the immune effectors is also assumed to be linear
in relation to the density of the antigens. This implies that immunity would develop even

if immune effectors do not exist. However, at higher effector density, there is a negative
feedback.

Further modification of the Anderson et al. (1989) model was done by Hellriegel (1992).
In her model, she allowed the gametocytes (g;) to be generated out of the infected red
blood cells (y;) at a rate . Moreover, she assumed the existence of two clones that differ in
immunogenecity, immunosensitivity, metocytogenesis and rate of invasion of the erythrocytes.
Results of her study indicated that in the absence of immunity, the less invasive clone is
eliminated by the more invasive clone. The two clones can however coexist in the presence

of immunity. The model whose parameters are described in Hellriegel (1992), is presented
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as follows: .

dy 2
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where, ki;, li;, hy;, for i = (1,2) represents the genotype-specific and &;;,1;;,h;;(i # j) denotes
the non-specific genotypes.

Research work by Swinton (1996), restricted immunogenecity and immunosensitivity to
infected erythrocytes. Swinton assumed that the growth of the immune effectors is a linear
function of the concentration of malaria parasites in the human body. The process of
erythropoiesis is also postulated to increase with increase in the death rate of susceptible red

blood cells (anaemia).

Austin et al. (1998a) merged a pharmacokinetic and pharmacodynamic models with an intra-
host malaria model. This model is basically similar to the model in Hetzel and Anderson
(1996). However, they ignored super-infection of IRBCs and assumed that the merozoite
density equilibrates instantaneously at all times. Immunogenesity and immunosensitivity
is also restricted to the IRBCs only. In order to insert drug action in the model, two key
assumptions are made: (1) Antimalarials act exclusively by increasing the death rate of the
infected red blood cells; without changing the rate at which they release merozoites and (2)
drug action is dose-dependent, saturating at an infected red blood cell death rate (kg ), where
the parameter k is drug-specific. According to Molineaux and Dietz (1999), the above key
assumptions grossly underestimate the effect of treatment.

The only discrete-time in-host malaria model is that presented by Kwiatkowski and Nowak
(1991). They formulated a malaria model based on the association between fever and the
rupture of mature schizonts (as shown in system (2.4)). The sensitivity of the IRBCs to
fever-like temperatures in vitro was used to modulate the age specific mortality of the IRBCs.
Their results showed that a fraction exp(—s;y1(¢)) of the IRBC of age i survives through the
12 hour interval (z,7 + 1). The fraction depends on y;, the density of the youngest IRBCs and
on the age specific sensitivity S;.
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where y;=infected red blood cells, r=number of successful merozoites released per IRBCs,
h=fraction staying in the same age-group, s;=sensitivity of y; and y;; t=time (age and time
units are 12 hours).

Malaria therapy patients vary by orders of magnitute in the density at which they control
their parasitaemia and in the parasite density associated with the first fever (Jeffery et al.,
1959). In McKenzie and Bossert (1997), a three intra-host populations of IRBCs (asexual),
gametocytes, and immune effectors is considered (as shown in system (2.5)). Contrary to their
expectations, all the nine models displayed a domain of parameter space that yields output
within the acceptable ranges. Moreover, the peak asexual density decreased monotonuously

as the gametocyte conversion rate increased.

)

dy

o P kyby — Yay,

dg
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Variables: y=asexual IRBC; g=gametocytes; b=immune effectors. Parameters: py=net growth
rate of y, ky=immunosensitivity of y; ys=rate of gametocytogenesis; [¢, tU,=death rates of
gametocytes and immune effectors, respectively; poj=rate of immunogenesis. The other
models of the family are defined by substituting the gametogenesis term Y4y by ypyb or
Ycy?, and/or the immunogenesis term po;y by poayb or po3y(t — L) where L= a time-lag;
these options define nine models, labelled Aj,A;,As,...C3, as described and analysed in
McKenzie and Bossert (1998).

Some few mathematical models have concentrated on the in-human and in-mosquito malaria
dynamics. In Selemani et al. (2016), stability analysis of an in-human and in-mosquito
deterministic mathematical model is performed. Using linearisation methodology, it is
showed that the malaria-free equilibrium is locally asymptotically stable when Ry < 1. By
Metzler matrix theory, the malaria-infection equilibrium (MIE) is found to be globally
asymptotically stable provided Ry < 1. However, when Ry > 1, and based on LaSalle’s
invariance theory, the MIE is shown to be globally asymptotically stable according to

Lyapunov functional method.
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In Selemani et al. (2017a), the influence of the host’s immunity agaist in-host malaria
infection is investigated. Immunity is shown to have significant influence in lowering malaria
infection at blood and mosquito stages. At the liver stage, however, the immunity was least
influential. Severity of malaria infection is shown to decrease with increasing density of
defensive immune cells. Although antibodies are very effective at blocking cell invasions by
sporozoites and merozoites, the immune cells are shown to be highly effective in suppressing
merozoite production at the erythrocytic stages (Selemani et al., 2017a). Moreover, results
of sensitivity analysis in Selemani et al. (2017b), revealed that new therapetic intervetions
should aim at increasing the death of blood and liver schizonts. This has a direct effect on

decreased merozoite densities and hence reduced malaria severity on infected patients.

A thorough review of basic intra-host model of malaria, without immunity is presented by
Chiyaka (2010). The paper highlights how concepts in nonlinear dynamics can be used to
unravel the underlying dynamical features of an in-host malaria model. The critical role of
an intra-host basic reproduction number for a malaria model in controlling malaria infection
is highlighted in Chiyaka et al. (2008) and Chiyaka (2010). Bifurcation analysis in Chiyaka
(2010), revealed that the model given by system (2.6) has a critical parameter r for which
the in-host malaria infection persists if r > r¢, where r is the average number of merozoites

produced per each bursting infected erythrocyte.

The deterministic in-host malaria model is an extension of the original model (2.2) by Ander-
son et al. (1989). It is established that malaria drugs based on inhibiting parasite production
are more effective than those based on inhibiting merozoite invasion of erythrocytes (Chiyaka
et al., 2008). Using theories in stability analysis, malaria infection can be eliminated from the
infected human host if the drug efficacy level exceeds a certain threshold value and persist
otherwise. The mathematical model by Chiyaka et al. (2008), that is only limited to the blood
stage of parasite life cycle is presented as follows:

dx =A,+0oY Bxm X —wXMB \
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where X () and Y (¢) are the concentrations of the unparasitised and parasitised erythrocytes,
respectively. M(¢) are merozoites that infect the healthy RBCs at the rate 3. The response of
the immune system is captured by the inclusion of the immune cells B(r) and the antibodies
A(r) in the system (2.6). Detailed descriptions of the model parameters are as presented by
Chiyaka et al. (2008).

2.5 Optimal control measures applied to disease models

In developing response plans to disease outbreaks, decision makers such as government and
public health officials are often faced with trade-offs in choosing among various treatment
options (Gaff and Schaefer, 2009). Searching for answers to identify the best strategies for
intervention prior to what may be an inevitable disease or to an already existing pathogen is
not a simple challenge. Diseases such as measles, human papilloma virus and influenza have
varied approved medical treatment options as well as available vaccines. Vaccines targeting
high burden diseases such as malaria and HIV/AIDS are currently under development,
Usually the challenge is to find the optimal response balancing treatment and vaccination
that will minimise incidence and disease-related mortality at an affordable cost (Joshi et al.,
2006; Omondi et al., 2018).

From the early work by Bernoulli and Blower (2004), and his argument for the advantages
of inoculation in controlling smallpox mortality, optimal control theory have broadly found
their applications in determining control strategies of diseases (Lenhart and Workman, 2007;
Magombedze et al., 2009b), especially in the control of HIV (Adams et al., 2004; Fister
et al., 1998; Joshi, 2002; Karrakchou et al., 2006; Kirschner and Webb, 1996; Magombedze
et al., 2011b, 2009a; Shiri et al., 2005b) and tuberculosis (Jung et al., 2002; Silva et al., 2016;
Silva and Torres, 2012). In these studies, optimal control therapy strategies were explored
using Pontryagin’s maximum principle on dynamical models (Lenhart and Workman, 2007).
Brauer (2006), considered the effect of treatment on some epidemic models. Asymptotically,
the complex models and more simple models displayed similar qualitative behaviours. He
however advocated for an investigation on the possible trade-off between vaccination and

treatment and how the results would be influenced by the complex models.
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2.5.1 Optimal control measures applied to malaria disease models

The application of optimal control theory in malaria epidemiology and control has for a long
time been limited to population models only (Agusto et al., 2012; Makinde and Okosun,
2011; Mwanga et al., 2015; Okosun et al., 2011). In these models, the goal of the application
of optimal control theory is to minimise the number of humans infected with malaria while
keeping the costs of control, such as purchase of ITNs and IRS, as low as possible (Mwanga
et al., 2015). A study by Okosun et al. (2011), formulated a deterministic model using
mass-action form of infection and derived optimal conditions for disease eradication in finite
time. Numerical results and cost effectiveness analysis indicate that the optimal strategy to
control malaria within a population requires the combination of vaccination and treatment
methods. In Makinde and Okosun (2011), a combination of screening of infected immigrants,
treatment of infectives and spraying of insecticides against mosquitoes lead to significant

decline in new malaria cases and transmissions among susceptible individuals.

In Silva and Torres (2013), optimal supervision and educational campaigns on the use of
ITNs are shown to be highly effective in achieveing 75% coverage of the host population
within a community. Analyses by Mwanga et al. (2014), revealed that a combination of
three control strategies: ITNs, IRS and treatment provides the best control against malaria
transmission and infection. Additionally, the use of mosquito-reduction strategies is more
effective than personal protection in some cases but not always (Kim et al., 2012). However,
a combination of personal protection, treatment and insecticides spray are shown to bear
the greatest impact on malaria control (Agusto et al., 2012). In all these dynamical models,
optimal control therapy strategies were explored using Pontryagin’s maximum principle
(Pontryagin, 1987).

That very minimal research work is currently available on the application of optimal control
theory to in-host malaria control dynamics is undebatable. This could be explained by the
complex dynamics of cell-parasite interactions within the human host. The impact of control
measures based on vaccination, anti-malarial drugs and immunological responses targeted
at different stages in a malaria parasite is examined by Anderson et al. (1989). Analysis
revealed that the influence of a defined control measure on the prevalence or intensity of
infection is non-linearly related to the magnitude of control effort. Very high levels of cohort
immunisation is required to block transmission for a defined level of coverage. Gametocyte
vaccine is also shown to be better with respect to reducing transmission for a defined level of
coverage. Sporozoite vaccines are however shown to be very effective in reducing disease
morbidity (Anderson et al., 1989).
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Although Magombedze et al. (2011a) determined optimal control measures of malaria
chemotherapy, their work was limited to the parasite blood stage only. Results of their study
indicated that highly toxic drugs with the compensation of high infection suppression have
the potential of yielding better treatment results than less toxic drugs with less infection
suppression potential or high toxic drugs with less infection suppression potential. It was
also observed that a treatment protocol with drugs with high adverse effects and with a high
potential of merozoite suppression can be beneficial to patients. However, an optimal control
strategy that seeks to maximise immune cells has no potential of improving the treatment of

blood stage malaria.

To the best of our knowledge, optimal control study is yet to be applied to a robust in-host
malaria model that incorporates the liver and blood stages. In this study, we have considered
the important opportunity for malaria control provided by the liver stage. The formulated
optimal control methodology aims to reduce severity of infection and/or eradicate infective
parasites at a minimal cost. The minimisation function and optimality system is presented in
Chapter 7 of this thesis.

In this study, ordinary differential equations are used in the model formulations and extensions.
The in-host malaria model by Chiyaka et al. (2008), is extended by adding the liver stage
and immune effectors to the in-host malaria dynamics. Model properties including positivity
and boundedness of solutions and the prove of the existence of and stability analysis of
model equilibrium points are determined. Owing to nonlinearity, the models in this study
are solved numerically using Matlab and Python softwares. The deterministic blood stage
model by Anderson et al. (1989) is extended to investigate the effects of parasite resistance to
antimalarial drugs and the impact of multiple-strain infection on severity of malaria infection.
The model is extended by sub-dividing merozoite compartment into drug-sensitive and
drug-resistant strains. This division is extended to infected erythrocytes and gametocytes.
The severity of infection is investigated in the context of parasite resistance to antimalarial

drug therapy.

The next Chapter 3 deals with formulation and analysis of a deterministic, robust, in-host
malaria model that illustrates the dynamics and interactions of malaria parasites from the

liver stage to the blood stage in the presence of host’s immune cells.
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Chapter 3

Mathematical model for in-host

dynamics of malaria

3.1 Introduction

In this chapter, we develop a mathematical model that describes the dynamics and interactions
between the P. falciparum parasites, the host’s hepatocytes and red blood cells in the presence
of immune effectors. The in-host (in-vivo) model is analysed mathematically and solved
numerically using Python and Matlab softwares. We compute the in-host basic reproduction
number and establish highly sensitive parameters for future therapeutic target and disease

control.

3.2 In-host dynamics of malaria

In-host studies are studies aimed at understanding a disease dynamics within a living organism
(AIRF, 2012). An in-host malaria model therefore, embodies to describe the dynamics of
interactions between the red blood cells, liver hepatocytes, malaria parasitaemia and immune
effectors within the human host. The in-host malaria dynamics discussed in this chapter is
therefore limited to the liver (pre-erythrocytic phase) and blood (erythrocytic phase) stages

of P. falciparum parasite life cycle within the human host.

Several studies on mathematical modelling of in-host malaria and its dynamics have been
done. Nearly all the earlier mathematical models (see for instance, (Anderson et al., 1989;

31



Hellriegel, 1992; Swinton, 1996)) focused on improving P. falciparum control while focussing
on the cyclic blood stage of parasite development and infectivity. These models have been
helpful in explaining in-host observations by means of biologically plausible assumptions
such as parasite diversity, predicting the impact of interventions or use of antimalarial drugs
(Dondorp et al., 2010), and estimating hidden parameter values (White, 2004). Although
the models in (Chiyaka et al., 2008; Li et al., 2011; Tumwiine et al., 2008), have considered
the impact of immune response and treatment, the modelling is only limited to the blood
stage of P. falciparum development. In (Selemani et al., 2016, 2017a; Tabo et al., 2017),
the liver stage is incorporated in the malaria model. However, the contribution of immune
system is ignored in (Selemani et al., 2016; Tabo et al., 2017). Moreover, all the immune
cells are assumed to play an active role during malaria infection in (Selemani et al., 2017a).
This may not be entirely true. The specific impacts of immune responses to malaria infection
are well discussed in (Bate et al., 1988; Elloso et al., 1994; Ganusov et al., 2002; Rouzine
and McKenzie, 2003).

3.2.1 Hepatocyte regeneration and repair

Liver hepatocytes are instrumental in the development of malaria parasites. Injected sporo-
zoites travel to the liver of the human host and invade the hepatocytes; crital stage of
establishing malaria infection (Silvie et al., 2003). The sources of the hepatocytes vary
depending on the growth process. The hepatocytes can be generated from the bone marrow
cells (Fausto et al., 2006); this mainly occurs during liver transplants (where they are an
important source of nonparenchymal cells, including the kupffer cells and endothelial cells)
and often the frequency of hepatocyte proliferation is very low (Fausto, 2004). The replica-
tion of existing hepatocytes form the second source of liver hepatocytes. Old hepatocytes
are replaced through a process called compensatory hyperplasia (Fausto et al., 2006). A
single hepatocyte could replicate 70 or more times in its life-time (Overturf et al., 1997).
According to Fausto (2004), replication is the quickest and most efficient way to generate
hepatocytes for liver regeneration and repair. This argument is also supported by data in
(Weglarz et al., 2000), where diploid, tetraploid and octoploid hepatocytes are reported to
have approximately the same capacity to replace damaged liver cells. The third source of
hepatocytes are the oval cells. These cells replicate and differentiate into hepatocytes when
the replication of mature hepatocytes is delayed or entirely blocked (Fausto, 2004).
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3.3 Model formulation

We extended the in-host malaria model by Chiyaka et al. (2008), by incorporating the liver
stage of parasite development. The reformulated in-host malaria model focuses on the erythro-
cytic and hepatocytic stages and describes the dynamics of interactions between the malaria
parasites, the liver hepatocytes, the erythrocytes (red blood cells) and the macrophages
(immune system cells). Unlike the models in (Selemani et al., 2016, 2017a), we ignored the
vector stage of parasite development and assumed a twofold process in the generation of hep-
atocytes: from the bone marrow and from self-replication of the existing hepatocytes. Again,
we assumed that the rate of generation of macrophages and susceptible erythrocytes from
the bone marrow increases with increasing density of the infected erythrocytes. However,
whatever the densitity of infected erythrocytes, there is a limit on the rate at which cells can

be released from the bone marrow.

The compartmental model assumes seven interacting populations of sporozoites S(z), suscep-
tible hepatocytes H (t), infected hepatocytes Hy (), susceptible erythrocytes R(t), infected
erythrocytes Ry (), merozoites M(t) and macrophages Z(t) at any time 7. The dynamics of

malaria parasites and host-cell populations in each compartment are described as follows:

Sporozoites (S): The female Anopheles mosquito is assumed to inject sporozoites into the
human system during blood meal at a constant rate A. The sporozoites molt through the
blood stream and reach the liver in about 2 hours, where they invade the hepatocytes at the

rate ;. We assume that the sporozoites can die naturally at a rate J;.

Susceptible hepatocytes (H): We consider the bone marrow and self-replication as the
main sources of the liver hepatocytes in our model. The recruitment of hepatocytes from
the bone marrow is assumed to occur at a constant rate A;. Just like during liver transplant,
(Fausto et al., 2006), we argue that during severe malaria infections, the rate of generation of
healthy hepatocytes is likely to increase tremendously and in proportion to the concentrations
of the infected hepatocytes (Fausto, 2004). This additional increase is represented by the
term piHy /(k; + Hx) = y1(Hx), where Hy and pj, respectively, represent the density
of infected hepatocytes and their rates of generation. The parameter k| represents the
number/concentration of the infected hepatocytes at which the recruitment of the healthy
hepatocytes is a half of the maximum rate. Owing to invasion by sporozoites at the rate
Bs, susceptible hepatocytes get infected and progress to subpopulation Hy. In addition,
hepatocytes in compartment H are assumed to have a natural life expectancy and may hence

die naturally at the rate ;.
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Infected hepatocytes (Hy): Following sporozoite invasion, the healthy hepatocytes get
infected leading to formation of infected hepatocytes. The infected hepatocytes mature
into liver-stage schizonts. These schizonts burst open, releasing 2000-40000 uninucleate
merozoites into the blood stream (Crutcher and Hoffman, 1996). The term N, Hx represents
the total population of merozoites released upon bursting of infected hepatocytes. The

parameter U, represents the death rate of the infected hepatocytes.

Susceptible erythrocytes (R): Similar to malaria models in (Li et al., 2011; Tumwiine et al.,
2008) we have assumed that the susceptible red blood cells (RBCs) get recruited at a constant
rate A, from the bone marrow. We further assume that, during infection, the production
rate of erythrocytes is accelerated owing to the presence of infected red blood cells (IRBCs)
at the rate p,. This increase is denoted by the term p,Rx /(k» + Rx) = W2 (Rx), where x»
represents number/concentration of the infected red blood cells at which the recruitment
of susceptible red blood cells is a half of the maximum rate. The particular mechanisms
involved in this accelerated process is however still poorly understood (Wickramasinghe and
Abdalla, 2000). The susceptible RBCs get infected by merozoites at a rate proportional to the
contact rate of their density, 3,MR. The positive constant B, describes the rate of successful
invasion by a malaria merozoite. This process of destruction of the RBCs result in build-up
of toxins and debris in the blood. The resultant immune reaction produces side effects which
are the common observable symptoms of malaria, such as fever, chills, nausea and aches.
The susceptible RBCs die naturally at a rate p3.

Infected erythrocytes (Ry) : Upon invasion by merozoite, the healthy RBCs get infected,
leading to the formation of infected red blood cells Ry. Although the IRBCs die at a constant
rate 4, they can also be killed through phagocytosis by the macrophages at the rate 1. The
parameter 1) therefore denotes the immunosensitivity of the IRBCs. At maturity, the IRBCs
burst open, releasing free merozoites into the blood system, causing secondary invasion
and disease progression. During malaria infection, the IRBCs may bind to the endothelial
lining of blood vessels in vital organs, such as brain, lung, and heart leading to disease

complications and sometimes death (Miller et al., 1994).

Merozoites (M): After 2-15 days, the infected hepatocytes burst open and release merozoites
into the blood system. This is represented by the term Nu;Hy, where N is the average
number of merozoites released per bursting infected hepatocyte. An average of K merozoites
are released per each bursting blood schizont. These free parasites suffer a natural death
at a rate J,,, and invade susceptible RBCs at a rate 3,. Within the red blood cells, the
merozoites mature either into uninucleate gametocyte or into erythrocytic stage schizont
containing 10-36 merozoites (Crutcher and Hoffman, 1996). After about 48-72 hours, the
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erythrocytic stage schizont ruptures, releasing more merozoites into blood stream to cause
further invasion of healthy RBCs. We assume that a proportion  of the merozoites contribute
to secondary invasion of the susceptible RBCs. The rest of the merozoites (1 — {) transform
into gametocytes that are later picked up by female Anopheles mosquitoes during feeding.
Further depletion of merozoite numbers may arise from destruction by host immunity or

from ageing. These two are however not considered in the model presented in this chapter.

Macrophages (Z): The presence of malaria parasites in the human body elicits responses
from numerous immune cells: such as the natural killers cells (through contact dependent
manner) (Chen et al., 2014), the macrophages (Bate et al., 1988; De Back et al., 2014), the
CD4" T and the CD8T cells among others (White et al., 2013). Owing to their effectiveness
in elimination of infected red blood cells and infective malaria parasites, we have considered
the innate macrophage cells as the main part of the immune response in malaria infection.
Consequently, we have assumed that macrophage cells are recruited at a constant rate A, from
the bone marrow. Moreover, they proliferate at a rate ps at the sites of infection in proportion
to the density of IRBCs. This is represented by the term p3Rx /(x3 + Rx) = w3(Rx ), where
k3 denotes the number/concentration of the infected red blood cells at which the recruitment
of the macrophages is a half of the maximum rate. Although macrophages play an important
role in promoting erythropoiesis (De Back et al., 2014), and phagocyte on the IRBCs at a

rate 1, they can also die naturally at a constant rate ;.

The variables and parameters that describe the in-host malaria dynamics are presented in
Tables 3.1 and 3.2, respectively. The above transmission dynamics of P. falciparum malaria

are summarised in the compartmental diagram given in Figure 3.1.

Table 3.1: Symbols and definition of state variables considered in the model at time ¢

Variable Description

H(t) Population of susceptible hepatocytes
Hx(t)  Population of infected hepatocytes

R(1) Population of susceptible erythrocytes (red blood cells)
Rx(t)  Population of infected erythrocytes

Z(t) Population of macrophages in the human body
S(t) Population of sporozoites

M(t)  Population of merozoites
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Table 3.2: Symbols and description of parameters used in the model

Parameter Description

A
A
05
M1
Bs
H2
2
M3
Br
Ha

O
A
o

P1
%)
p3
K1
K>
K3

¢
K
N

Recruitment rate of susceptible hepatocytes from the bone marrow

The total rate of injection of sporozoites into liver due to mosquito bites
Death rate of sporozoites

Natural death rate of susceptible hepatocytes

The invasion rate of hepatocytes by sporozoites

Death rate of infected hepatocytes

Recruitment rate of susceptible RBCs from the bone marrow.

Natural death rate of susceptible erythrocytes

The invasion rate of susceptible RBCs by merozoites

Death rate of infected erythrocytes

Death rate of merozoites

Recruitment rate of macrophages from the bone marrow

The death rate of a macrophage

Elimination rate of IRBCs by macrophages

Production rate of hepatocytes due to presence of infected hepatocytes
Production rate of RBCs due to presence of IRBCs

Immunogenesity of infected red blood cells

Number of Hx at which the recruitment of H is a half of the maximum rate.
Number of Ry at which the recruitment of R is a half of the maximum rate
Number of Ry at which the recruitment of Z is a half of the maximum rate
The proportion of the merozoites that cause secondary infections

The average number of merozoites released per bursting IRBCs

The average number of merozoites released per bursting infected hepatocytes
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Liver Stage

I'q RyZ

Figure 3.1: Schematic diagram for hepatocytic-erythrocytic and malaria parasite dynamics.
The dotted lines without arrows indicate cell-parasite interactions and the solid lines show
progression from one compartment to another.

In extending the in-host malaria model by Chiyaka et al. (2008), following model assumptions
are made:

1. A total of seven interacting populations are assumed at any given time 7. They include
susceptible hepatocytes, infected hepatocytes, susceptible red blood cells, infected red
blood cells, macrophages, sporozoites and merozoites.

2. Numerous immune cells are elicited during malaria infection. However, only the highly

effective macrophages are considered in this model.

3. The red blood cells are recruited at a constant rate from the bone marrow. It is assumed
that the background recruitment is accelerated due to the presence of infected red blood
cells.

4. Infected red blood cells are eliminated by macrophages
5. Merozoites are generated both from the bursting liver schizonts and blood schizonts.

6. Macrophages are assumed to be recruited at a constant rate from the bone marrow.
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7. All model parameters are assumed non-negative.

8. Generation of macrophages is stimulated by the presence of infected red blood cells

only.

From the above description of the in-host dynamics of malaria and the representation in

Figure 3.1, we derive the following system of ordinary differential equations:

dH p1Hy *
— = — wH — BSH
s h K1 + Hy Uy BsSH,
dH
5 = BiSH — nHy,
dR p2Rx
=2, — 3R — B.RM,
dr == K + Rx = ﬁ
dRx
= B BRM — UsRx —NRxZ,
dz pP3Rx
e ————— — .
dr z ¥ K3 + Ry S
ds
E =A—5sS—[3sSH,
dM

O = NuHy + K{ 4Ry _SmM_ﬁrRMa)

(3.1)

where H(0) > 0,Hy(0) > 0,R(0) > 0,Rx(0) > 0,Z(0) > 0,5(0) > 0,M(0) >0. (3.2)

3.4 Model analysis

In this section, we study whether the formulated model (3.1) is biologically and mathe-

matically meaningful. We establish model equilibrium points and investigate their stability

properties.

3.4.1 Well-posedness of the model

For the in-host malaria model (3.1) to be mathematically and biologically meaningful, we

need to prove that all the solutions of model (3.1) with nonnegative initial conditions, would

remain nonnegative for all time ¢+ > 0. Positivity in the model is shown by proving the

following theorem.
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Theorem 3.1. Let the parameters in model (3.1) be positive constants. A nonnegative
solution (H(t),Hx(t),R(t),Rx(t),Z(t),S(t),M(t)) exists for all the state variables with
nonnegative initial conditions {H(0) = Hy > 0, Hx(0) = Hxo > 0, R(0) = Rg > 0, Rx(0) =
Rx0>0,Z(0)=Zy>0,50)=Sy>0 M(0)=My >0} Vt>0.

Proof: Considering the first equation in system (3.1), let y; () = p1Hx / (k1 + Hx) so that

dH

5 = Mt wilt) -t - BiSH, (3.3)
dH
5 = tBSH, (3.4)

which yields

H(t)> H(0 exp{ (/ B.S( ds+,u1t)} > 0. (3.5)

Again, from the second equation in system (3.1), we have

7 BsSH — o Hy, (3.6)
dH
d—f > — o Hy. 3.7)

Upon integrating and applying the initial and conditions in inequality (3.2), we obtain

Hx (1) = Hx (0) exp{—pi1} > 0. (3.8)

In a similar fashion, this procedure can be applied to all the remaining five equations in
system (3.1) so that we have the following solutions:

R(t) > R(0 eXP{ (/Br ds+u3t>} 0,\
Re(o) = Re(O)exp{ = ( [ n2(6) ds ar ) >0

Z(t) > Z(0)exp{—8.t} > 0, (3.9)

S(t) > S( exp{ </ﬁs ds+5t>} 0,
M(t) > M(0 exp{ (/[3 ds—|—5mt>}>0.)

Therefore, the state variables (H,Hx,R,Rx,Z,S,M) of system (3.1) are nonnegative for all

time ¢ > 0.
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3.4.2 Invariant region

System (3.1) describes the dynamics of interaction between the malaria parasites, the hepato-
cytes, the erythrocytes and macrophages. It is therefore important that it is analysed within a

suitable feasible region of biological interest.

Consider the model equations describing hepatocyte dynamics in system (3.1). Let Ny
represent the total hepatocyte population, so that Ny (1) = H(t) + Hx (¢).

On substituting the derivatives in system (3.1) and simplifying, we have
dN, *
S M () — N, (3.10)

where v (t) = p1Hx /(x1 +Hy) and p; = min{u, to }.

Using integrating factor e’
An e [ T — it
NH(I)SE—{—e H / Y1 (7)e!n® dT+cre ', (3.11)
1 0

where ¢ is a constant of integration. By applying the initial condition Ng(0) = Ny > 0 in
inequality (3.11), we obtain

A t .
cl = (NH(O) — ,Lt_zk) —/0 l[/l(’L')e_‘u/’T dar. (3.12)

Substituting the value of ¢; (in inequality (3.12)) into Ny (¢) in inequality (3.11) and simpli-
fying, we get

Ny (1) < ’I—Z+e—“ﬁf (NH(O)—;L—z) (3.13)

Hy, Ky
There are two possible cases in analysing the behaviour of Ny (¢) in inequality (3.13). In
the first case, Ny (0) > A,/ so that, at time t = 0, the right-hand side (RHS) of inequality
(3.13) experiences the largest possible value of Ny (0). That is, Ny (1) < Ny (0) for all time

t>0.

In the second case, we consider Ny (0) < A;/u; so that, the largest possible value of the
RHS of inequality (3.13) approaches A;, /1, as time ¢ goes to infinity. Thus, Ny (1) < A, /1,
Vvt > 0. From these two cases, we conclude that

A
Ny (1) < max {NH(O), “—h} for all time 7 > 0. (3.14)
h
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Using the above approach, let the total red blood cells population be Ng(z), so that
Ng(t) = R(t) + Rx (). From the model equations in system (3.1), we have

dNpg

T <A+ ya(t) — WNR(1), (3.15)

where v, (1) = poRx /(K2 + Rx) and pf = min{ s, ts}. Upon solving for Ng in inequality
(3.15), we have

Ng(t) < max {NR(O), %} vt > 0. (3.16)

r

For the macrophage compartment Z(z), we have

dz p3Rx
— =2 t)—08.Z, f A 3.17
dr c+ya(t) —6.Z, for (1) K3 + Ry ( )
By integrating factor method, the solution of inequality (3.17) is presented as
1 t
2(0)=Z+e / y3(7)e%" dt +cre . (3.18)
2 0

Again, applying the initial conditions in inequality (3.2), the constant of integration c¢; is
established to be:

A 1
= (Z(O) = —Z) —/ y/3(r)e’5” dr. (3.19)
0, 0
Therefore,
A A
Z(1) < L4 e <z(0) - —Z) : (3.20)
5. 5.
By employing the same procedure used in inequality (3.13) to equation inequality (3.20), we
obtain N
Z(t) < max {Z(O), gz} vt > 0. (3.21)
Z

Finally, let Np(t) represent the total population of malaria parasites at any time ¢. That is,
Np(t) = S(t) + M(t) and, from system (3.1),
dNp
d_t =A—0,S— BSSH+N“2HX +KC.LL4RX - SmMa
<A+NuHyx +KusRy — 8,Np, where &, =min{J,0n}. (3.22)

Let (KEuaRx + NupHy) = wy(t), so that equation inequality (3.22), becomes

dn,
d—t” < A+ yy(t) — 8,Np. (3.23)
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Upon solving for Np(t) in inequality (3.23), we get

Ny(1) < A + e~ % (N,,(O) — A) : (3.24)
8]’ 517

Clearly, the malaria parasite populations S(7) and M () are bounded above. That is,
A .
Np(t) < max {NP(O), 5—} for all time ¢ > 0. (3.25)
p

Based on this discussion, we have shown the existence of a bounded positive invariant region

for system (3.1). Let us denote this region as Q € R’ , where

Q :{(H,HX,R,RX,Z,S,M) € R” : Np(t) = (S(t) +M(t)) < max {NP(O), g} ,
14
Ny (t) = (H(t) + Hx(t)) < max {NH(O), ﬁ—Z} ,Z(t) < max {Z(O),%} : (3.26)

A
Ng(t) = (R(t) + Rx (1)) < max {NR(O), .U_;} }
r
Moreover, any solution of our system (3.1) which commences in €, at any time ¢ > 0 will
always remain confined in that region. We therefore deduce that the region Q is positively
invariant and attracting with respect to malaria model in system (3.1). The in-host malaria

model represented by system (3.1) is hence well posed mathematically and biologically.

3.4.3 Existence of disease-free equilibrium point

The disease-free equilibrium point, &, is the state in which the human host is free of malaria
parasites (or infection). At &p, the sporozoite recruitment rate, A = 0, and the parasite and
host-infected compartments have zero values; that is, S* = M* = Ry = Hy = 0. Therefore,

A A A
& = (H*,Hy R ,Ry,Z*,S*,M*) = (—’20,—,0,—20,0). (3.27)
mops 6
3.4.4 In-host basic reproduction number

Epidemiologically, a basic reproduction number is a threshold quantity which represents on
average, the number of secondary infections that a single infectious case would generate in a
completely susceptible populations over its entire infectious period (Dietz, 1993). A malaria
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in-host basic reproduction number is described in Chiyaka et al. (2008) as the number of
secondary infected red blood cells produced per primary infected red blood cell in a host at

the onset of infection.

Although Molineaux and Dietz (1999) emphasise that basic reproduction number is most
meaningful in malaria models describing explicitly infected red blood cells and merozoites
populations, the inclusion of the pre-erythrocytic liver stage in the model extends the above
description of the in-host basic reproduction number to incorporate the sporozoites popula-

tions.

The in-host basic reproduction number, denoted by Ry is computed using the technique of
the next generation matrix approach described in Van den Driessche and Watmough (2002).
The analytical computations here are perfomed using Mathematica software (code available
in Appendix B). We consider Hy, Ry, S and M as the parasite infested compartments. The
subsequent sub-model of system (3.1), is thus given by,

dH \
5 = BSH — oHy,

dRy

= B BRM — L4Rx —NRxZ,
ds > (3.28)
E :A—5SS—[33SH,

dm
E :NlquX—FKC.LMRx—SmM—ﬁrRM}

Adopting the notations in Van den Driessche and Watmough (2002), we generate two matrices
from system (3.28): a nonnegative matrix F* of new infections, and a non-singular matrix V,

showing the transfer of infections from one compartment to the other. That is,

F = [BFI-(@@O)] and V= [8%(6"0)} , forl<i j<4,
axj' an
where,
ﬁsSH .LLZHX
RM Ry +NRyZ
e |P and V= Halix +NKx . (3.29)

0 A+ 8,5+ BiSH

0 —NpoHy — KC taRy + 8uM + B,RM

43



At disease-free equilibrium point &, the matrices F' and V are respectively given by

0 0 BAu/mi O
00 0 A
F— ﬁr r/.u?a (3.30)
00 0 0
00 0 0
and
U 0 0 0
0 A /o 0 0
V= pa+1MA:/8; (3.31)
0 0 63 + ﬁrlh/.ul 0
—Nuy  —KCuy 0 Om + BrAr/ U3
The inverse of matrix V is hence given by
L 0 0 0
H2 s
. 0 T+ 8ol ? 0 (3.32)
O O 83""‘[35241/“1 O
N3 K& 1304 0 1

BrAr+6miz  (BrAr+0mpus)(NA:+0:1a) Om+PrAr /13

The next generation matrix G, which is the product of the matrices F' and V—! works out to
be

ﬁsxh
O 0 leh“‘és.ul O
Nﬁrlr Kgﬁr6zlr,u4 0 Brlr
G — Brlr“’&nﬁ% (ﬁrlr+5inﬂ3)(nlz+6z“4) ﬁrlr‘i‘am/i?) . (333)
0 0 0 0
0 0 0 0

The in-host basic reproduction number R is the spectral radius of the next generation matrix
G. It can clearly be seen that three of the four eigenvalues of matrix G in (3.33) have zero
values; that is, A = A, = A3 = 0. The fourth and largest nonnegative eigenvalue A4 becomes

the in-host basic reproduction number. We therefore have

KBrAr €O 1y
(BrAr + Omliz) (NA; + 6 14a)

The terms in Ry can be interpreted as follows:

Ry = (3.34)

(i) The term KB, A, /(BrAr+ Onl3) represents the expected number of infectious merozoite
parasite resulting from bursting blood schizonts at the blood stage of malaria infection.
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(ii) The second term {14 /(NA; + 8. 14) represents the expected proportion of merozoites
that participate in the cycle of erythrocytic schizogony.

(iii) Observe that the terms (B,A,)/(BrAr + Omptz) < 1 and (O.u4)/(NA; 4+ 6;14) < 1. So
our Ry < K{. This implies that the number of secondary infections during malaria
infections is largely influenced by the average number of merozoites released K, from
a bursting blood schizonts, most of which are responsible for secondary infections at

the blood stage.

Despite the inclusion of the liver stage dynamics, it is interesting to observe that the above
in-host basic reproduction number and hence the disease progression is heavily driven by the
dynamics at the erythrocytic stage. This result is consistent with the current and past malaria
chemotherapy research and development, which is heavily inclined towards the symptomatic
blood stage of infection.

In the sections that follow, both the local stability and global stability of the disease-free
equilibrium point &j of system (3.1) are established.

3.4.5 Local stability of the disease-free equilibrium point, &)

To bring malaria infection under control, there is a need to identify disease transmission pa-
rameters that will guarantee the existence of a stable disease-free equilibrium point (Chiyaka
et al., 2008). The disease-free equilibrium point &p is said to be locally asymptotically stable
if the eigenvalues of the Jacobian matrix of system (3.1), evaluated at & have negative real
parts.

The Jacobian matrix of system (3.1), evaluated at the disease-free equilibrium point & is

given by

—u 00 0 0o B 0
0 —m 0 0 0 Bh 0
0 0 —u & 0 0 e

&)= 0 0 0 —% —ws 0 0 B“—§ . (3.35)

0 0 0 pi/ks -6 0 0
0 0 0 0 0 —Bhg 0
0 Nw 0 Klus O 0 —B 5,

45



Clearly, the first eigenvalue of matrix (3.35), A; = —u; < 0. Upon deleting the first row and

first column, matrix (3.35) is reduced to the following 6 x 6 matrix:

w0 0 0 Bk 0
_ P2 _BA
0 us ,1K2 0 0 , i
0 0 -I1=_ 0 0 Bt
D(&) = 5. —H4 i . (3.36)
0 0 P3 / K3 —61 0 0
0 0 0 0 B 0
N 0 Kg 00 —Frog,
Again, it can easily be seen from matrix (3.36) that the second eigenvalue, A; = —u3 < 0.

We further reduce matrix (3.36) by deleting row two and column two. So,

— 1t 0 0 Bl 0
ni BrA
0 =g =Hm 0 0 T
J3(&)=1| 0 p3/iks =&, 0 0 : (3.37)
0 0 0 -Bh_g 0
Ny Ky 0 0 - % — Om
From column 3 in matrix (3.37), A3 = —0, < 0. This process continues and the matrix (3.37)

1s further reduced to J4 by deleting the elements in row three and column three.

o0 —mhk_p g Bl
0;
&= ST W SN . (3.38)
H
Ny Ky 0 b,

U3
From the third row of matrix (3.38), it can easily be seen that A4 = —(BsA;, /1 + O5) < 0.

Finally, we reduce the matrix (3.38) to Js, by deleting row three and column three. So,

—M2 0 0
Is(&)=| 0 —He-p B (3.39)
R T

From row one of matrix (3.39), the fifth eigenvalue A5 = —u, < 0.
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The remaining two eigenvalues of matrix (3.35) can be obtained by reducing matrix (3.39)

into the following 2 x 2 matrix:

H3 m

Using the variable A, the characteristic polynomial associated with matrix (3.40) is

p(A) =A%+ BiA + By, (3.41)
where
B 5,4 M Ph o and (3.42)
61 Hs
61"1A r}l'r)t' r}Lr K rlr
By=" z+nB Z+5m.u4+ﬁ Ha KB Ha (3.43)
d; o, 13 U3 H3

The characteristic polynomial (3.41) has negative roots (eigenvalues) if By > 0 and By > 0.
The coefficient By in equation (3.42) is clearly positive (B; > 0). We now need to show that
By in equation (3.43) is strictly positive if Rg < 1. This is done by expressing the coefficient
term By in terms of model R as follows:

1
By = {(“462 +NA)(BrAr + Onp3) — KCﬁ,5zlr[,L4:| ,

62.“3

1 KCﬁr(sz)Lr.LM }:|

= | (a8 A Byt Supt) | 1 ,
S |1 B gy B

_ (K46 +NA) (BrAr + Smit3) [1—Ro]. (3.44)

61 us3

It can clearly be seen from equation (3.44) that the coefficient By is positive if and only if
Ro < 1. We have thus established the following result.

Theorem 3.2. The disease-free equilibrium point &, is locally asymptotically stable in Q if
Ro < 1. If Ry > 1, then & is unstable.

Biologically, Theorem 3.2 implies that malaria infection can be eliminated from the human
host when Ry < 1. To ensure that elimination of malaria is independent of the initial sizes
of the subpopulations, it is necessary to show that & is globally asymptotically stable in €,

where the model is mathematically and biologically sensible.
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3.4.6 Global asymptotic stability of the disease-free equilibrium point,
&0

Using the results obtained in Kamgang and Sallet (2005), we show that the malaria-free
equilibrium point &y is globally asymptotically stable when the in-host basic reproduction
number is less than unity (Rg < 1). We begin by rewriting system (3.1) in pseudo-triangular
form as follows:

Xl :Al(X)(Xl —X]*) -|—A2<X)X2,
Xz :A3(X>X27

where X is the vector representing the state of different compartment of liver and blood
cells that are not infected and do not transmit malaria infections. X, represents the states of

malaria parasites and host’s cells that are responsible for disease transmission. Hence,

A A A
X = (Xl,XQ),Xl = (H,R,Z),X2 = (Hx,Rx,S,M) anXm* = (_h’_r,_z) .
Hi U3 52
From the subsystem X, we have
_ g _tug 0
peo 0 0 Ki pp s
AX)=| 0 —p3 0 |andA(X)=|0 £ 0 —%@
0 0 =6 0o 2 0 0

K3

A direct computation indicates that the eigenvalues of matrix A;(X) are real and negative.
This shows that the system X; = A;(X)(X; — X;) + A2(X)X; is globally asymptotically
stable at the disease-free equilibrium point, &y. Similarly, the subsystem X gives rise to the

following matrix A3(X):

—H2 0 ﬁs% 0
0 —(mg+m) 0 B
A3(X) = o A Hs (3.45)
0 0 — (Bt + ) 0
N K&y 0 _(ﬁr%+6m)

It can clearly be seen that A3(X) is a Metzler matrix: all the off-diagonal elements of A3(X)
are nonnegative. In order to establish the global stability of the disease-free equilibrium
point, we need to show that the matrix A3(X) is Metzler stable by providing a proof for the
following lemma:
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Lemma 3.1. Let M be a square Metzler matrix which is block decomposed:

M= (A B> , (3.46)
C D

where A and D are square matrices. The matrix M is Metzler stable if and only if A and
D — CA~'B are Metzler stable.

In our case, matrix M is represented by matrix A3 in matrix (3.45) so that,

_ 0 sﬁ 0
AR . B Bs i ).
0 —(ng -+ 0 B

A (3.47)
0 0 = (ﬁs“—h + 5s) 0
C= and D= ' A
N KC[.L4 0 u <Bru_;+5m)
Upon computation in Mathematica software, we obtain
= 0
D-calp=|" | (3.48)
W —0;

where | = 0, + ﬁs(/lh//,tl), ;= 6, + ﬁrlr(n),h + (1 = KC)5Z,LL4)/,U3(11)~Z + 61.“4) and
(007) :Nﬁsﬂfh/.ul-

For the matrix D — CA~!B to be Metzler stable, @3 should be strictly nonnegative. Therefore,
the expression in the numerator

B (s + (1~ KE)8.115) > 0. (3.49)

Upon simplification of inequality (3.49),

KCPAr:pta < BrAr(nAn + 8:p14),
(ﬁrlr + 5m.u3> < KCBrlréz.uél > <1
BrAr (B-Ar+ Onpiz) (NA +O.14) ) —
ﬁrlr + 6m.u3
B

Br/lr
Ry<——MmMmm— <1
0= Brlr‘FSm.u?) -

)Rogla
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It is clearly seen that the matrix A in system (3.47) is Metzler stable. However, the matrix
D — CA~'B is Metzler stable if and only if Ry < 1. From Lemma 3.1, the following theorem
is deduced:

Theorem 3.3. The malaria-free equilibrium point &y of system (3.1) is globally asymptoti-
cally stable if the threshold quantity Ry < 1.

The above result is quite significant in malaria control. The global stability of the disease-free
status would be guaranteed if and only if the in-host basic reproduction number Ry is less
than one. Malaria intervention should therefore focus on eliminating infected erythrocytes
and/or malaria merozoites that are responsible for erythropoiesis cycle and invasions at the

blood stage.

3.4.7 Endemic equilibrium point analysis

When the in-host basic reproduction number Ry is greater than one Ry > 1, the stability of
the disease-free equilibrium point &j is violated. A different equilibrium state termed the

endemic equilibrium point is achieved. By equating to zero the RHS of system (3.1) we

have:
p1Hx
—uH — H = .

Ap + AT Hy BsSH =0, (3.50)
BsSH — ppHx = 0, (3.51)

P2Rx
A — u3R— B,RM =0, 3.52
+ oiRe B (3.52)
ﬁrRM — ‘LL4RX —= T[sz = 0, (353)

p3Rx

— 0,/ = .54
het =82 =0, (3.54)
A—8,S— BySH = 0, (3.55)
Nu,Hy —|—KC‘LL4RX — OuM — B,RM = 0. (3.56)

Solving for the state variables R, H, Z, S, M in terms of the infected states Hx and Ry,
in equations (3.50)-(3.56), we obtain the endemic state &} = (H*,Hy,R*,Ry,Z*,S*,M*),
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where

1 p1Hy
H*= fg(Hy) = —< A+ — W HY 5, 3.57
Ju(Hy) ul{ h K+ H Mo X} (3.57)
S* = fo(HE) = , 3.58
IS = ot (0 + Hy) — ) (3%
R* = fr(Ry) = — A+ — MRy ¢, 3.59
el = {2 225 3.59
. . . Ry (p3Ry/(x3+ Ry ) + A
M = fu(Ry) = pa (qu4+” & (Pof3/ (u/j x) Z>). (3.60)
2= 1R = 5 {2t K3+R;(}’ G361)

Substituting equations (3.57) and (3.58) into equation (3.51), and simplifying, we obtain the

following cubic equation:
o3 Hy + 0 H3 + o Hy + ot = 0, (3.62)
where

o =3By > 0,

o =p (Ui (—6) — Bs (A — Ki o + A+ p1)),

o1 =Bs (A (A= Kilp) + A(p1 — Kilp)) — Ki iy 20,  and
o =K1 AA,Bs > 0.

The number and nature of the roots of equation (3.62) are determined by the following
discriminant (Schmidt and Hess, 1988):

A= 1803000400 — 40 ag+ x> > — 4o o> — 27 o . (3.63)

So

(i) A =0, then equation (3.62) has a multiple real roots and only one endemic equlibrium

would exist,

(i) A <0, then equation (3.62) has 1 real root and a complex conjugate root hence only

one endemic equilibrium,

(iii)) A > 0, then equation (3.62) has 3 distinct real roots and so there are more than one

endemic equilibrium point when Ry > 1 for system (3.1).
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Analysis under equation (3.63) implies that, in the absence of external interventions in the
form of anti-malarial treatment, there will always be some infected hepatocytes during
malaria infection. We further proceed to evaluate the possible values of the state variable
Ry at equilibrium point by substituting expressions in equations (3.59), (3.60) and (3.61)
into equation (3.53). After simplification in Mathematica software, we obtain the following
quartic equation:

Ry (63R + O2R + 01RY + 6p) = 0, (3.64)

where

63 = — wafr(Upta +M(p3+4;)) <O,

62 =np3 (Br (—Kkopla + P2 +2A) = 1) + (Uatla +NA) (Br (= (2 +K3) pla + P2+ 4,) — 1),
61 =ni2p3 (BrAr — 1) — (Untla +NA2) (k5 + 12 (Br (k314 — Ar) + 1) + K3 (= Br) (P2 + A1),
6o =K k3 (BrAr — 1) (Hpts + MA).

Clearly, Ry =0 or
6:3R} + O:R;? + 1Ry + 69 = 0. (3.65)

The state Ry = 0 corresponds to a scenario in which there are no parasite infected red blood
cells. This could signify the liver stage of parasite development so that an endemic state
(H*,Hy,R*,0,0,5%,0) exists. Alternatively, Ry = 0 could correspond to the disease-free
equilibrium point & for system (3.1).

The roots of the cubic equation (3.65) are given as

K3 (Unla +MA;)

Ry, =— <0, 3.66
A s+ s+ A (.60
* (ﬁrlr - KZ,u4Br + pZﬁr - 1) ==RVAC)
Rl = V= 3.67
X3 2.u4ﬁr ( )
where
0= 4.u4ﬁr(K2ﬁr)“r - KZ) + (Brﬂ‘r - KZ.u4ﬁr "’pZBr - 1)2- (368)

The root Ry, < 0 should be ignored since all the model state variables are nonnegative for
all time # > 0. This leaves R;“(273 as the only two possible roots of equation (3.65).

From the above discussion, system (3.1) could experience a single endemic state or multiple
states subject to the roots of equations (3.62) and (3.64). If Ry, 5 are real and positive then
one or two endemic equilibrium points are possible for system (3.1). It is thus evident that
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the explicit form of the endemic equilibrium point for model (3.1) is cumbersome. We shall
therefore show its existence numerically based on certain choice of parameter values in
subsection 3.5.3. Note that case (iii) of equation (3.63) indicates the possibility of having
multiple endemic equilibrium points and hence the likelihood of experiencing a backward

bifurcation phenomenon.

3.5 Numerical simulation and discussions

In this section, we provide some numerical simulations to illustrate the behaviour of system
(3.1). We carry out model sensitivity analysis and investigate parameter influence on the
dynamics of erythrocytes, hepatocytes, macrophages and malaria parasites under different
conditions on the in-host basic reproduction number, Ry.

3.5.1 Sensitivity analysis

In epidemic modelling, sensitivity analysis is performed to investigate model parameters
with significant influence on Ry, and hence on the transmission and the spread of the disease
under study (Chitnis et al., 2008; Okosun and Makinde, 2012; Olaniyi and Obabiyi, 2014).
Following Arriola and Hyman (2005), the normalised forward-sensitivity index of a variable,
A, which depends differentiably on a parameter, ¢, is defined as

A_OJA @

== X . 3.69
Using the formulation in equation (3.69), and the in-host basic reproduction number R
in equation (3.34), we obtain the following expressions for normalised forward sensitivity

indices of Ry relative to model parameters.

TR0 = 41, [ =+1,
6, U39,
Ro _ _ H30m Ro — 30m
B us 5m + Brlr ’ Ar U3 5m + ﬁrlr ’
o Nk Ro_ _ H30m
a Had; +nA, 7 Hs Uz Om + BrA, ’ (3.70)
FRO = ——n )VZ I_‘RO — nlz
% Had; + A, A sl +MA;
FRO o n)VZ FRO _ u} 6m
T wE A T u38utBA )
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The numerical sensitivity indices (SI) are calculated using Mathematica software and the

results summarised in Table 3.3. Note that, due to limited data on in-host dynamics, all the

parameter values (see Table 3.4) used in evaluating the sensitivity indices are obtained from

literature.

Table 3.3: Sensitivity indices of Rg to the model parameters

Parameter SI Parameter SI
K +1.0000 4 +1.0000
Br +0.920422 us -0.920422
Ar +0.920422 A, -0.998585
Ug +0.998585 n -0.998585
0, +0.998585 Om -0.920422

Table 3.4: Parameter values used in the numerical simulations of system (3.1)

Parameter Value Unit Source

A 20 sporozoites/day  (Selemani et al., 2016)
J, 0.05 day™! (Selemani et al., 2016)
S 1.2 x107!1 day™! (Selemani et al., 2016)
n 10-10 cells/ul/day  (Hetzel and Anderson, 1996)
A 3 x10°3 cells/ul/day  (Selemani et al., 2016)
P 2.5x107 day™! (Chiyaka et al., 2008)
U 0.029 day™! (Selemani et al., 2016)
P2 2.5%107 day™! (Chiyaka et al., 2008)
Bs 1.0 x107° sporozoites/day (Selemani et al., 2016)
03 2.5x107 day™! (Chiyaka et al., 2008)
U 0.02 day™! (Selemani et al., 2016)
K] 1 cells/ul (Selemani et al., 2017a)
Ar 4 x41500  cells/ul~"/day (Lietal.,2011)

4 0.726 unitless (Talman et al., 2004)
U3 0.0083 day™! (Lietal., 2011)

19) 1 cells/,ul_1 (Selemani et al., 2017a)
Br 2.0 x107®  /merozoites/day (Hetzel and Anderson, 1996)
N 10000 Unitless (Tumwiine et al., 2008)
s 0.025 day™! (Chiyaka et al., 2008)
K3 1 cells//,tl_l (Selemani et al., 2017a)
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Table 3.4 — Continued from previous page

Parameter Value Unit Source

Om 48 day™! (Hetzel and Anderson, 1996)
K 16 Unitless (Chiyaka et al., 2008)

A 30 Jul=/day (Chiyaka et al., 2008)

A positive sign (+) on the SI indicates that an increase (decrease) in the value of such
a parameter increases (decreases) the value of the in-host basic reproduction number R
and hence the growth of malaria infection. On the other hand, a negative sign (-) on SI is
indicative of a parameter that negatively affects Ro; that is, an increase (decrease) in such
a parameter decreases (increases) the value of Ry. In order to eliminate in-host malaria

infection, the in-host basic reproduction number should be less that one, that is, Ry < 1.

From Table 3.3, it can clearly be seen that the average number of merozoites released
per bursting infected erythrocyte K and the proportion of merozoites that cause secondary
invasions at the blood phase £, are the two most sensitive parameters in determining model
outcomes. They have the highest sensitivity indices of +1.0000. For instance, a 10% increase
(decrease) in the value of { or K generates a proportional 10% increase (decrease) on in-host

basic reproduction number and hence malaria infection.

The parameters A;, 1, Uy, 8, occupy the second rank on influencing the model outcomes.
An increase ( or decrease) in the parameters 4 and 9, is likely to increase ( or decrease)
the disease Ry. On the other hand, an increase in A, and 1) has a direct negative influence
on disease Ry. Note that a 50% increase (decrease) in the rate of elimination of infected
red blood cells at the erythrocytic stage will result into a 49.92925% decrease (increase) in
the in-host basic reproduction number and hence the disease progression. Macrophages are

highly instrumental in malaria parasite clearance and should be preserved.

The rate of generation of macrophages from the bone marrow, 4., together with the rate of
phagocytosis of infected red blood cells, 1, is likely to decrease proportionally the disease
progression when they are increased. With increased A, there would be more macrophages to
phagocytose and clear the rapidly growing density of blood schizonts. This would negatively
affect the erythrocytic schizogony. Decreased clearance rate by macrophages would only
guarantee successful multiplication of the merozoites through the erythrocytic schizogonic
cycle. The subsequent result is increased density of merozoites in the host’s blood, leading to

disease progression to even deadly levels.
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The rate of invasion of susceptible erythrocytes by merozoites 3, and the rate of generation
of erythrocytes from the epithelial cells of the host’s bone marrow A, increased (or decreased)
disease Rp when they are increased (or decreased). Epidemiologically, an improved erythro-
cyte invasion rate, f3,, is likely to generate even more new blood schizonts. This increases
parasitaemia in the human host. A 10% increase (decrease) in 3, would increase (decrease)
the threshold parameter Ry by about +9.2%.

Any therapeutic effort that clears the blood schizonts and the infectious merozoites at the
blood stage would definitely guarantee immense reduction in disease Rg. Therefore, an
increase in the death rate of infected erythrocytes and that of the merozoites is likely to
decrease significantly the in-host basic reproduction number Ry. This can be achieved
through the use of effective antimalarials such as ACTs in malaria treatment. Moreover,
effective vaccines at the erythrocytic stage could greatly minimize erythrocyte infection rate

B

Since the local sensitivity indices are relatively close, we carry out further investigation
on parameter influence on disease progression by generating the partial rank correlation
coefficients (PRCCs) for each parameter value in disease Rq in the following section.

3.5.2 Global sensitivity analysis

A global sensitivity analysis (GSA) is performed to examine the response of an epidemic
model to parameter variation within a wider range of parameter space (Wu et al., 2013).
Applying the approach in Wu et al. (2013), the PRCCs between the in-host basic reproduction
number Rg and each of the parameters in Ry are derived. Using 1000 simulations per run
of the Latin Hypercube Sampling (LHS) scheme (Stein, 1987), the established PRCCs are
derived and presented in Figure 3.2.
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Figure 3.2: Tornado plots of partial rank correlation coefficients (PRCCs) of parameters
that influence model Ry generated using parameter values in Table 3.4. Parameters with
PRCC > 0 and PRCC < 0 increase and decrease disease Ry, respectively.

Parameters with positive PRCC values will increase Ry when they are increased and vice
versa for those with negative PRCC. Unlike the results in Table 3.3, the model parameter with
the highest influence on R according to the PRCCs results shown in Figure 3.2 is the rate of
invasion of red blood cells by merozoites, B,. This is followed closely by the recruitment
rate of susceptible red blood cells A, from the borne marrrow. Both parameters increase Rg
when they are increased. The second set of parameters that also increase (decrease) disease
Ry when they are increased (decreased) are the {, K, (3 and §,, respectively.

The merozoites’ death rate §,,, the death rate of infected red blood cells and the rate of
elimination of infected erythrocytes by the macrophages 1 are shown to have the highest
negative influence on disease progression. Although the increase in yy was shown to increase
disease progression in Table 3.3, the results from global sensitivity analysis are contradictory.
An increase in the death rate of parasitised red blood cells s decreases parasitaemia and

hence disease progression within the human host.

In Figure 3.3, the effects of the two most sensitive parameters (K, {) on Ry are displayed
using Monte Carlo simulations (Rubinstein and Kroese, 2016). The results in Figures 3.3 are
consistent with those obtained earlier under sensitivity analysis (see Table 3.3). An increase

in K, and/or § increases Ry and severity of malaria infection.
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Figure 3.3: Graphs (a) and (b) show the Monte Carlo simulations for the two parameters

with the greatest sensitivity indices in the in-host malaria model (3.1). Parameter values in
Table 3.4 and 1,000 simulations per run were used.

Based on these results of sensitivity analysis, we make the following remarks: (1) results of
global sensitivity analysis are robust and a lot more realistic for implementation, (2) malaria
control should target elimination of merozoites and infected red blood cells, (3) an effective
and efficient malaria vaccine that deactivates infectious merozoites could be helpful in limit-
ing erythrocyte invasion rate, and (4) a vaccine that is protective of susceptible erythrocytes
could further ensure reduced density of second and future generation of merozoites that are

responsible for disease progression.

3.5.3 Numerical results

In this section, numerical simulation of system (3.1) under different values of the threshold
parameter Ry is carried out. The in-host malaria model is solved numerically using the
package scipy.integrate.odeint in Python language. A sample code is shown in Appendix B.
The simulations are performed to illustrate the possible dynamics of the erythrocytes, the
hepatocytes, the malaria parasite and the macrophages when R is less or greater than one. For
purposes of these simulations, the initial conditions of the variables are hereby conveniently

set. It is noted that different output may be achieved for different initial conditions.

When the in-host basic reproduction number is less than unity (Rg < 1), the dynamics of
the different compartments in system (3.1) are as presented in Figures 3.4 and 3.5. At the
pre-erythrocytic stage, the density of susceptible hepatocyte initially decline as the density of

infected hepatocytes rises due to invasion from malaria sporozoites (see Figure 3.4). The
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host’s immune system responds to sporozoite invasion by increasing hepatocyte density
that levels off at the disease-free equilibrium point & (see Figure 3.4a). As the sporozoites

decline to near zero value (see Figure 3.4b), infected hepatocytes decline and stabilise at &
in equation (3.27).

At the blood stage, the rising density of infected erythrocytes declines in a similar fashion
to that of the infective merozoites when Ry < 1 (see Figure 3.5). The densities of the
infected erythrocytes and merozoites approach & asymptotically. On the other hand, it is
observed that the density of susceptible red blood cells decreases initially due to infection by
merozoites and later rises before it plateaus at & as shown in Figure 3.5.
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Figure 3.4: Graphs showing the dynamics of susceptible and infected hepatocytes in the
presence of malaria sporozoites when disease Rg = 0.8066 < 1. The initial conditions
are: HO = 300000, Hx0 = 20000, RO = 500000, Rx0 = 50, Z0 = 300000, SO = 2000 and
MO0 =70. Used parameter values are shown in Table 3.4.

59



5 le5

* * N

=

Time(Days)

Figure 3.5: Graphs showing the simulation of system 3.1 at the erythrocytic stage when
disease Rg = 0.8066 < 1. The chosen initial conditions are H0 = 300000, Hx0 = 20000,

RO = 500000, Rx0 = 50, Z0 = 300000, SO = 2000, and MO = 70. Model parameter values
are shown in Table 3.4.

When Ry > 1, a sharp fall in the density of susceptible hepatocytes in the liver is observed
(see Figure 3.6a). This is due to rapid invasion of hepatocytes by the sporozoites. An
invasion on susceptible hepatocyte generates a corresponding steady rise in the density of
infected hepatocytes (see Figure 3.6b). Owing to natural intervention by the immune cells,
the respective decline and rising levels of susceptible and infected hepatocytes level off
and remain relatively constant after the third month. More hepatocytes are generated to
replace infected ones. There is a steady decline in sporozoite density at the liver stage (see

Figure 3.6¢). The invaded hepatocytes develop into liver schizonts that burst open to release
merozoites and hence the steady decline in sporozoite levels.
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Figure 3.6: Graphs showing population dynamics at the liver stage when Ry = 1.58690 > 1.
Used parameter values are shown in Table 3.4. Chosen initial conditions are: H0 = 300000,
Hx0 =10, RO = 500000, Rx0 = 10, Z0 = 10, SO = 2000 and M0 = 20.

The severity of malaria infection is most rapid in the first 2 weeks within the host liver as
illustrated in Figures 3.6a, 3.6b and 3.6¢. This is similar to results in (Selemani et al., 2017a;
Tabo et al., 2017). In the absence of clinical intervention, some of the sporozoites remain

dormant in the human liver and could cause future malaria infections.

As the liver schizonts release merozoites into the blood stream of the host, a rapid decline in
the density of red blood cells is observed (see Figure 3.7a). Merozoites invade susceptible
erythrocytes resulting in a corresponding rise in the density of infected erythrocytes as shown

in Figure 3.7b.
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Figure 3.7: Graphs showing population dynamics of susceptible erythrocytes and infected
erythrocytes in the presence of malaria merozoites when Ryp = 1.58690 > 1. The values of
the mode parameters are shown in Table 3.4.

In Figure 3.8a, there is an early sharp rise in the density of merozoites in the first week of
the blood stage. The density remains high for several weeks and does not decline for the
entire infection period of one month. A second generation merozoite invades other sets of
healthy erythrocyte within minutes, leading to an exponential growth in the density of blood
schizonts and hence merozoites in the human blood stream. Without therapeutic intervention,
the density of merozoites stabilises several weeks after infection at the endemic equilibrium
point. This is consistent with the findings in Chiyaka et al. (2008); Li et al. (2011); Selemani
et al. (2016).

The invasion of healthy red blood cells prompts an immune response from host’s macrophages.
These macrophages phagocyte on the generated blood schizonts. At the onset of erythrocytic
infection, several macrophages are generated. The rise in the density of macrophages is
proportional to that of infected erythrocytes as shown in Figure 3.8b. This rising density
is shown to level off after about 16 days at the endemic equilibrium point. It remains high

throughout the infection period.
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Figure 3.8: Graphs showing the population dynamics of (a) merozoites and (b) macrophages
during the erythrocytic cycle. Rg = 1.58690 > 1 and the parameter values used are given in
Table 3.4.

From these discussions, the following observations are made: (1) if Ry < 1, low level malaria
infection can easily be contained by the host’s defence mechanism and loss of life is less
likely; (2) therapeutically, Rg < 1 may be achieved through quick intervention targeting the
blood schizonts and the merozoites responsible for secondary infections during erythrocytic
cycle; (3) Figures 3.6, 3.7 and 3.8 shows the existence of in-host malaria endemic equilibrium
point.

Hematological parameters such as the density of healthy and infected erythrocytes in malaria
hosts have considerable influence on malaria infection and possible impacts (Erhart et al.,
2004). According to WHO (WHO, 1990), high hyperparasitaemia causes drastic reduction
in concentrations of erythrocytes leading to anaemia among malaria patients (Bashawri et al.,
2002; Ekvall, 2003). The impacts of increasing the model parameters 9, and 3, on healthy

and infected red blood cells are as shown in Figures 3.9 and 3.10, respectively.
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Figure 3.9: Graphs that show the behaviour of (a) susceptible red blood cells and (b) infected
red blood cells. They were obtained by varying the death rate of merozoites &, from 20 to
80 in steps of 20, while keeping the other parameters (in Table 3.4) constant.
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Figure 3.10: Graphs that show the behaviour of (a) susceptible red blood cells and (b)
infected red blood cells. They were obtained by varying the merozoite invasion rate 3, from
2 x 1078 to 2 x 107 in steps of 10~!, while keeping the other parameters (in Table 3.4)
constant.

Observe that an increase in the death rate of malaria merozoites J,, decreases and increases
the density of infected erythrocytes and healthy erythrocytes, respectively (see Figures 3.9a
and 3.9b). Malaria control should thus target the infectious merozoites at the blood stage.
Results in Figure 3.10a indicate that an improved invasion rate by merozoites on susceptible
erythrocytes causes more loss in healthy erythrocytes. The reverse effect is observed in

Figure 3.10b, where an increase in the rate of infection of healthy erythrocytes produces a
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corresponding increase in the density of infected erythrocytes. A keen look at Figure 3.10b
reveals that the infected red blood cells (IRBCs) begin to appear after about 10-15 days
of initial infection. This is consistent with the incubation period of P. falciparum malaria
(Collins and Jeftery, 2007).

The severity of malaria infection can easily increase if the density or production of macrophages
is compromised (Chiyaka et al., 2008). Figure 3.11b shows a near direct relationship on the
density of infected erythrocytes Rx and the death rate of the macrophages §,. An increase in
the death rate of macrophages would propel erythrocytic schizogony and hence increased
merozoite numbers in the blood stream of the human host. A high merozoite density in-
creases the severity of malaria infection. This result is quite vital in malaria intervention,
especially with respect to malaria patients who may be suffering from other infections that are
deleterious to immune cells. Diseases such as HIV/AIDS greatly weaken the immune system
of the patient as important immune cells such as macrophages are destroyed (Honeycutt et al.,
2016; Koppensteiner et al., 2012). Macrophages are an important target cells for HIV-1 virus
(Shiri et al., 2005a). During malaria infections, such patients often suffer severe malaria and

should seek immediate medical attention.
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Figure 3.11: Graphs that show the effect of varying the rate of phagocytosis of infected red
blood cells by macrophages, 1 (in (a)) and the effect of increased decay rate of macrophages
0, (in (b)), on the dynamics of infected erythrocytes Rx. All parameter values are shown in
Table 3.4.

Like the senescent erythrocytes, aberrant infected erythrocytes formed during malaria infec-
tion are eliminated phagocytically by the host’s macrophage cells in the red pulp of the spleen
(Kriicken et al., 2005). The phagocytic potential of the spleen is vital at the erythrocytic cycle.
The higher the phagocytic behaviour of the macrophage, the lower the density of parasitised
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erythrocytes (see Figure 3.11b). Moreover, the severity of malaria infection increases with
decreasing ability of the host’s phagocytic macrophages to clear infected erythrocytes from

circulation during the erythrocytic cycle.

3.6 Conclusion

In this chapter, a mathematical model of in-host malaria infection by Chiyaka et al. (2008) is
extended to include the liver stage of parasite development. Unlike the models in Li et al.
(2011) and Tumwiine et al. (2008), the macrophages are considered as the most effective
innate immune cells in eliminating malaria parasites from blood circulation. In addition, the
liver hepatocytes are assumed to be generated from the bone marrow and through a process
of self-regeneration from existing hepatocytes. The malaria-free equilibrium point is shown
to be locally asymptotically stable when the in-host basic reproduction number is less than
unity. The global stability of the malaria-free state is only guaranteed if the threshold quantity
Ry is less than unity.

Numerical simulation results indicate that intervention during malaria infection should focus
on minimising merozoite invasion rate on healthy erythrocytes and the density of merozoites
in circulation, which are responsible for secondary invasion at the blood stage. In the absence
of malaria treatment, the immune cells (macrophages) are shown to be vital in eliminating
infected erythrocytes at the blood stage. The higher the rate of phagocytosis of infected
erythrocytes by macrophages, the lower the density of infected erythrocytes and hence
malaria parasitaemia. Patients suffering from such infections as HIV/AIDS which have
deleterous effect on the protective immune cells should seek immediate medical treament
when infected with malaria. Their compromised immune system exposes them to severe

malaria attacks and possible untimely death.

For quick and timely reduction of parasitaemia, an increased merozoite death rate using
antimalarial drugs such as ACT would be necessary. This would further ensure reduced
density of infected red blood cells and hence future generation merozoites. By killing a
single blood schizont, the production of 16 merozoites at maturity is avoided. Moreover, an
appropriate malaria vaccine that targets erythrocyte invasion process may equally guarantee

minimal recrudescence.

The next Chapter 4 incorporate malaria vaccines to the model discussed in this chapter. The
impacts of efficacious malaria vaccines and vaccine combinations that target the parasites at

different stages of their life cycle are evaluated.
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Chapter 4

Mathematical model for the in-host
malaria dynamics subject to malaria

vaccines

4.1 Introduction

To date, the WHO considers effective vector control strategies such as long-lasting insecticidal
treated nets (ITNs) and indoor residual spraying (IRS) as the main ways to prevent and reduce
malaria transmission in communities with high malaria prevalence (Homan, 2016; WHO,
2017a). Chemoprophylaxis and antimalarial drugs such as chloroquine and artemisinin-
based combination therapy (ACT) are currently used to prevent and treat clinical malaria,
respectively, in different parts of the world (Bhatt et al., 2015; WHO, 2015d). These strategies
have contributed to the substantial global decline in malaria mortality and morbidity (Negal
et al., 2016). However, despite the success of the existing malaria prevention and control
strategies, reported malaria cases globally are still quite high. In 2017, the WHO reported
about 219 million malaria cases (WHO, 2017b). The global decline in malaria cases in
the period 2015-2017 is however insignificant (WHO, 2018f). A lot more effort is hence
necessary to further reduce cases and mortality due to malaria.

Parasite resistance to current antimalarial drugs (Dondorp et al., 2010; Maude et al., 2009;
Sidhu et al., 2002; Wellems and Plowe, 2001) and vector insecticides (Alout et al., 2017a,b;
Soko et al., 2015) pose a serious threat to malaria control. To defeat the disease, many
more tools with the potential to save lives today and in the future are needed (Birkett, 2016;
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Greenwood and Targett, 2009; MVI, 2018). An efficacious, safe and affordable malaria
vaccine would help to bridge the control gap left by other intervention measures (MVI, 2018).
A malaria vaccination strategy is performed to either induce protective immune responses
prior to malaria infection or to provide protection in case of malaria attack (Arama and
Troye-Blomberg, 2014).

Current malaria vaccines have shown minimal efficacy (Birkett, 2016; Birkett et al., 2013;
Miura, 2016). RTS,S/ASO01 is the only malaria vaccine that has received a positive scientific
opinion from the European Medicines Agency (EMA) (EMA, 2015). However, the WHO
recommends further evaluation of RTS,S/ASO01 in a series of pilot implementations before it
can be introduced on a wide scale (WHO, 2018d).

This chapter reviews malaria vaccine development and explores, using mathematical mod-
elling, the impacts of efficacious malaria vaccines. It also presents analytically and numeri-
cally, the probable effects of vaccine combinations in reducing levels of parasitaemia within

the human host.

4.2 Malaria vaccines

Malaria parasite has a tendency to undergo morphological changes accompanied with anti-
genic variations during its transition from the pre-erythrocytic to erythrocytic stages (Hisaeda
et al., 2005; Negal et al., 2016). This has presented an enormous challenge in malaria vaccine
development. Although there is no licensed vaccine against malaria today, many experts
believe that a malaria vaccine is a necessary tool for successful malaria elimination (MVFG,
2018; Ouattara and Laurens, 2014). Vaccines against malaria infection can be categorised
into three groups based on the targeted stage of the parasite life cycle (Arumugam et al.,
2014). These include: pre-erythrocytic vaccines (PEV), blood stage vaccines (BSV) and
transmission blocking vaccines (TBV) as shown in Figure 4.1. The development progress
and action of some of the most advanced malaria vaccines is presented in the discussions in

the following subsections.

4.2.1 Pre-erythrocytic vaccines (PEV)

The most advanced pre-erythrocytic malaria vaccine candidate against P. falciparum is called
RTS,S/ASO1 (Birkett, 2016; Birkett et al., 2013; Nunes et al., 2014). The RTS,S malaria
vaccine is both safe and immunogenic (Abdulla et al., 2008; Otieno et al., 2016). This
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vaccine is commercially known as ‘Mosquirix’ and has been developed by the U.S. military
at the Walter Reed Army Institute of Research (WRAIR) through a partnership between
GlaxoSmithKline (GSK) Biologicals, the Programs for Appropriate Technologies in Health
(PATH) and Malaria Vaccine Initiative (MVI) (Negal et al., 2016).

The antigen of RTS,S is a recombinant of circumsporozoite protein (CSP), hepatitis B surface
antigen (HBsAg) and HBsAg alone (S) (Ballou, 2009). CSP which is highly expressed on the
surface of sporozoites is made up of asparagine-alanine-asparagine-proline (NANP) amino
acid repeat region (R) and T-cell epitope domain (T).

During the pre-erythrocytic phase, the administered RTS,S target the CSP which mediates
the entry of sporozoites into liver hepatocyte (Frevert, 2004; Singh et al., 2007). RTS,S
vaccine induces both humoral and cellular immunity, with high antibody titres that can block
sporozoite infection of the liver hepatocytes (Negal et al., 2016; Nudelman et al., 1989;
Plassmeyer et al., 2009). Since the CSP-specific antibodies alone are insufficient to achieve
sterile immunity (Edogan et al., 1987), RTS,S is also designed to have CSP T-cell epitopes in
addition to the prominent B-cell epitope (Ballou, 2009; Moorthy and Ballou, 2009).

Several clinical trials (Abdulla et al., 2008; Alonso et al., 2004; Bojang et al., 2001; Polhemus
etal., 2009) and (RCTP, 2011) have shown the potential of RTS,S to prevent malaria infection
and clinical disease in infants and young children living in sub-Saharan Africa. RTS,S showed
a 30-50% protection for human trials in Africa (Alonso et al., 2004; RCTP, 2012). However,
an efficient pre-erythrocytic vaccine must be effective enough to protect humans with and
without natural immunity. Moreover, the period of protection offered by RTS,S is relatively
short. To improve its efficacy, more effort should focus on boosting immune responses at
the liver stage. RTS,S may also induce protection against clinical malaria at the blood stage
by temporarily reducing the density of merozoites that emerge from the bursting infected
hepatocytes (Guinovart et al., 2009). This could boost the naturally acquired erythrocytic
stage immunity (Arama and Troye-Blomberg, 2014).

A pilot implementation of RTS,S/ASO1 is currently ongoing in selected areas in Kenya,
Ghana and Malawi to demonstrate feasibility of delivering the schedule to the target age
group and assess vaccine’s impact on mortality and potential adverse effects of the vaccine
(Galactionova et al., 2017).
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Figure 4.1: Malaria vaccines mapped on the parasite’s life cycle: pre-erythrocytic, blood-
stage and transmission-blocking vaccines. Source: Arumugam et al. (2014).
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4.2.2 Blood stage vaccines (BSV)

BSVs elicit anti-invasion and anti-diseases responses at the blood stage (Moorthy et al., 2004).
They, therefore, lower merozoites density and prevent clinical manifestations and hence
severity of malaria infection in humans. Due to gene alteration and antigenic variation in
malaria merozoites, BSV may not provide complete immunity to the host (Pandey et al., 2013).
Nevertheless, BSV are capable of reducing mortality and morbidity due to malaria. At present,
merozoite surface protein 3 (MSP3) (Audran et al., 2005) and merozoite surface protein 1
(MSP1) (Ogutu et al., 2009) are the leading blood stage vaccine candidates for plasmodium
malaria (Plowe et al., 2009). MSP1 and MSP3 target merozoite to inhibit erythrocyte
invasion. Other BSV in clinical trials that have shown the allele-specific protection are:
apical membrane antigen 1 (AMAL1) (Sagara et al., 2009), erythrocyte-binding antigen-175
(EBA-175) (EI Sahly et al., 2010), glutamate-rich protein (GLURP) (Hermsen et al., 2007)
and serine repeat antigen 5 (SERAS) (Horii et al., 2010). AMAI1 primarily targets the
merozoite’s invasion apparatus to prevent the infection of the red blood cells.

4.2.3 Transmission blocking vaccines (TBYV)

The aim of TBV is to stop subsequent generation of infectious malaria sporozoites from the
mosquito vector. While, TBV does not directly protect the person who is vaccinated, it has
the potential to stop continued spread of malaria infection in a population. TBVs induce
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antibodies against antigens on gametes, zygotes and ookinetes, blocking ookinete to oocyst
transition and hence stopping parasite development within the mosquito midgut (Carter et al.,
2000). Currently, P. falciparum ookinete surface antigens (Pfs25) is the leading malaria
vaccine candidate in this category (Arevalo-Herrera et al., 2005; Hisaeda et al., 2000).

To improve its immunogenicity, Pfs25 is chemically cross linked to an Expo-protein A
(Pfs25-EPA) and delivered as a nanoparticle. Pfs25-EPA is currently under trials by the US
National Institute of Allergy and Infectious Diseases (Shimp Jr et al., 2013). The rest of
the TBVs are presently at the preclinical trial and includes: P. falciparum surface protein
28, P. falciparum surface protein 48, P. falciparum surface protein 45 and P. falciparum
surface protein 230 (Ouattara and Laurens, 2014; WHO, 2018c). Pfs25 and Pfs28 antigens
are expressed only after fertilization in the mosquito midgut and are not present in the
gametocyte as they circulate in the blood. A key aspect of TBVs is in their potential to reduce
the emergence and spread of parasite resistance to other malaria vaccine components and
even to antimalarial drugs (Carter et al., 2000). However, the absence of natural boosting
following immunisation with TBV might limit their efficacy and hence utilisation (Dinglasan
et al., 2013; Vannice et al., 2012).

4.2.4 The role of CD8" T cells during malaria infection

Malaria parasites are susceptible to immune mediated control by CD8 T-cells, which
target intracellular pathogens (Villarino and W Schmidt, 2013). The CD8* T-cells have
both direct and indirect effector pathways for parasite elimination at the liver stage. The
indirect mechanism include the production of IFN-y and TNF, whereas the direct mechanism
involves the release of perforin and granzymes (Nganou-Makamdop et al., 2012). IFN-y
suppresses parasite development through direct impairment of parasite differentiation in
hepatocytes (Mellouk et al., 1987). Moreover, IFN-y increases the expression of nitric oxide
synthase which leads to subsequent increase in nitric oxide that confers protection against
P. falciparum (Seguin et al., 1994). Although CD8" T-cells are sufficiently primed during
blood stage malaria, they offer minimal contribution to protective immunity. It is thought that
vascular endothelial cells that acquire antigen from IRBCs stimulate CD8* T-cells to release
perforin and granzyme B during blood stage malaria (Villarino and W Schmidt, 2013). The
capacity of CD8™ T-cells to eradicate malaria parasites and infected cells both at the liver

and blood stages is therefore considered in this study.

Several research studies on clinical malaria control have been carried out (Austin et al.,
1998b; Hellriegel, 1992; Kamangira et al., 2014; Li et al., 2011). Some of these models
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(Malaguarnera and Musumeci, 2002) have focussed on the role of the host’s immune cells in
in-host malaria control. Others (Kamangira et al., 2014; Magombedze et al., 2011a) have
targeted the use of antimalaria drugs in controlling clinical malaria. Chiyaka et al. (2008)
considered both the immune cells and malaria chemotherapy in malaria control in humans.
In (Rouzine and McKenzie, 2003), the role of innate immunity in mediating synchronization
between the replication cycles of parasites in different erythrocytes is explored. Kamangira
et al. (2014) investigated erythrocytes-malaria parasite dynamics in the presence of immune
response and or drug intervention at the erythrocytic stage. Tabo et al. (2017) incorporated
the liver stage in their model and investigated treatment as a control strategy for blood stage

malaria.

These research studies have been very insightful in understanding in-host malaria dynamics
and control, however, none of these investigations has attempted to evaluate the possible
impact of malaria vaccines in controlling clinical P. falciparum malaria. In this study,
therefore, an in-host malaria model that considers parasite-cell interactions at the liver and
blood stages, subject to malaria vaccines is formulated and analysed mathematically. The
goal of this chapter is to study the cell-parasite dynamics using a mathematical model and
to numerically investigate the impact of malaria vaccines and vaccine combinations in the

control of P. falciparum malaria infection within the human host.

4.3 Model formulation

A mathematical model of in-host P. falciparum malaria dynamics in the presence of malaria
vaccines is presented. The compartmental model is an extension of the in-host malaria
model in Chapter 3 of this thesis. Two more compartments of gametocytes G(z) and CD8*
T cells W(t) are incorporated into the model to capture the effects of the transmission
blocking vaccines and the general effects of CD8" T cells on the density of the infected
erythrocytes and hence malaria infection dynamics. Based on their stage of infection,
the infected erythrocytes are classified into blood trophozoites (early stage of infection)
and blood schizonts (late stage of infection). Therefore, the rest of the populations include
susceptible hepatocytes H (¢), infected hepatocytes X (¢), malaria sporozoites S(), susceptible
erythrocytes R(t), blood trophozoites 7' (), blood schizonts C(¢) and malaria merozoites
M(t).

Susceptible erythrocytes are recruited at a constant rate A, from the bone marrow and their

density decreases through natural death at the rate u, or due to invasion by the merozoites
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at the rate f3,. Following merozoite invasion, susceptible erythrocytes move to the class of
infected erythrocytes 7. The generated blood trophozoites decay naturally at a rate y, or
progress into blood schizonts C class at the rate y. Mature blood schizonts burst open to
release more merozoites into blood stream. This is represented by the term Pu.C/(1+dw),
where P denotes the number of merozoites released per bursting blood schizont, L. is the

decay rate of the blood schizonts and d is the rate of inhibition of immune response.

At the pre-erythrocytic stage, the malaria sporozoites are debilitated by vaccine-induced
anti-CSP antibodies (PEV) as they molt through the tissues (Mellouk et al., 1990; Schwenk
et al., 2003). The reduced invasion by sporozoites is represented by the term (1 — v)SH,
where 0 < v < 1 is the efficacy of the pre-erythrocytic vaccine. Sporozoites that successfully
invade the hepatocytes are however, targeted by vaccine-induced CSP-specific CD8™ T cells
(PEV). The CD8" T cells kill the resulting infected hepatocyte (Renia et al., 1991; Sun
et al., 2003; White et al., 2013). This reduces the burst size N of the infected hepatocytes
to (1 —b)N, where 0 < b < 1 is the probability with which the vaccine inhibits merozoite
emergence from infected hepatocyte.

An unbounded bilinear function rEI is considered by Anderson et al. (1989), Niger and
Gumel (2011) and Hetzel and Anderson (1996) to model the killing of infected cells I by
the CD8'T cells E. The simple mass-action term rEI depends solely on the product of
the density of the immune cells E and the density of the infected cells I. However, if the
fact that cell proliferation can saturate is taken into account, then the nonlinear bounded
Michaelis-Menten-Monod function, presented in equation (4.1) is most reasonable (Agur
et al., 1989; Antia et al., 1994).

V:Vmaﬁ%, 4.1)
where B is the concentration of substrate, V is the growth rate of the microorganisms B, V yax

is the maximum specific growth rate of B and K, is the half-velocity constant, V /V p,x.

In Pilyugin and Antia (2000), the nonlinear bounded Michaelis-Menten-Monod function
(4.1) is used to model the handling time in immune response and their targets and how it
affects the infection. In this study, the nonlinear bounded function p/E/(1+ BI), used in
Chiyaka et al. (2008), to describe the killing of infected erythrocytes I by the immune cells
E (CDS8™ T cells, in our case) is adopted. This formulation has also been used by Cai et al.
(2017) and Selemani et al. (2017a). The parameter p; describes the rate of removal of / by E
and 1/ is the saturation constant that stimulates the proliferation of the CD8* T cells to

grow at half their maximum rate.
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The effects of the BSV on merozoite invasion of the erythrocytes are represented by the term
(1— 0)B-RM /(14 dW), where 0 <p< 1 is the efficacy of the BSV and 1/d is a saturation
constant that stimulates CD8" T cells to grow at half their maximum rate. Further, BSV
reduces the density of merozoites that are released per bursting blood schizont, so that the
burst size P becomes (1 —a)P, where 0 < a < 1 accounts for the vaccine-induced reduction
of merozoites released per bursting infected erythrocyte. BSV is further assumed to enhance
the production of CD8™ T cells at a rate T, where T > 1. For purposes of simulation, it is
assumed that 1 < 7 < 2. Administered TBV reduces the sporozoite recruitment rate from A
to (1 — x)A, where 0 < x < 1 is the efficacy of the TBV. Inoculated sporozoites are assumed

to die naturally at the rate .

The immune cells (CD8™ T cells) are recruited at a constant rate A, from the thymus. Fur-
thermore, the presence of infected cells such as infected hepatocytes, blood trophozoites and
blood schizonts stimulates the production of CD8™ T cells. The increased production of W (¢)
due to X (¢), T'(¢) and C(¢) is also modelled using the nonlinear bounded Michaelis-Menten-
Monod function (4.1) and is represented by the terms 6, WX /(1 +¢&yX), WT /(14 €, T) and
0 WC/(1+ &C), respectively. The parameters J;|i = x,, ¢ represents the immunogenecity
of infected hepatocytes, blood trophozoites and blood schizonts, respectively. On the other
hand, the phagocytotic effects of CD8™ T cells on infected cells X, T and C are represented
by the terms k(1 — v)WX /(1 4+ &X), k;(1— 0)WT /(1 +&T) and k.(1— 0)WC/(1 + &C),
where, k;|j = x,t,c is the immunosensitivity of X, 7 and C, respectively.

The density of blood schizonts C decreases when they burst open to release merozoites into
the blood stream or when they die naturally at the rate u.. A proportion 7 of the released
merozoites develops into gametocytes G(f) whose natural decay rate is denoted by . Just
like the susceptible hepatocytes whose natural mortality is at the rate L, a constant decay
rates U, and ,, are assumed for blood trophozoites and the CD8" T cells, respectively. The
descriptions of state variables and parameters used in the model are summarised in Tables 4.1
and 4.2, respectively. The in-host malaria dynamics subject to malaria vaccines is represented

in the compartmental flow diagram in Figure 4.2.
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Table 4.1: Symbols and definition of state variables considered in the model at time ¢

Variable Description

H(t) Population of susceptible hepatocytes

X(1) Population of infected hepatocytes

R(1) Population of susceptible erythrocytes (red blood cells)
T(t) Population of blood trophozoites

C(t) Density of blood schizonts

S(t) Density of sporozoites

M(t)  Density of merozoites in blood
G(t) Density of gametocytes in blood
W(t)  Concentration of CD8™ T cells

Table 4.2: Description of parameters

Parameter Description

X Efficacy of transmission blocking vaccine

0 Efficacy of blood stage vaccine

Y Efficacy of pre-erythrocytic stage vaccine

A The rate of injection of sporozoites into liver due to mosquito bites
sy Hy Decay rate of sporozoites and CD8™" T cells, respectively
Ars Rate of production of susceptible RBCs and

susceptible hepatocytes from the bone marrow, respectively
U, Wry Ly Death rate of susceptible hepatocyte, erythrocyte and infected hepatocyte,
respectively
/4 Proportion of parasites that become gametocytes per dying

blood schizont

ky ke ke Immunosensitivity of infected hepatocytes, blood trophozoites
and blood schizonts, respectively
Oy, O, O¢ Immunogenecity of infected hepatocytes, blood trophozoites
and blood schizonts, respectively
Bs, Br Infection rate of hepatocytes and erythrocytes, respectively
Uz, Ue The rate of decay of blood trophozoites and blood schizonts, respectively
Mims> Mg Decay rate of merozoites and gametocytes, respectively
d The rate of inhibition of immune response
T A parameter that accounts for vaccine-induced enhanced production
of CD8'T cells

Continued on next page
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Table 4.2 — Continued from previous page

Parameter Description

Y Rate of progression from blood trophozoite stage
to blood schizont stage

Ay The rate of production of CD8™ T cells from thymus

1/€y,1/€1,1/€ half saturation constants for infected hepatocytes, blood

trophozoites and blood schizonts, respectively

b A parameter that accounts for PEV-induced reduction of merozoites
released per bursting liver schizont

a A parameter that accounts for BSV-induced reduction of merozoites
released per bursting blood schizont

P The average number of merozoites released per bursting
blood schizont

N Number of merozoites released per bursting hepatocyte

X(l —v)WX
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e
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Figure 4.2: Schematic diagram for in-host malaria with vaccine therapy. The dotted lines
without arrows indicate cell-parasite interaction and the solid lines show progression from
one compartment to another.
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The incorporation of malaria vaccine control measures to the in-host malaria model in

Chapter 3 lead to the following additional model assumptions:

1.

10.

There are nine interacting populations of susceptible hepatocytes, infected hepato-
cytes, susceptible red blood cells, blood trophozoites, blood schizonts, sporozoites,

merozoites, gametocytes and CD8™ T cells, at any given time .

. It is assumed that malaria vaccines accelerate the rate of generation of CD8" T cells.
. CD8™ T cells are recruited at a constant rate from the thymus.
. The blood stage vaccine reduces the rate of invasion of the susceptible red blood cells.

. The pre-erythrocytic vaccine reduces the rate of invasion of the susceptible hepatocytes

at the liver stage.

. The transmission blocking vaccine reduces the recruitment rate of sporozoites into the

liver.

. Infected hepatocytes, blood schizonts and blood trophozoites are eliminated by CD8™

T cells.

. Merozoites are generated both from the bursting liver schizonts and blood schizonts

only.
All model parameters are assumed non-negative.

Generation of CD8™ T cells is stimulated by the presence of infected hepatocytes,

blood schizonts and blood trophozoites.

Based on the above model description and assumptions, the in-host malaria model subject to

malaria vaccines is formulated using a system of nonlinear ordinary differential equations
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and presented as follows:

%j:(l—x)A—usS—ﬁsHS, ]
= 2w~ B,(1 —v)HS,
%zﬁs(l—V)SH—uxX—%,

R 1— RM
T E
i—f:ﬂ—ucc—%,

ddif = (1 =b)NwX + AL ﬁ(z‘;am‘c — UM — B,RM,
%Z”“W*W(lfﬁx 1?; 1f_fzc)—“ww- )

4.2)

It is assumed that all the parameters used in the model are positive and the initial conditions
for system (4.2) are: H(0) >0, X(0) >0, S(0) >0, R(0) >0,7(0) >0,C(0) >0,M(0) >0,

G(0) >0, W(0) > 0.

4.4 Model analysis

We aim is to evaluate the effects of the different vaccines on the density of infected hepato-

cytes and infected erythrocytes. Therefore, the model should be biologically coherent. That

is, all the state variables and their solutions must be nonnegative and bounded, respectively,

in the region ®, where

P :{(H,X,R, T,C,S,M,G,W) € Ri : N, (1) < max {Nr(O),—

An

Nj(f) < max {Nh(()), F} N,(t) < max {NP(O), . 7

2

W) SmaX{W(OL%V} }
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and N.(t) =R(t) + T () +C(t), Np(t) = H(t) + X (1), Ny(t) = S(t) + M (1) + G(1),
pi = min{iy, e, fe}, p5 = min{ gy, te} and p3 = min{ s, thn, e -

For system (4.2) to be biologically meaningful, the following theorem is proved:

Theorem 4.1. The region ® is positively invariant with respect to the in-host malaria model
(4.2) and a nonnegative solution (H(t),X(t),R(t),T(t),C(t),S(t),M(t),G(t),W(t)) exists
vt > 0.

Proof: From the sporozoite compartment S(¢) in system (4.2), it is clear that

g =(1—x)A—usS—BHS > —(us + BsH)S. 4.4)

Integrating inequality (4.4) yields:

t
S(0) = S(0)exp{~(yut + B | H(m)dn)}. 4.5)
This shows that in the absence of malaria interventions, S(z) > 0 for all time z > 0.

Using the same argument above, it is easy to see that

H(t) > H(0)exp{— (upt + Bs(1— V) /0 ' S(n)dn)}. (4.6)

This process can be repeated for all the state variables so that S(¢),H(¢), X (¢), R(¢), T(¢),
C(t),M(t), G(t), W(r) are all positive for all # > 0. Thus, the solutions of the in-host malaria

model remain positive in , V¢ > 0.

To show that the solutions of system (4.2) are bounded, let NV, be the total population of the
red blood cells in the human host, that is N,(t) = R(¢) + T () + C(¢) and

dN, k(1= o)WT  k.(1— 0)WC
= — R — 4T — p1.C —
= A R T — e ( et Tec )
<A —uiN, where py =min{f, s, l}. “4.7)

Using the initial condition N,(0) = N, > 0, equation (4.7) is solved by integration into:

A ) A
N, (t S—r—l—e_”l’(NrO ——’). 4.8
(t) u (0) i (4.8)

This implies that at any time #, N.() < max{N,(0),A,/u;j}. This approach can similarly
be applied to the population of hepatocytes N;,(t) = H(t) + X (¢), population of parasites
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Ny(t) = S(t) +M(t) + G(t) and to the density of CD8"T cells W (z). That is,

Ni(t) < max {Nh<o>, %} where g1} = min{i, 1.},
2

(1-x)A
u3

W () gmax{vv( ), TZ;”} 4.9)

N, (1) < max {NP(O), },where p3 = min{ ty, U, g} and

The above analysis shows that the region ® is positively invariant and attracting for system
(4.2) and the model is hence well posed for study.

4.4.1 Parasite-free equilibrium point and vaccination reproduction num-
ber

The parasite-free equilibrium (PFE), E,, depicts the absence of malaria parasites from the
human host. The PFE of the in-host malaria model depicted in system (4.2) exists and is
given by

(4.10)

A A
E, = (H°,x° R%,T°,c°,° M°,G°, w?) = ( u )LW) .

,0,—,0,0,0,0,0,
no My W
The vaccination reproduction number (denoted by R,), on the other hand, is a threshold
quantity which governs the spread of the infection. It represents on average the number
of new infected erythrocytes (or hepatocytes) generated by a single infectious merozoite
(or sporozoites) at the blood (or liver) stage in the presence of malaria vaccines. Using the
next generation matrix approach (Diekmann et al., 1990; Van den Driessche and Watmough,
2002), the matrix %] which represents the rate of appearance of new infections and the
matrix 7], which denotes the transfer of infections from one compartment to the other are

respectively given as:

Bu(1 —v)SH X
1—0)B,RM k(1—0)WT
T = ( 15?5W and /| — T+ 9T + g7
0 —yT + u.C+ —(11+52)CV“VC
0 _(1_b)N.uxX_%+.umM+ﬁrRM
0 —nu.C+ UG
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Taking partial derivatives of the terms in .#] and 7] and evaluating at the parasite-free

equilibrium E,, a nonnegative matrix F; and a non-singular matrix V| are obtained as

follows:
0 U=Bh g g 0 0
0 0 00 0 0
(1—0) BrArty
F, = 0 0 00 1 (d T+ o) 0 (4.12)
0 0 0 0 0 0
0 0 00 0 0
0 0 0 0 0 0
and
V., 0 0 0 0 0
0 Bhyy, 0 0 0 0
0 0 Vi 0 0 0
Vi = 0 0 _y (1_i)£kC;LW+HC 0 NE (4.13)
—(1-bNp. 0 0 -Lgilmie Bhoy, o
Hw
0 0 0 —TTU, 0 i

where V, = ((1— o)thkyAdy /) + 1 and Vi =y+ i+ ((1— 0)Thki )/ -

The vaccination reproduction number is the spectral radius of (F; V| '). That is,

R, = P( )(l_a)( )’Yﬁrlr.uc ) (4.14)

(5 e ) (5 ) (7o)

In the absence of malaria vaccines (Y =p=V =a = b = 0,7 = 1), the in-host malaria model

depicted in system (4.2), has a basic reproduction number R,, given by

P(1 —7)yBrArle

R, = . (4.15)
dﬂw"‘.uw 2 [ keAw M w
(#1502 ) 2 (K e ) (s + ) (v )
Comparing equations (4.14) and (4.15), gives
Ry =R, x O, (4.16)
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where

(1-a)(1- o) (er 1) (d 2oy + L) (""AW +uc) (7+ "’—M+ut)
Ly <dr7LW + 1> (% +,Uc> (7‘1‘ % +,ut> '

It is observed from equation (4.16) that in the absence of vaccination, R, = R,,. However,

@** —

the introduction of malaria vaccines reduces the basic reproduction number by a factor of
0 < ®" < 1. The use of efficacious malaria vaccines therefore has a great potential in

reducing mortality due to P. falciparum malaria disease.

4.4.2 Local stability of parasite-free equilibrium point

The local stability of E,, is investigated as follows. Linearising model system (4.2) around E,
gives the following Jacobian matrix Gy.

— Uy 0 —Ayg O 0 0 0 0 0
0 —A; A 0 0 0 0 0 0
0 0 —-A; O 0 0 0 0 0
0 0 0O —u O 0 -A4; O 0
G = 0 0 0 0 —A;s 0 Ag 0 0 , 4.17)
0 0 0 0 Y —A7 0 0 0
0 Ay 0 0 0 Ag —Ag O 0
0 0 0 0 0 Ty 0 e 0
0 BT QMINTZAL BT iNTY
where
1—vVv)BA 1 —V)7Tk, 1—v)BA
Ao:w’ Al:u_i_ux’ Az:w,
Uy Ly My
A 1— A 1— o)tk
Az = ﬁ;hh+us, Ay = dfi)wﬁ_h CAs=yep o LT QA il) e
o (45 1) w
A 1— o)tk Ay 1—a)P(1—7m)u,
.uh< TW+1> Ho leW+1
Ag = ﬁri}z + Un, Ao = “or and Ay = (1—D)Npu,.
w
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It is clear from matrix G, that the first eigenvalue, A; = —u;, < 0. Upon deleting row one

and column one from matrix (4.17), a new sub-matrix G, is produced.

A1 A 0 0 0 0 0 0
0 -A3; O 0 0 0 0 0
0 0O —-u O 0 Ay 0 0
0 0 0 -As O As 0 0

Gy = (4.18)

0O 0 0O y -A 0 0 0

Aqg 0 0 0 Ag —Ag O 0
0 0 0 0 Uy 0 -y, O

Bhe 00 Ay B0 0 —p,

Applying the above procedure to columns 3,7 and 8 and their corresponding rows in matrix
(4.18), the next three eigenvalues: Ay = —p, <0, A3 = —p, < 0 and A4 = —p,, <0 are

obtained. The resultant matrix G3 is given by

—A; A 0 0 0

Gi=| 0 0 —4s 0 As |. (4.19)

The rest of the eigenvalues are obtained by solving the characteristic equation of matrix G3:

15+ﬁ114+ﬁ213+ﬁ312+ﬁ4l +B5 =0, (4.20)
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where

[31 =A|+A3+A5+A7+Ag9 >0, 4.21)
Bo=A1A3+A1As +A3A5 +A1A7+A3A7+A5A7+A1Ag +A3Ag

+AsAg+A7A9 > 0, 4.22)
B3 = A1A3As +A1A3A7 + A1A5A7 + A3AsA7 + A1A3A9 +A1AsAg

AZA7A3

+ A3A5A9 +A1A7A9 + A3A7A9 + A5A8A9 (1 — Rv) 7 , (4.23)
Bs = AsAg(A1A3)[(1 —R,)] +A1A3A5A7 + A1A3A5A9 + A1A3A7Ag

+A1As5A7A9, 4.24)

A
Bs = A1A3AsA7Aq [(1 - Rv)ﬂ . (4.25)
r

Equation (4.20) has negative roots (eigenvalues) if all its coefficients terms are positive. That
is, B1 >0, B >0, B3 >0, B4 > 0 and B5 > 0. It is clear from equations (4.21) and (4.22) that
P1 and B, are positive terms. However, the coefficients B3, B4 and s can only be positive if

the vaccine reproduction number R, is less than unity, R, < 1.

Thus, using Theorem 2 in Van den Driessche and Watmough (2002), the following lemma is
established.

Lemma 4.1. The parasite-free equilibrium E, is locally asymptotically stable if R, < 1 and
unstable if R, > 1.

Lemma 4.1 shows that if the malaria parasite is eliminated following malaria infection,
then a vaccine or combinations of vaccines that would guarantee the existence of a stable
parasite-free equilibrium should be administered. Epidemiologically, when R, < 1, it is
expected that the parasites will decay off so that the severity of malaria infection is reduced
to near zero or totally eliminated. On the other hand, if R, > 1, the malaria infection persists
within the human host; that is, more red blood cells and susceptible hepatocytes are infected.
This implies that the vaccines may not be efficacious; their use does not eradicate malaria
parasites among infected individuals. The malaria parasites are therefore likely to persist at
the erythrocytic stage in an infected individual and subsequently, can be transmitted to other

persons in close contact via the mosquito vector.
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4.5 Critical efficacy of blood stage vaccine

Definition 4.1. Vaccine efficacy is interpreted as the proportionate reduction in malaria
disease attack rate within a vaccinated person compared to an unvaccinated person (Small
etal., 2010).

Generally, the vaccine efficacy Vf is expressed as follows (Orenstein et al., 1990):

_ ARU — ARV

%
E ARU

x 100, (4.26)

where ARU is the parasite attack rate of unvaccinated individual and ARV is the attack rate
for vaccinated people. A critical vaccine efficacy therefore refers to the minimum efficacy
value beyond which the vaccine is capable of eradicating the infection from the human host.
To establish a critical malaria vaccine efficacy from the vaccine reproduction number (4.14),
it is assumed that only the blood stage vaccine is administered to the individual. That is,
v=0,b=0, y =0. Solving for ¢ from the equation R, = 1 gives,

P(1—7)(1—a)(1— 0)yBrApe ATy + o \ 2 A
(1—@)(ch/lw ! a)((l—g)gc)zjl/f - :Hr( N—HJ ) (uerﬁH_) B
<T+.uc> (T+7’+“f) " "
By simplification, equation (4.27) reduces to
_ 2
(Hettw + (1= 0) Th o) (1 (Y + He) + (1= 0) TheAw)
where X
o B (1) @+ ) (o ) .
N (1 =m)(1 —a)yPcBrArity ' '
Upon solving for (1— p) in equation (4.28) using the quadratic formula gives
~ B £/ | B - 4(B:B)
(1-0) = ; (4.30)

2%,

where

By = —N*U(Y+ W)y, By = — (A The Ay (Y4 Mo+ 1) — ), and  (4.31)
By = —A* (TheMy)?. (4.32)
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From equation (4.30), the critical efficacy of the blood stage vaccine, 0 <p.< 1, is

B, +1/|8) - 4(BB)|
2.9, ’

0c=1-— (4.33)

where %;, i = {0,1,2} are as defined in equation (4.30). Equation (4.33) implies that for
any blood stage vaccine to effectively control clinical malaria, its efficacy must be higher
than the stated critical vaccine efficacy.

Differentiating R, with respect to vaccine efficacy p yields

IR, P(1-m)(1 —a)ﬁ, MY
2 ) (TR ()
P(1 75)(1 ﬁ e Y(1— 0)TAwk
bt (gt B ) (Uit gy ) (9 1) 292 @34

+ P —m)(1 — )ﬁr ArpteY(1— 0) TAW,
Hrlhy (“’”Jr%) (“_QLL%WJWC)Z(‘Z—&WH)Z%’

where W3 = ((((1— 0)ThkiAw)/ M) + ¥+ lt).

The right-hand side of equation (4.34) is simplified by making the following representations:

let W1 = o (tm + ((BrA) /1)), W2 = (1= 0)ThkeAw)/pw) + 1)  and Wy = (1+
((dthAy)/ty))- So that,

JR, _ P(1 —m)(1 —a)BrALey(1— 0)TA kike { 1 i 1
d o PP, WS [T SR O

_ H*} . (435)

where IT* = (1/((1— 0)TAwkck;)). It is observed that (dR,/d 0) < 0 when g, (Y + 1) >
’ckcktlwz(l— 0). R, is therefore a decreasing function of the blood stage vaccine o. This
means that an efficacious BSV reduces the density of infected erythrocytes within the human
host. Figure 4.4 shows the profiles of the density of blood trophozoites and blood schizonts
as a function of the efficacy of the BSV, p. The density of infected erythrocytes decreases
with increasing values of p.
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4.6 Numerical simulation

4.6.1 Sensitivity analysis

The main concern in the control of infectious diseases is the capacity of the infection to invade
the population. The threshold quantity called the vaccine reproduction number, provides a
reasonable measure of the ability of the infective malaria parasites to invade the susceptible
cell populations (Heesterbeek and Dietz, 1996). When R, < 1, the infective parasites produce
less than one new infection per infection period and the disease subsequently dies out.
However, when R, > 1, an infective parasite generates several infections leading to disease
severity. In light of this, the sensitivity analysis of disease R, in (4.14) is carried out so as to
determine important parameters in the dynamics of P. falciparum malaria in the presence of
vaccine controls. The normalised forward sensitivity index technique as presented by Arriola
and Hyman (2007) is adopted. Using Mathematica software, the sensitivity results for the 17
parameters in R, are as shown in Table 4.3.

Table 4.3: The sensitivity indices of R, with respect to model parameters

Parameter Sensitivity index Parameter Sensitivity index

P +1.0000 s -0.2500

a -0.2500 0 -0.770486

y +0.293702 B, +0.0000663956
Ar +0.0000664 LLe +0.0000247494
1y -0.000066396 d -0.0222497

T -0.080544 Doy -0.080544
Ly +0.080 Ly -0.00006639

ke -0.0000247494 ki -0.0582696

L -0.235433

The rate of merozoite invasion f3,, the rate of progression of infected red blood cells from
the trophozoite state to blood schizonts y and the average number of merozoites released per
bursting blood schizont P increase (or decrease) the vaccine reproduction number when they
are increased (or decreased) as shown in Table 4.3. Malaria vaccine development should
target these parameters to reduce malaria disease progression in humans. On the other
hand, the higher the efficacy of blood stage vaccine e, the lower the value of R,. A highly
efficient erythrocytic vaccine has the potential to eradicate clinical malaria. The proportion
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of merozoites that develop into gametocytes 7 is also shown to decrease the value of R,
when they are increased. The higher the density of gametocytes, the lower the density of
merozoites in the host’s blood. Although this would minimise secondary and subsequent
erythrocytic invasions and hence malaria severity, it has the potential to enhance parasite
transmission to the mosquito vector. This is due to increased density of gametocytes per

blood sample per mosquito bite.

The number of merozoites released per bursting infected red blood cells and the efficacy of
the blood stage vaccine are shown to be the most sensitive parameters in influencing in-host
malaria progression. For example, a 10% increase (or decrease) on P, will cause a 10%
increase (or decrease) in R,. These two parameters should hence be carefully estimated
(Mikucki, 2012) and clinical malaria control using antimalarial drugs and malaria vaccines
should target the two parameters.

4.6.2 Vaccine efficacy
Lemma 4.2. The vaccination threshold R, < 1 whenever 0> o,

Blood trophozoites Blood schizonts
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17500 4

15000 { 40000 4 0=0.94>0.=0.86

12500 4 0=0.94>p.=0.86

10000 4 30000 -

7500

20000
5000

25007 10000

T T T T T T T T T T
0 5 10 15 20 0 5 10 15 20
Time(Days) Time(Days)

(a) (b)

Figure 4.3: Graphs showing the density of (a) blood trophozoites 7 () and (b) blood schizonts
C(t) when the blood stage vaccine efficacy, o= 0.94 >p.= 0.86 and R, = 0.58 < 1. Used
parameter values are shown in Table 4.4.

When the efficacy of the BSV (o.) is higher than the critical vaccine efficacy ., the mero-
zoites are eradicated from the blood stream. Under this setting, the capacity of the blood stage
vaccine to eradicate malaria parasites in the host’s blood stream is guaranteed by Lemma
4.2. The results of Lemma 4.2 are shown graphically in Figures 4.3a and 4.3b using different
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values of p. In Figure 4.3, a blood stage vaccine with a minimum efficacy of 94% is needed
to control the blood stage parasites. Using the provided parameter values and expression
(4.14), it is observed that under this condition, R, is less that unity. That is R, = 0.58 < 1.
Lemma 4.3. The vaccination threshold R, > 1 whenever 90< o,

Blood trophozoites Blood schizonts

55000 -
20000 -
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15000 q

0=0.5<0.=0.86 0=0.5<0:=0.86

|
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50001 35000 1
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0 5 10 15 20 0 5 10 15 20
Time(Days) Time(Days)

(a) (b)

Figure 4.4: Graphs showing the density of (a) blood trophozoites 7' () and (b) blood schizonts
C(t) when the efficacy of blood stage vaccine, o= 0.5 <g.= 0.86 and R, = 1.27 > 1. Used
parameters values are shown in Table 4.4.

When the efficacy of the blood stage vaccine is lower than the critical efficacy (p<o.), the
rate of infection of susceptible red blood cells is higher. This leads to increased density of
blood trophozoites and blood schizonts as shown in Figure 4.4. Using the parameter values
in Table 4.4 and the expression for the vaccine reproduction number, it is observed that the

above condition is only guaranteed when R, is greater than unity. That is, R, = 1.27 > 1.

It is clear, therefore, that only a highly efficacious blood stage vaccine, (o> 90%) would
guarantee the achievement of a parasite-free equilibrium point shown in Figure 4.5. A blood
stage vaccine with lower efficacy (o< 50%) is likely to be less effective in clearing the

malaria parasites. A malaria persistent steady state is hence probable (see Figure 4.5).
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Figure 4.5: Simulations showing the effect of varying the efficacy of blood stage vaccine (o)
on the density of infected red blood cells. All other parameter values are shown in Table 4.4.
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Figure 4.6: Simulations showing the effect of varying the efficacy of blood stage vaccine (o)
on the density of gametocytes in blood. All other parameter values are shown in Table 4.4.

The density of gametocytes in the blood stream is indirectly influenced by the blood stage
vaccine. Higher vaccine efficacy minimises the density of gametocytes that are later sucked
up by feeding anopheles mosquitoes. As the efficacy of blood stage vaccine diminishes,
higher density of gametocytes is observed in the blood stream as shown is Figure 4.6.
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The effect of BSV-induced reduction of merozoites released per bursting blood schizont is

monitored by differentiating R, with respect to a. This gives

IR, (1= m)y(1— 0)PucBrAr <0, (4.36)

da u, (Hm*l-%) <1+dfzf:”>2 ((1—93:@% +uc) ¥,

where W3 = ((((1— 0)ThiAw) /) + 7+ ).

The following observations are made: the vaccine reproduction number R, decreases with

increasing value of a. As less blood schizonts burst, less merozoites are released and hence
less secondary infections that increases the severity of the disease as displayed in Figure
4.7. This leads to the reduction in the vaccine reproduction number and hence the density of

infected red blood cells in the blood stream.
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Figure 4.7: Simulations showing the effect of varying the parameter a on the density of (a)
blood trophozoites T (¢) and (b) blood schizonts C(z). All other parameter values are shown
in Table 4.4.
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The effect of the BSV-induced enhanced production of CD8" T cells is monitored by the

partial derivatives of R, with respect to 7.

aRV _ (1 — ”)(1 _a)Y(l_ Q)szcucBr)Lrlw
OT gt (222 1) (o + B ) (U8 ) 2
. ( ( ) ( — )2Pkt.ucﬁr)~rlw
rpty (2 1) 2 (g B2 ) (et gy ) 2
2(1- )(1 —a)}/d(l— 0)PUcPrAr Aoy

where, W3 = (((1— o) tkidw)/thw) + ¥+ e)-

(4.37)

By applying the algebraic substitutions used in equation (4.35), equation (4.37) simplifies to:

IR, o ] 1 2
_ " ] <o, 4.38
ot ¥ W, W02 (dk,wz a5 T (1= o)kek s ) (4.38)

where

0" = (1 —m)(1—a)yP(1— 0)>dkcki e BrAr .

It is evident from equation (4.38) that R, decreases with increasing 7. As more CD8* T cells
are activated, more trophozoites and blood schizonts are killed through phagocytosis, leading

to reduction in the severity of malaria infection as shown in Figure 4.8.
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Figure 4.8: Simulation showing the the density of (a) blood trophozoites T (¢) and (b)
blood schizonts C(¢) for varying values of blood stage vaccine-induced enhanced production
parameter T. All other parameter values are shown in Table 4.4.

92



The effect of the BSV-induced reduction in the burst size P of infected red blood cells is

shown by the following formula:

aRv _ (1 _ 75)(1 _ a)Y(l_ Q).ucﬁrkr.uc (4.39)
(e ) (S

where W3 = ((((1— o)tk dw)/pw) + 7+ 1t).

Note that (dR,/dP) >0 and R, decreases (increases) with decreasing (increasing) value
of P. The higher the density of released merozoites from bursting blood schizonts, the higher
the rate of secondary invasions at the blood stage. The density of infected red blood cells
in blood is observed to increase with increasing value of P as shown in Figure 4.9. An
efficacious malaria vaccine would be necessary in minimising secondary and future invasions

that occur at the blood stage of malaria infection.
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Figure 4.9: Simulations showing how the infected red blood cell burst size P affects the
density of (a) blood trophozoites 7'(¢) and (b) blood schizonts C(z). All other parameter
values are shown in Table 4.4.

4.6.3 Threshold analysis and vaccine impact

The Malaria Vaccine Technology Road map updated in November 2013 has two key strategic
goals targeting P. falciparum and P. vivax malaria by the year 2030: (1) to develop vaccines
with over 75% protective efficacy against clinical malaria and (2) to develop transmission
blocking vaccines thereby reducing new cases of human malaria infections (MVFG, 2018).

A combination of malaria vaccines (pre-erythrocytic, blood stage and transmission blocking

93



vaccines) could help in achieving the over 75% strategic goal (Miura, 2016).

A highly efficacious blood stage vaccine has a potential to significantly reduce the number of
gametocytes in the blood stream, thereby minimising parasite transmission to mosquitoes
and subsequently to other human beings. In the following section, the possible impact of
different malaria vaccine combinations with varying degrees of efficacy is highlighted.

In the absence of malaria vaccines, o= ¥ = v =0, it is observed from Figure 4.13, that the
density of infected red blood cells increases rapidly and settles at the parasite persistent
equilibrium point. This trend is also observed with the infected hepatocytes (see Figure
4.10b). The density of infected hepatocytes rises due to invasion by sporozoites for about a
week. This is followed by a slight decline in density and subsequent persistent concentration
at the liver stage.
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Figure 4.10: Time profile of the density of (a) infected red blood cells and (b) infected
hepatocytes in the absence of malaria vaccines (o= )y = v = 0). All parameter values are
shown in Table 4.4.

A malaria vaccine with an efficacy of 45% may not be adequate in eliciting sufficient immune
response to reduce and clear infection as shown in Figure 4.11. More Plasmodium parasites
are likely to persist in the blood stream, raising the severity of infections. A combination
of blood stage vaccine (efficiency > 90%) and transmission blocking vaccine (efficiency >
90%) is likely to result in rapid eradication of the infected red blood cells from the human
host as displayed in Figure 4.12. Observe that the parasite-free equilibrium is highly probable

irrespective of the efficacy of the pre-erythrocytic vaccine in this context.
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o= x = 0.9 with varying efficacy of pre-erythrocytic vaccine v. The set of parameter values

is shown in Table 4.4.

Similarly, the density of gametocytes in the blood stream is observed to diminish quickly in

the presence of efficacious malaria vaccine combinations (see Figure 4.13).
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Table 4.4: Parameter values used in the numerical simulations and sensitivity analysis

Parameter Value Range Units Source

P 16 (15-20) Unitless (Diebner et al., 2000)

ky 0.01 (0.001-0.9) /day (Chiyaka et al., 2008)

ky 0.01 (0.001-0.9) /day (Chiyaka et al., 2008)

ke 10°° (1077 -0.9) /day (Chiyaka et al., 2008)

W 0.083 (0.05-0.1) /day (Anderson et al., 1989)

B 2x 107! (0.07-0.3) fmm?/day (Dondorp et al., 2000)

Bs 1073 (0.001-0.2) Imm?/day (Selemani et al., 2016)

73 0.2 (0.1-0.9) unitless (Talman et al., 2004)

U 0.029 (0.01-0.5) /day Estimated

Wy 0.02 (0.01-1) /day (Selemani et al., 2016)

A 3% 10 (3E+3-3E+8)  cells/ml/day  (Lietal., 2011)

M 3x 10 (BE+3-3E+8) cells/ml/day (Tumwiine et al., 2008)

A 30 (10-40) /ul="/day (Chiyaka, 2010)

Wn 48 (46-50) /day (Lietal., 2011)

A 30 (18-35) sporozoites/day (Selemani et al., 2016)

Us 1.2 (1.0-2.4) /day (Selemani et al., 2016)

jin 0.5 (0.01-0.8) /day (Magombedze et al., 2011a)
Ue 0.5 (0.01-0.9) /day (Magombedze et al., 2011a)
i 6.25x 1075  (6E-5-7E-8) /day (Selemani et al., 2016)
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Table 4.4 — Continued from previous page

Parameter Value Range Units Source

Wy 2 (0.05-3) /day (Chiyaka, 2010)

S, 1073 (100*—10"7)  mm3/day  (Chiyaka, 2010)

O 0.05 (0.01-0.08) mm~3/day (Chiyaka, 2010)

o 0.05 (0.01-0.08) mm~3/day  (Chiyaka, 2010)

Y 1.5 (0.1-2) /day (Selemani et al., 2016)
X 0.2 (0-1) unitless Assumed

1% 0.3 (0-1) unitless Assumed

T 1.5 (1-2) unitless (Niger and Gumel, 2011)
b 0.2 (0-1) unitless (Niger and Gumel, 2011)
a 0.2 (0-1) unitless (Niger and Gumel, 2011)
d 5% 1074 (5E-5-1E-2) unitless (Magombedze et al., 2011a)
N 10% (10° —10%) Unitless (Tumwiine et al., 2008)
0 0.45 (0-1) unitless (Birkett, 2016)

4.7 Discussion

Using numerical simulation, it is observed that the activated CD8T cells and malaria
vaccines have a considerable effects on malaria control. Vaccination reduces the basic
reproduction number by a constant factor. A blood stage vaccine, with an efficacy of at least

90% is shown to be effective in controlling in-host P. falciparum malaria.

It is further observed that malaria vaccines that minimise the total number of merozoites re-
leased per bursting hepatocyte, reduces the density of blood trophozoites and blood schizonts.
Similarly, a highly efficacious vaccine greatly reduces the burst size of the blood schizonts,
so that less merozoites are released from the infected red blood cells. This has the potential

to reduce malaria severity and hence malaria transmission to the mosquito vector.

An efficacious blood stage vaccine should maximise the rate of activation of CD8" T cells.
It is noted that the higher the vaccine potential to activate these immune cells, the lower
the density of infected red blood cells in the human host. Moreover, different vaccine
combinations yield different results. In the absence of vaccine therapy, the density of infected

red blood cells (blood trophozoites and blood schizonts) is shown to increase and stabilise at
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the parasite persistent equilibrium point. A pre-erythrocytic vaccine with an efficacy of at

least 90% is also shown to guarantee the attainment of a parasite-free equilibrium.

Like many other epidemic models, the presented in-host malaria model is formulated based
on several model assumptions. The parameter values used in the study are also obtained
from past literature. The results of our study should therefore be approached with some
discretion. The presented model ignores the biology of CD8" T activation and assumes
constant parameter values. It would therefore be difficult to predict with higher accuracy,
the optimal malaria vaccine efficacy. In spite of the stated shortcomings, the presented
in-host malaria model provides useful insights on the need to improve the efficacy of current
malaria vaccines in development and the need to try vaccine combinations in controlling P.

falciparum malaria infection.

4.8 Conclusion

In this chapter, a mathematical model for in-host malaria dynamics subject to malaria vaccines
has been presented. The analysis of the model provides useful insights into individual and
combined vaccine impacts in reducing the severity of clinical P. falciparum malaria. The
notion of critical vaccine efficacy is key in the development of malaria vaccines with the
potential to eliminate P. falciparum malaria in individuals that would get infected with the
disease.

In order to achieve a substantial reduction in malaria mortality and morbidity, the efficacy
of the malaria vaccine should be higher than the corresponding critical vaccine efficacy.
For instance, when the efficacy of the blood stage vaccine is lower than the critical efficacy
(0<poc), the rate of infection of susceptible red blood cells is higher and clinical malaria
persists. However, the density of blood trophozoites and blood schizonts decreases drastically
if the efficacy of the blood stage vaccine is higher than the critical blood stage vaccine
efficacy. The combined administration of malaria vaccines (Miura, 2016) and antimalarial

drugs is likely to provide the much needed therapeutic control against P. falciparum malaria.

In the next Chapter 5, uncertainty and sensitivity analysis is performed to establish critical

model parameters for therapeutic target and interventions during clinical malaria infections.
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Chapter 5

Uncertainty and sensitivity analysis
applied to an in-host malaria model
subject to vaccines

5.1 Introduction

During disease model formulation, simplifications and assumptions on the model itself and
on the parameters that represent the different transitions and interactions in the model are
made. Owing to uncertainty in parameter values, it is important to correctly understand the
possible effects of such parameter values to the anticipated model outcome (Gomero, 2012;
Pereira and Broed, 2006). Uncertainty in the set of parameter values generates variability
in the model’s predictive capabilities. The lower the number of uncertain parameters in a
model, the lower the significance of variability introduced into a model. On the other hand, a
higher number of parameters with uncertain values result into a higher variability in model

outcome (Gomero, 2012).

In-host malaria transmission models have become very complex. Unlike simple models,
complex models may best be understood by numerical analysis (Blower and Dowlatabadi,
1994). Uncertainty and sensitivity analysis are instrumental in analysing the dynamics of
such structurally complex models that experiences high levels of uncertainty in the estimation
of their input parameter values. The concept of uncertainty analysis enables us to evaluate
the variability in the output (Iman and Helton, 1988). Conversely, a sensitivity analysis helps

us to discern important parameters in the dynamics of infection under study.
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There are three techniques of uncertainty and sensitivity analysis (Iman and Helton, 1988).
These include: (1) latin hypercube sampling / partial rank correlation coefficient (LHS/PRCC),
(i) response surface methodology; and (3) differential analysis. The more sophisticated and
efficient approach of LHS/PRCC (Blower et al., 1991; Iman and Helton, 1988) that permits
synchronous variation of all input variables is considered in this study. LHS/PRCC sensitivity
analysis 1s a synergy of Latin Hypercube Sampling (McKay et al., 1979) and the Partial Rank
Correlation Coefficient (Hamby, 1994). It aims to identify and rank pivotal model parameters
whose uncertainties contribute to prediction imprecision (Gomero, 2012).

Several research studies (Anderson et al., 1989; Diebner et al., 2000; Diekmann et al., 1990;
Gravenor and Kwiatkowski, 1998; Gurarie and McKenzie, 2006; Hetzel and Anderson, 1996;
Hoshen et al., 2000; McQueen and McKenzie, 2004; Molineaux et al., 2001; Molineaux
and Dietz, 1999; Saul, 1998) have focussed on understanding the dynamics and control
of P. falciparum infections. Although most of these models have investigated parameter
importance in driving malaria infection, this is mainly based on the basic reproduction
number of the disease, which often do not have all the model parameters. Sensitivity analysis
for the entire parameter space provides the right rigour for parameter evaluation in driving
malaria disease progression.

Previous studies (Neilan et al., 2010; Zhong, 2011), used parameter-driven LHS/PRCC
procedure to ascertain important parameters and their relative importance in the disease
model output. In (Gomero, 2012), LHS/PRCC procedure is coupled with the optimal
control numerical procedure to simultaneously examine the effects of all LHS parameters on
the objective functional value. In this chapter, the LHS/PRCC uncertainty and sensitivity
analysis technique is applied to an in-host P. falciparum malaria model with vaccine controls
(pre-erythrocytic vaccines, blood stage vaccines and transmission blocking vaccines). Multi-
component and multi-stage vaccine combinations are evaluated to establish optimal vaccine

combinations.

5.2 Model formulation

The compartmental model in this chapter is an extension of in-most malaria model in
Chapter 3. The model is composed of nine compartments: the malaria sporozoites S(z), the
susceptible hepatocytes H(t), the infected hepatocytes X (¢), the susceptible erythrocytes
R(t), the infected erythrocytes 7'(¢), the gametocytes G(t), the merozoites M(¢), unactivated
CD8" T cells W, () and activated CD8" T cells W, (). The activation of CD8™ T cells

100



caused by the presence of infected hepatocytes and infected erythrocytes only. This activation
is further assumed to occur at a constant rate A, for both infected hepatocytes X and infected

erythrocytes 7. Unactivated CD8™ T cells are produced at a fixed rate Q from the thymus.

A proportion g and p of infected erythrocytes and infected hepatocytes get eradicated by the
CD8™ T cells before they develop to the schizont stages, respectively. The rest of infected
hepatocytes develop asexually and burst open to release blood stage merozoites. It is assumed
that some of the newly generated merozoites develop into gametocytes. This proportion is
denoted by the parameter 7. The commitment to gametocytogenesis is presumably made
during the immediately preceding cycle of blood schizogy (Diebner et al., 2000). These
blood floating gametocytes are transmitted to the mosquito vector during feeding, marking

the onset of sporogonic cycle (not considered in this study).

During blood meal, an infected female mosquito injects sporozoites into the blood stream
of the human host at a rate A. The sporozoites traverse the blood stream and enter the liver
where they invade the liver hepatocytes H at the rate By to generate infected hepatocytes X at
the liver stage. A natural death rate of t; for malaria sporozoites is assumed. Susceptible
hepatocytes are recruited at a constant rate A; from the bone marrow. Both the infected and

uninfected hepatocytes experience natural death at the rates u, and uy, respectively.

Three malaria vaccines are considered in this model to reduce the severity of P. falciparum
malaria infection. These are: pre-erythrocytic vaccine (PEV) (see, (Birkett, 2016; Birkett
et al., 2013; Nunes et al., 2014)), blood stage vaccine (BSV) (see (Audran et al., 2005;
Moorthy et al., 2004; Ogutu et al., 2009)), and transmission blocking vaccines (TBV)(see
(Arevalo-Herrera et al., 2005; Hisaeda et al., 2000)). The leading PEV, BSV and TBV
considered in this study are RTS,S/ASO1, merozoite surface protein 3 (MSP3), P. falciparum
ookinete surface antigens (Pfs25), respectively. The PEV, BSV and TBV vaccines are
assumed to possess efficacies denoted by Vv, g and y, respectively. Note that 0 < v < 1,
O<p<landO< y <.

A summary of the descriptions of model parameters and the state variables is presented in
Tables 5.1 and 5.2, respectively. The compartmental flow diagram for the in-host malaria
model is provided in Figure 5.1. The structural complexity of the in-host malaria model is

the motivation to apply LHS/PRCC technique for uncertainty and sensitivity analysis.
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Table 5.1: Table showing model parameters and their descriptions

Parameter Description

P Number of merozoites released per bursting erythrocyte

A Injection rate of sporozoites

s Death rate of sporozoites

B Rate of infection of erythrocytes by merozoites

Uy Mortality rate of infected erythrocytes

A The recruitment rate of hepatocytes

Ar The recruitment rate of erythrocytes from the bone marrow

Ups Lty Death rate of susceptible hepatocyte and

infected hepatocyte, respectively
T Proportion of merozoites that develop into gametocytes per dying
infected erythrocyte
p.q Immunosensitivity of infected hepatocyte and erythrocyte, respectively

Efficacy of transmisssion blocking vaccine

Natural mortality rate of susceptible erythrocytes

Inhibition rate of CD8" T cells response

Efficacy of blood stage vaccine

S 8 FE R

Immunogenicity of IRBCs and infected hepatocytes
1/€9,1/€; A saturation (half) constants for infected hepatocytes and
infected erythrocytes, respectively
Mims Hg Death rate of merozoites and gametocytes, respectively
T A modification parameter that accounts for vaccine-induced

increased generation of activated CD8" T cells

Y Efficacy of pre-erythrocytic stage vaccine
Uns U Death rates of unactivated and activated CD8™ T cells, respectively
Bs Infection rate of hepatocytes by sporozoites
Q Recruitment rate of unactivated CD8™ T cells from the thymus
b A modification parameter accounting for PEV-induced reduction of merozoites

released per bursting infected hepatocyte,

a A modification parameter accounting for BSV-induced reduction of merozoites
released per bursting erythrocyte

N The average number of merozoites released per bursting

infected-hepatocytes
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Table 5.2: Description of the state variables

Variable Description
W,(t)  Concentration of unactivated CD8* T cells
W,(t)  Concentration of activated CD8*T cells
H(t) Population of susceptible liver hepatocytes

X(1) Population of infected hepatocytes
S(t) Population of malaria sporozoites
R(t) Population of susceptible erythrocytes
T(t) Population of infected erythrocytes
M(t)  Population of merozoites

G(1) Density of gametocytes in blood

lln (1—v)B.HS PXW,

1+ dW,

i
RSP ——-

‘} —b)Np,X
HmM IJa“?a

“rﬂl Flnwnl
P(1-q)(1-muT
(1-0)B,RM B
1+ dw,

P(1 - q)*:h‘

T
1+ dw,

-—
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LT S SR p——

qTW, l
1+&T

e —————— X

Figure 5.1: A compartmental representation of the dynamics of in-host malaria infection
with vaccine control measures.
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Based on the dynamics described in Figure 5.1, the following deterministic model describes

the dynamics of the in-host malaria infections with multi-stage malaria vaccines:

ds ~
E:“_%)A_.USS_&SH,

dH Bs(1—Vv)SH

— =X H-=2

a T H 1 +dW,

d_X_ ﬁs(l_v)SH_ o pXWa

d  1+aw, 146X’

dR _ . (1_ Q)ﬁrRM .

., — u«r I’R7
dr T+aw, H

dT _ (1= 0B RM _ . 4TW,
i dtaw, M T ixer

M _PA=q) (=M =@WT |y p)N X — oM — BRM,

(5.1)

dr 1+dw,
dG P(1—q)(1 —a)mu,T
. = _.ugGa
dr 1+dw,
aw,
dt” =Q— A (X +T)W, — U, Wy,
aw,
5 = P X+ T)Wo— ptaWa,

subject to the following initial conditions:

$(0) >0, H(0) > 0, X(0) = 0, R(0) > 0, T(0) > 0, M(0) = 0, G(0) = 0, W, (0) > 0, Wy (0) >
0.

Positivity of solutions

The long term behaviour of any dynamical system is instrumental in the understanding
of the system. System (5.1) monitors changes in the density of erythrocytes, hepatocytes,
malaria parasite and CD8™ T cells. To warrant biological sense, the state variables of system
(5.1) should be nonnegative. Specifically, we show that all solutions of system (5.1) with
nonnegative initial conditions will remain nonnegative V¢ > 0.

Theorem 5.1. Given nonnegative initial conditions (S(0) > 0,H(0) > 0,X(0) > 0,R(0) >
0,7(0) >0,M(0) > 0,G(0) > 0,W,(0) > 0,W,(0) > 0), the system (5.1) has a nonnegative
solution (S(t),H(t),X(t),R(t),T(t),M(t),G(t),Wy(t),W,(¢)), for all time t > 0.
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Proof:

From the first equation in system (5.1), it can clearly see that
— > —(u;+ B,H)S. (5.2)
Integrating equation (5.2) gives
S() > Soexp{— /0 (s + ﬁsH(s))ds}. (5.3)

Therefore, S(r) >0 Vr > 0.

Similarly, the last equation in system (5.1) yields

dw,
dl‘a Z _.uaWa- (54)

Integrating the separable inequality (5.4) gives
Wa(t) = Wa(0) exp(—piat) = 0. (5.5)

Using the same argument, the rest of the state variables can similarly be shown to be
nonnegative for all time r > 0. That is, H(t) > 0, X(t) > 0, R(¢) >0, T'(t) > 0, M(t) > 0,
G(t) > 0 and W, (1) > 0 V¢t > 0. This completes the proof.

Boundedness of solutions
The nonnegative solutions to system (5.1) must be well posed in regions of biological sense.
The proof that the solutions are bounded is as follows:

Let N, be the total population of susceptible and infected erythrocytes in the host. This gives
N,(t) = R(t) + T (t). Therefore,

dr

=A— W-R— ;T —qTW,,

<A — [uN, where fi; = min{t, t; }. (5.6)
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Using the initial condition N,(0) = N,g > 0, inequality (5.6) is solved by integrating factor
method to obtain
Ni(t) < ﬁ +e P! (N,(()) — ﬁ) : (5.7)
Hi Hi
This implies that at any time 7, N»(¢) < max {N,(0),A,/f; }.
Again, let N, (1) = S(¢) +M(t) + G(t), be the sum of malaria parasites at any time ¢ during

clinical P. falciparum infection. So that

N, P(1—g)(1-1)(1—a)uT

5 = U-2)A+ T dw, +(1=p)(1=b)Np:X
P(1—q)(1—a)aT
+ L aw, UsS — UM — e G — BsSH — B,.RM,
< (1—)A+¥i(1) — [N, where [i =min{ts, i, Ko}, and (5.8)
P(1—g)(1-1)(1 - )T P(1—q)(1-a)mpT
Y, (t) = 1—p)(1— X .
1(t) [T aw, +(1=p)(1 =b)NX + L aw,
Solving inequality (5.8) gives
I1—x)A e [T —i 0
Np(l‘) < % +€‘u2t/ efuztllll(t)dt—f—C]e*”zt, (5.9)
2 0
where the constant of integration Cj 1s given by
1—-x)A g
Ci = (Np(()) = (H—X)) —/ ¥, (0)ds. (5.10)
2 0

Observe that Ny, (¢) < max {N,(0), ((1— x)A/[i2) }. The above procedure can similarly be
applied to the total concentrations of the liver hepatocytes N;(¢) = H(t) + X (¢) and that of
CD8™ T cells Ny,(1) = W, (1) + W,(¢) so that

dN, dn,
d—t’ < A,— 3N, and d_;w < Q— fi,Ny, (5.11)

where [z = min{.uha .ux} and i,y = min{um .un}

Integrating and simplifying the inequalities in system (5.11) gives

Q
N;(t) < max {NZ(O), %} and N, (f) < max {NW(O), _—} for all time 7> 0.
3

w
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Therefore, all feasible solutions of system (5.1) enter the region:

9 :{(S,H,X7R, T,M,G,W,,W,) € R} : N,(t) < max {Nr(O),g}
1
N, (f) < max {NP(O),(I_FL—X)A}, (5.12)
2
A Q
N;(t) < max {NZ(O),_—} , Ny (1) < max {NW(O),_—} },
i3 How

which is a positively invariant set of system (5.1). This implies that all solutions in & remain
in 2 Vt > 0. It thus suffices to study the dynamics of system (5.1) in Z.

5.3 Model analysis

5.3.1 Stability analysis of disease-free equilibrium point, E

At Ey, A = 0 and there are no activated CD8" T cells; that is, W, = 0. Setting the right-hand-

side of system (5.1) to zero, gives the following disease-free equilibrium:

Eo=(8°,H° x° R® 7% M°,G°, w2 w?) = (0, ﬂ,o, ﬁ,o,o,o,&o) : (5.13)

Hp L n
The disease-free steady state is very crucial in the understanding of in-host malaria infection
dynamics. In order to eradicate in-host malaria, it is important to identify and establish
necessary conditions for the disease-free equilibrium to be stable. This stability could be
achieved through the use of effective antimalarial drugs such as ACT or by using highly

efficacious P. falciparum malaria vaccines.

The next generation matrix (NGM) approach (see (Diekmann et al., 1990; Van den Driessche
and Watmough, 2002) for detailed explanation of the technique) is employed to compute
effective reproduction number R, ¢ of system (5.1). The NGM method presumes the local
stability of Eq for R,rr < 1 and instability for R.ss > 1. R,z is the spectral radius of the
next generation matrix (F,V, 1) of system (5.1); that is, R.sr = p(FzVZ_ 1). Adopting the
matrix notations in (Van den Driessche and Watmough, 2002), the matrices F, and V; are
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respectively given by

0 0 0O 0 000
0 U=vBA 0 000
Hp
0 0 0 “‘f}rmr 00 0
F,= 10 0 0O 0 000 (5.14)
0 0 0 0 000
0 0 0O 0 000
0 0 0O 0 000
and
Vo O 0 0 0 0 0
0w 0 0 0 0 0
0 0 1y 0 0 0 0
Vo= | 0 Voo Vo3 Bl by 0 0 0], (519
0 0 —Pr(l—a)(l—q)u 0 pe 0 0
QA QA
0 e e 0 0 p O
0 =" N 0 0 0 MU

where Vo = B2 4 1, Vip = (1= p)(1 — b)Np, and Vo = (1 —a)P(1 — )(1 — g)pt. Thus,
the effective reproduction number R,/ is given by

R.sr = p(F2V2 ) = max{Roi,Roo}, (5.16)
where
o L U=VBA L P-m—a(i- (0B oo
Mk BrAr + W phr

Observe that Ry is the contribution of new cell invasions at the liver stage due to mortile
sporozoites and R is the contributions of new cell invasions at the blood stage due to
merozoite parasites. From equations (5.16) and (5.17), it is evident that new cell invasions
occur both at the liver stage (as depicted by Ry1) and at the blood stage (as depicted by Rp,).
This implies that clinical control of P. falciparum malaria should target the parasite at both
stages of its life cycle within the human host. An antimalarial drug or drug combinations
with the capacity to eradicate the sporozoites at the pre-erythrocytic stage and merozoites
at the erythrocytic stage is most recommended. Furthermore, malaria vaccine development

should equally focus on both stages of parasite development. A novel malaria vaccine should
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begin parasite eradication from the pre-erythrocytic stage and this should continue to the
blood stage. This result is very important to the ongoing research and development of malaria
vaccines.

Theorem 5.2. The disease-free equilibrium E of system (5.1) is locally asymptotically stable
if Reyr < 1 and unstable otherwise.

Proof: The qualitative matrix stability approach (Abdulrahman et al., 2013) to determine the
local stability of the disease-free equilibrium E for system (5.1) is used. Linearisation of the
system (5.1) along Ey gives the following Jacobian matrix

—Ay 0 0 0 0 O 0 0 0
—A3 —w, 0 0 0 0 0 0 0
As 0 —ue 0 0 0O 0 0 0
0 0 0 -4y 0 —As O 0 0O
LEN=| 0 0 0 0 —w A 0 0 0 |, 518
0 0 0 0 A -As 0 0 0
0 0 0 0 A 0 —u 0 0
0 0 |=BA ol 2o WO —p, O
0 o0 |[Hhiro: i o) RO 0 —p

where Ag=(1—a)P(1—n)(1—q)w, A1 = (1—a)Pr(1—q);, Ax = ((Bshn)/tn + Ws),
Az = ((1—=Vv)BsAn) /1), Az = (((1— 0)BrA)/1y) and As = (B Ar/ thr + ).

To obtain the eigenvalues of matrix (5.18), first transform it into an upper triangular matrix.

The required 11 elementary row transformations are performed in the order presented below:

—A AlA
(1)—3><r0w1-|—r0w2—>row2 (7) 2 row 6 +row 7 — row 7

A — Yol

A Q
(2)—3><rowl+row3—>row3 (8) ' )warow5+row8—>row8

Aj —Heln

A QA
(3)—0><r0w5—|—r0w6—>r0w6 (9)T " X row 5 +row 9 — row 9

My M

A Q
(4)—1><r0w5—|—r0w7%r0w7 (10) Ay X row 7 +row 8 — row 8

Ly _.ug.un

TQ TQ
(5) Ay X ToW 3 +row 8 — row 8 (11) Ay X Tow 7 +row 9 — row 9

—HMxMn Uty

TQA,,

X TOW 3 +row 9 — row 9

(6)

L
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The resultant upper triangular matrix J; is presented as follows:

A, 0 0 O 0 0 0 0 0
0O -w4 O 0 O O 0 0 0
0O 0 -w O O 0 0 0 0
0O 0 0 —-u O —-A, 0 0 0
=10 0 0 0 -y A O 0 0 |, (5.19)
o 0 0O 0 0 Y 0 0 0
o 0 o o0 0 0 -u O O
o 0 o0 0 O 0 0 -—u O
o 0 0 0 0 0 0 0 —u,
where
Yo=(1—a)P(1—m)(1 —q)(l_izﬁ”l’ — (Bf +um) : (5.20)

The eigenvalues of the transformed row-echelon Jacobian matrix (5.19) are hence given as:

A
xlz_(ﬁuh+us><0, do=—pp <0, A3=—pc <0, Ay=—p, <0,
h

7[«5:—/.Lt<0, ),6:Y(), 7L7:—ug<0, ),g:—,un<0, ).9:—,ua<0.

It can clearly be seen that Aj,Ay,A3,A4,45,A7,A8 and Ag are all strictly negative. The
disease-free equilibrium is locally asymptotically stable if all the eigenvalues of the Jacobian
matrix (5.18) are negative. The conditions necessary for Ag = ¥j to be strictly negative are
established as shown below:

Re-write equation (5.20) as follows:

P(1—a)(1 —m)(1—q)(1—0)BrA ﬁrlr'f'.ur.um.

Yo = (5.21)
Hr My
Factorising equation (5.21) gives
o = Bt bk (P(l —a)(1-m)(1—q)(1- 0B A 1) | 52
I BrAr =+ Wyt
That is, A
rAr +

o = Prie ek g 1) (5.23)

Uy
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where R.rr = Rp as defined in equation (5.17).

Equation (5.23), implies that ¥y < 0 if and only if R.ss < 1. Hence, Ej is locally asymptoti-
cally stable if R.rs < 1. This completes the proof.

The global stability of the disease-free equilibrium is established using a suitable Lyapunov
candidate function (Li and Shu, 2010; Omondi et al., 2018). Consider the following theorem.
Theorem 5.3. The disease-free equilibrium Ey is globally asymptotically stable in R?r if
Rerr <1

Proof: Let V(X,T,S,M,G) = viX + T + y3S+ wuM + y5G be a candidate Lyapunov
function for some nonnegative coefficients Y1, ¥, Y3, Wy and ys. The derivative of V with

respect to time ¢ is given by

dV_ dX—I— dT+ dS—I— dM_|_ dG
a Mg Vg TV TV TS

_ Bs(1—v)SH _pXW, (I_Q)ﬁrRM_ qTW,
_%( & e aw, M T Ty er

T+aw, "M Txex
+y3 (1 —x)A—usS— BSH) +

" (P(I—Q)(l—”)(l_a).utT+(1_p)(1_b)NuxX—umM—B,RM) (5.24)

1+dW,

P(1—q)(1 - a)uT
”’5( ( ?J(rdwa) e _“gG)’

(i (VY (b(—p) + b — D) ) — 2 (pwn + qua))X

+ (=t ((@a=1)P(g—1)((x — 1) ya—7ys) +y2))T

+<%<—us>—%<<v— Dyt +ys) B)S

+<w4<—um>—§<<e— Dya+ y) B)M

r

+ (—Hgy5)G. (5.25)

Evaluating the coefficients of the suitable Lyapunov function such that the coefficients of X,

T, S, M and G are equal to zero gives

N(1=b)(1 = p) (1= 0)BrArpig — qR(BrAr + tinbdr) a W
(1= 0)BrArtta(PQ + Hilla)

Y1 =

Y
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1
(1 )ﬁs{ (1=b)(1 = p)px(1= 0)BrArtt? — GQ(BrAr + tmlhy) e v, (5.26)

(1= 0)BrArta (P2 + Hila)

), 1 M Uy
&+ s =P =a)(1 = m)(1 - q) + gfute -
I 0 BrAr(1-0)
= and =
v [(1—9)%;3, v ¥ nP(1—a)(1-q)
(5.27)
Using these coefficients, the time derivatives of the Lyapunov function is given as
d_V:_ (g+(1=b)(1—o)N(1—p)p)BAs ‘J"qum“r)(“a"‘ﬂn),ux
dr (1= 0) BrArttn (PR + Hally)
e (5.28)
_“m“rut(1+(1_ 0) )“r>T_ Hg (1= 0)Artimliy G(1—R.yp).
(l_e)ﬁrlr nﬁr(l_a)(l_Q)

If R.sp < 1 in equation (5.28) then [t (1= o)A puptr]/[7B-(1 —a)(1 —gq)](1 —=Repr) > 0.
This gives (dV /dt) < 0. Furthermore, (dV /df) = 0 if and only if 7 = X = G = 0. Therefore,
V is a Lyapunov function in Z. Given that ¥ is positively invariant and attracting, it follows
that the maximum invariant set in {(S,H,X,R, T,M,G,W,,W,) € 9 : V = 0} is the singleton
Ey. By LaSalle’s invariant principle (LaSalle, 1976), Ej 1s globally asymptotically stable in
2 provided that R, ¢ < 1.

5.3.2 The malaria-persistent steady state

The malaria-persistent equilibrium E,, for system (5.1) in the presence of CD8* T cells is
established by equating the right-hand side of system (5.1) to zero. Using Mathematica

software, system (5.1), exhibits a malaria-persistent equilibrium point

E,=(S"H" X", R",T*,M*,G*,W,[ W),

where
1 * 1 ay.
(= V)BS + (1 +dW; i (1= 0)B M + (1 +dW; )i,
Wn*: Q ,W;:‘CXW(X +T )Wn (5.30)
TAw(X* +T%) + Uy Ua
. PUl-—q(—a)zuT"
G = , 5.31
Mg (1+dW,) 31
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(14+dW)[(1 = b)*(1— QNX*Brttmtty — (1 +dW; )] + /A
2(1=0)(1 +dW;)B, ’
Ap = (1+dW;){(—(e—1)B(—4(1 —m)(1 —a)P(1 —q)T"
+(1 =) NX*(1+dW;) Brie(4(1 +dW, ) A, +(1—b)2(1— e)NX" i f))
—2(1=b)*(1 —)NX* (1 +dW,} ) B it + (1 +dW) 2},

M=

where (5.32)

' = e | A VA (VBRI (= OA W) b, (53

where Ay = Bs(A(1—x)(1—=v)—(1+dW,)Ap) — (1 +dW,) upls,

1 *
—2&((1— o) B-M* + (1+dW*)Nr)Ut{_At:t AT}’

where A = Bs(A(1 = 2)(1 = V) = (1 +dW;)An) — (1 +dW;) ks
A7 = A e (1= 9)BM* + (1 +aW; ) ) (BrA-(1— 0)M™)  and

*

(5.34)

Av £ \/AZ +4eo((1 = V)BsS* + (1 +dW,; ) n) ) (1 = V) BsAnS*
2&0((1=v)BsS* + (1 +dW; ) tn) b
Ay = (1= V) (€0l — o) BsS™ — dpW, 2ty — tinptoe = W (1= V) pBsS™ + i (p + dit)).

X =

,  where (5.35)

Based on the formulated model in system (5.1), the activated CD8" T cells only exist due to
the presence of infected red blood cells and infected hepatocytes. Hence, in the absence of
malaria infection (X = 7 = 0), W, = 0. Moreover, none of the malaria parasites exists; that
is $* = M* = G* = 0. It is further observed that when S* = M* =X"=T" =W =0, the
susceptible erythrocytes, susceptible hepatocytes and the unactivated CD8" T cells become
H* = (Ap/un), R = (Ay/ur) and W," = (Q/ ), respectively. This gives an equilibrium point
called the disease-free equilibrium point of system (5.1) illustrated in equation (5.13). From
the above computations, it is evident that the analytical expressions of E), is too complex.
The numerical simulation of the equilibrium points is provided in Section 5.6.

Theorem 5.4. The malaria persistent steady state E, is locally asymptotically stable if
R.rr > 1 in the interior of the biologically feasible region 9.

Proof: The stability of the malaria persistent equilibrium £, (when R, ¢ > 1 but close to 1)
is proved using the center manifold theory (CMT) presented by Castillo-Chavez and Song
(2004). The notations used therein Castillo-Chavez and Song (2004) and without re-stating
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the theorem are adopted to calculate the values of arguments a and b. The signs (+ or -) of a
and b determine the local dynamics of system (5.1) around E, (White and Comiskey, 2007).

Suppose B is considered to be the bifurcation parameter, then at R, sy = 1, B, = max{f;’, B},

where

. Mo Ly an * _ My . .
br=tpi—gi-ni-gt-a-1u3, ™ P=g-wn ¢

The CMT is applied by first transforming the state variables

(S,H,X,R,T,M,G,W,,W,) into (x1,x2,X3,X4,X5,Xs,X7,X8,X9), respectively. The model in
system (5.1), is hence represented as (dg/dt) = g(x), where X = (x1,X2,X3,X4, X5, X6, X7,X8,X9).
The model (5.1) thus becomes

Xp = (1 _X>A_ HsX1 — Bsxlx%
. ﬁs(l —3 V))qu

— Ay — g — - TR
X2 h — UpX2 1+drn "
. Bs(I=v)xix; Px3Xg
X3 =———"7""—"" — W3 — 5

1+ dxg 14 &yx3

. (1_ Q)ﬁrx4x6

— ), — - QIPrate
X4 r 1 —|—dX9 Hrxa,
. (1= 0)Brxaxe qxs5X9 (5.37)
5= 1 + dxo Hpis 1+¢&xs’

P(l—qg)(1—m)(1—a)ux
Xo = =) N +dl(9 s + (1= p)(1 =b)Npx3 — Umxe — Brxaxe,
. P(1—q)(1—a)wuxs
1= 14 dxg HeX7,
xg = Q— TA, (X3 +X5)X8 — UpXs,
X9 = Ty (X3 +x5)X8 — UaXo, )
such that:

xl(O) >0, XZ(O) >0, X3(0) >0, X4(0) >0, XS(O) >0, X6(0) >0, X7(O) >0, Xg(()) >0,

The new system (5.37) with the bifurcation point f, has a simple zero eigenvalue. This
attribute enables the use of CMT to analyse the stability of system (5.37) near B, =

max{ﬁs*7ﬁ;<} = max{ﬁbﬁr}'

Therefore, a right eigenvector w = [wy, w2, w3, wa, ws, we, w7, wg, wo]! associated with the

simple zero eigenvalue is obtained from the linearisation matrix corresponding to the zero
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eigenvector as follows:

—A, O 0 0 0 0 0 0 0 wi 0
—A3 —uy 0 0 0 0 0 0 0 wo 0
Ajz 0 — Uy 0 0 0 0 0 0 w3 0
0 0 0 — Wy 0 —Ay O 0 0 Wy 0
0 0 0 0 - Ay 0 0 0 ws | =101 (5.38)
0 0 0 0 Ap —As 0 0 0 W 0
0 0 0 0 Ay 0 —u; O 0 wy 0
0 0 —T‘% 0 —T% 0 0 -, O " 0
0 0 T o AW o 9 0 —pu,/ \w 0
Hn Hn
where Ag,---,As are as presented in the Jacobian matrix (5.18).
Solving for the right eigenvectors gives
—(1—a)Px(1— (”HLm) 1— 0)BA
o — U =P —gp u = L @zﬁr r.
Hg (1—a)P(1 —m)(1—q)u; My
TQA’W (ﬁrlr ) T.Qlw (Br - )
w9 = — —+U y W8 = +u )
Moty \ fr " (1-a)P(1-m)(1 —q@)up? \ "
()
w5 = we = 1, W1 =Wy = w3 = 0. (5.39)

(—a)P(I—m) (1 - g’

Similarly, upon solving for the left eigenvector v = [vy,v2,Vv3,v4,Vs,V6, V7,8, V9]T associated
with the zero eigenvalue in system (5.37) gives

vi=v=w3=wu=0, vs=P(l—a)(l—n)(1—q),ve=1,v7,v8,v9=0.

Next, the values of a and b as described in Castillo-Chavez and Song (2004) are calculated.
That is,
82gk(0, 0)

“9vop (5.40)

9 82 070 9
a= . Z kaiwj# and b= .szl VWi
i,k=
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The non-zero partial derivatives of g(x) in system (5.37) associated with the argument a are

given as

2% 9% 9%g M

dx190xy =B dx10xy ~(1=Vv)Bs, dx19x9 a1 - V)Eﬁs’
3284

ax4ax6 - _(1_ Q)ﬁh
02 d(1— 0)BA, 92 92

e _dUZOBh - 08 _ o T _ g,
X60dX9 Hr X50X9 X40X¢
a285 _ _d(l_ Q)Brlr

dx60x9 1y ’
9%ge 9286

ax4ax6 _ﬁr; axsaxg _P(l_a)(l_ﬂ’-)(l_q)d:uﬁ
9%g7 9%gs 9%gs

a)C58)C9 N Pﬂ:(l _a>(1 _CI)’ 8x38x8 B a)C58x8 N _T)LW
9%go g9

0x30x3  Oxsdxg T 4D

Thus, the expression for a is:
g5 92¢s 9gs 9%g6
a= V5W5W9m + VSW4W6m I V5W6W9m g V6W4W6m
92%g6
+ vewswg Txs0xs
(B ) (AU BR) (P00l s
" My Mo s Uy

The above procedure in computing the values of b is repeated. The non-zero partial derivatives

of g(x) associated with b are given by

82g1 . lh 82g2 . —(1—V)7Lh 82g3 - (1—\/)/1;1
oxoB. ' ondB.  wy | oxidf.

’¢s _—(1-0A d%s _(1-0A g _ —h (5.43)
dx60 B+ M " dx60 Bs - 0xed P b ‘
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Upon substituting these derivatives into equation (5.40), it follows that

b— 325’5 I 325’6
~ ka8, " 9xs0 B
A
=L (P(1=a)(1 = m)(1 = g)(1= o) +1) >0, (5.44)

Thus, a is positive (a > 0) and b is negative (b < 0). Based on item (iv) of theorem
2 in (Castillo-Chavez and Song, 2004), the malaria persistent equilibrium E), is locally
asymptotically stable for R.rs > 1, but close to 1.

5.4 Uncertainty and sensitivity analysis

5.4.1 Sensitivity analysis of infected and infective states of the in-host

malaria model

The in-host malaria model in this chapter has numerous unknown parameters, coupled with
limited data. Therefore, there is a considerable uncertainty (Blower et al., 1991) in estimating
the values of the 30 transmission parameters in system (5.1). The uncertainty in the input
values allows significant variability in the model predictions of the future malaria parasite
density within the human host and the concentrations of the infected red blood cells and hence
the severity of clinical P. falciparum malaria. Consequently, LHS/PRCC sensitivity analysis
is performed to evaluate variability in model predictions. With LHS/PRCC technique, it
is possible to explore the entire parameter space of system (5.1), with minimal computer

simulation.

The effects of the LHS parameters on the two infected state variables are simultaneously
examined: the infected liver hepatocytes X (¢) and the infected red blood cells 7'(¢) and the
three infective parasite states: the sporozoite S(z), the merozoites M(¢) and the gametocytes
G(t) in model (5.1). The PRCCs are used to identify the key parameters contributing to the
imprecision in predicting the future density of infected liver hepatocytes and infected red
blood cells (Blower et al., 1991).
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5.4.2 Sampling the Latin hypercube sampling (LHS) parameters

The process of performing Latin Hypercube Sampling on disease models consists of the
following steps: (1) identifying model of interest, (2) listing all the model parameters together
with their estimated or exact values, (3) extracting uncertain parameters from the list of
model parameter values; provide baseline values and range values for known and unknown
parameters, respectively, (4) for U simulations, the inequality U > (4/3)Q, must be true
for Q uncertain parameters (McKay et al., 1979). The parameter space is hence defined
by Q dimensions. The appropriate sample size U is established from the desired level of
significance attached to the PRCC values (Blower and Dowlatabadi, 1994), (5) a probability
density function (pdf) for each uncertain parameter is then specified. This may include (i)
uniform distribution, (ii) triangular distribution, (ii1) multi-modal Weibull distribution and
(iv) skewed distribution. Finally, each pdf is then divided into U overlapping equiprobable
intervals, which are then randomly sampled once.

Next, define the probability distribution function of parameter p to be f(p), the interval of
f(p) to be F(p) and the inverse of F(p) to be F~!(p). If the function is normalized then:

[F(p)]ome = 1. (5.45)

Pmin
The area under each equiprobable interval is equivalent to 1 /U. That is,

i : :
1/U = / o S(P)dp = F(piuax) = F(Piyin)- (5.46)
Pmin

At the end of step (5), each of the Q uncertain parameters will have U values. This is stored

in an U X Q matrix.

5.4.3 Partial rank correlation coefficient (PRCC) methodology

To perform PRCC, begin by ranking the LHS parameters in the LHS matrix together with
the outcome measures. In our case, the outcome measures are the states 7(¢), X (t), M(t),
G(t) and S(¢). Two linear regression models are generated in response to each parameter
and outcome measure. A Pearson rank correlation coefficient for the residuals from the
two regression models gives the PRCC values for that specific parameter. The underlying

parameter distributions can be established through expert judgment or based on empirical
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evidence (Pereira and Broed, 2006). Due to lack of data on the distribution function, a

uniform distribution for all model parameters in Table 5.9 is considered.

The PRCC for each input variable is established as follows: Begin by adding an additional
column O+ 1 (called the outcome vector), to the matrix containing the input parameter values.
Secondly, the ranks 1,2,---U corresponding to each column is represented by the set of
ordinal numbers &;;, &y;, - - -, &, where the index i denotes the run number. The average rank
n is given as 1 = (14 U)/2. In the event that two or more parameters have the same ranking
based on a particular run, then only one of the parameters is considered in the calculation of
PRCC (Kendall, 1946). Finally, a symmetric matrix C = ¢;; of dimension Q + 1 is defined as
follows:
co ZhE-mG-m)
VEL G =)L (s = )2

Next, let the matrix D = [d;;] be the inverse of matrix C and p;; be the PRCC corresponding

i?j:172737"'7Q' (547)

to the i-th and z-th input parameter and outcome variable, respectively. The PRCC p;, is
hence given by

_Cho+] (5.48)

Pir =
T dudg o

Then test the importance of the non-zero value of the PRCC by deriving ¢;,, where

U-2
1_niz.

— (549)
The above procedure is repeated for a second outcome variable and so on until the PRCCs

are obtained for all the input parameters and their corresponding outcome variables.

5.5 Results of analysing the LHS/PRCC for the in-host malaria

model

Using 1000 runs of Latin hypercube sampling, the PRCC and p values of the 30 parameters
in system (5.1) are computed based on the regression coefficient for outcome measures 7'(¢),
X(t), M(t), G(t) and S(¢) and summarised in Tables 5.3, 5.4, 5.5, 5.6 and 5.7. The size of
PRCC shows the importance of the uncertainty in estimating the value of the specific variable
in contributing to the prediction imprecision (Blower et al., 1991). The PRCC sign (+ or
-), however, shows the qualitative relationship between the input parameter and the output
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variables. Parameters with large PRCC values coupled with a corresponding small p value

(p value < 0.05) are considered as the most influential (Gomero, 2012).

A slight change in a highly influential parameter is likely to produce a significant change in
the outcome variable. The symbol (x) indicates less influential parameters with p values <
0.05 and PRCC values in the range (-0.1 to -0.49 or 0.1 to 0.49 ). Further, the symbol (xx) is
used to indicate moderately critical parameters in prediction imprecision, and have p value <
0.05 and PRCC values in the range (-0.5 to -0.79 or 0.5 to 0.79 ) . Lastly, the symbol (s s )
indicates the most critical and likely contributors to uncertainty, with PRCC values in the
range (-0.8 to -0.99 or +0.8 to +0.99).

Results displayed in Tables 5.3, 5.4, 5.5, 5.6 and 5.7 indicate that the rate of invasion by
merozoites f3,, the rate of invasion of liver hepatocytes by sporozoites f3;, malaria vaccine
efficacies (o, v, and y) and the recruitment rates for hepatocytes and erythrocytes, A, and
Ar, respectively, are statistically significant in determining the variation of concentrations of
infected erythrocytes, infected hepatocytes and the density of malaria parasites (sporozoites,
merozoites and gametocytes). The number of merozoites P released per bursting infected
erythrocytes and the number of merozoites N released per bursting infected hepatocytes are
shown to significantly increase the density of the merozoites and the density of infected
erythrocytes 7. Clinical malaria controls should thus target these infected cells for eradication

before they mature to schizont stages.

Moreover, from Tables 5.3 and 5.6, the proportion of merozoites that develop into game-
tocytes per dying infected erythrocyte 7 and immunosensitivity of infected erythrocytes
q are shown to have significant influence in determining the density of gametocytes and
merozoites, respectively, during clinical P. falciparum infection. An efficacious blood stage
vaccine coupled with a transmission blocking vaccine antigens has the potential of reducing
the density of gametocytes during clinical malaria. This reduces parasite transmission to

mosquito vector.

It is evident that a highly efficacious pre-erythrocytic vaccine such as RTS,S/SAO1 (with
efficacy v) and blood stage vaccine such as MSP3 (with efficacy €) could effectively help in
reducing parasitaemia and malaria severity during clinical P. falciparum infections. Sporo-
zoite invasion rate f3; and the merozoite invasion parameter f3, are also shown to increase the

disease R.sr and hence the severity of the disease within the human host.
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Table 5.3: Partial rank correlation coefficients (PRCC) between infected red blood cells T
and model parameters. The results are significant at the 0.05 level

Parameter PRCC p value Parameter PRCC p value
A 0.040124 0.69185 v *-0.35423  0.0001255
U 0.092654 0.35921 d -0.021968  0.82825
A 0.16815 0.094459 Ay 0.02639 0.79438
Ar *0.99993  1.2467E-191 T 0.028815 0.77596
Br **0.60394  0.0030343 a -0.033076  0.7439
Bs -0.072861  0.47128 b -0.037844  0.70854
Un 0.045043 0.65633 p *0.28652  0.0038515
Uy 0.022164 0.82674 N **0.50348  0.0003056
T 0.24376 0.14528 & -0.050167  0.62012
Uy **-0.54174 5.8708E-9 € 0.0092028  0.92759
Uy -0.043585  0.66677 p 0.087162 0.38852
Um -0.08574 0.39634 q *-0.261905 0.00154063
Ug -0.13006 0.19715 Un -0.093091  0.35694
X -0.13607 0.17706 Uq -0.054864  0.58771
0 -0.30701 0.0018909 Q 0.041721 0.68024

Table 5.4: Partial rank correlation coefficients (PRCC) between infected hepatocytes X and
model parameters. The results are significant at the 0.05 level

Parameter PRCC p value Parameter PRCC p value
A -0.034437  0.73375 v *-0.307831 0.00093836
U 0.071002 0.48269 d -0.1442 0.15231
A 0.9749  9.5419E-66 Aw -0.094174  0.35135
Ar 0.06407 0.52654 T *-0.20137  0.000044531
Br -0.080809  0.42415 a -0.075135 0.45751
Bs *0.53926  0.00016701 b 0.061933 0.54045
Up **.0.87273 2.7908E-23 P 0.076347 0.45026
Ly 0.14762 0.14273 N 0.10516 0.29776
T -0.045846  0.6506 & 0.21125 0.034877
Uy 0.094998 0.34713 € -0.16583 0.09918
Uy 0.12588 0.21205 P 0.033235 0.74272
W 0.13493 0.18073 q 0.095106 0.34658
Mg 0.033064 0.74399 U 0.039223 0.69843
X -0.28902 0.0035417 U -0.052237 0.60575
0 -0.061742  0.5417 Q 0.10411 0.30264
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Table 5.5: Partial rank correlation coefficients (PRCC) between merozoites M and model
parameters. The results are significant at the 0.05 level

Parameter PRCC p value Parameter PRCC p value
A 0.013086  0.89718 v **-0.61866 6.9194E-12
Us 0.12012 0.23389 d 0.12239 0.22509
An - 0.005884 0.95367 Ay -0.30208 0.0022545
Ar **-0.78852 2.0731E-22 T -0.11155 0.26918
Br *0.77199  5.3565E-21 a 0.14416 0.15243
Bs 0.10834 0.28328 b -0.18907 0.059575
U 0.080773  0.42436 P *0.28652 0.0038515
Uy *0.46617  1.0183E-06 N *0.50348  0.0003056
T -0.29849 0.0025577 & -0.23892 0.01667
Uy 0.060227  0.55168 € -0.057548  0.56955
Uy -0.05975 0.55485 P -0.25708 0.0098207
U -0.090522  0.37042 q -0.047855  0.63635
Mg 0.18256 0.069072 Un -0.0015737 0.9876
X **.0.67251 1.8298E-14 U 0.1363 0.17632
0 -0.024582  0.80818 Q -0.12172 0.22769

Table 5.6: Partial rank correlation coefficients (PRCC) between gametocytes G and model
parameters. The results are significant at the 0.05 level

Parameter PRCC p value Parameter PRCC p value
A 0.09861 0.32902 v **-0.54919 3.2858E-09
U -0.18356 0.067537 d -0.33627 0.00062476
A 0.16929 0.092216 Ay -0.14215 0.15831
Ar *.0.79454 5.8878E-23 T -0.080527  0.42578
Br **-.0.76958  8.4228E-21 a -0.16499 0.10092
Bs -0.021251 0.83378 b -0.31287 0.0015279
W 0.060337 0.55095 P 0.059063 0.55941
Uy *0.40198 3.3899E-05 N 0.24601 0.013619
T *0.698883 0.0032768 & -0.28727 0.0037563
U -0.022582 0.82353 € 0.075806 0.45349
Uy 0.075502 0.45531 p -0.047433  0.63933
U 0.067991 0.50149 q 0.12264 0.22416
U -0.084857 0.40124 Un -0.12368 0.22021
X **-.0.55186  2.6601E-09 Uq 0.17443 0.082611
0 **-0.55799  1.6273E-09 Q 0.15261 0.12956
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Table 5.7: Partial rank correlation coefficients (PRCC) between sporozoites S and each

parameter. The results are significant at the 0.05 level

Parameter PRCC p value Parameter PRCC p value
A *0.31314 0.00097533 Y 0.0067811 0.94661
IR **-0.68707  0.0094591 d 0.010905 0.91425
An -0.012635 0.90071 A 0.0043436 0.96579
Ar 0.03593 0.72266 T 0.023508 0.81642
Br 0.025432 0.80168 a 0.0065303 0.94859
Bs -0.0091069  0.92835 b -0.017604 0.86199
Up 0.022838 0.82156 P -0.019561 0.84683
Uy 0.0056574  0.95545 N -0.015923 0.87505
T -0.0047473  0.96261 & -0.00027845 0.99781
Uy 0.00025243 0.99801 € -0.0003386  0.99733
Uy -0.011016 ~ 0.91338 -0.031317 0.75709
Um 0.0096995  0.9237 q -0.0037326  0.9706
Mg -0.023075 0.81974 Un 0.030253 0.7651

*-0.699368  0.0001184 Uq -0.0042258  0.96672
0 0.01863 0.85403 Q -0.0052564  0.95861

Figures 5.2 and 5.3 illustrates Monte Carlo simulations for some of the parameters with the
greatest PRCC values against model R, 7.

log(R,)
log(R,)

() (b)

Figure 5.2: The Monte Carlo simulations for some of the parameters with the greatest
partial rank correlation coefficient (PRCC) magnitudes, using values in Table 5.9 and 1000
simulations per run. The parameters are: (a) sporozoite invasion rate 3; and (b) efficacy of
pre-erythrocytic vaccine V.
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Figure 5.3: The Monte Carlo simulations for some of the parameters with the greatest
partial rank correlation coefficients (PRCC) magnitudes, using values in Table 5.9 and 1000
simulations per run. They are: (a) proportion of parasites that become gametocytes 7, (b)
merozoite invasion rate f3,, (c) efficacy of blood stage vaccine p and (d) the number of
merozoites produced per bursting blood schizont P.

It is evident that a highly efficacious pre-erythrocytic vaccine such as RTS,S/SAO01 and
blood stage vaccine such as MSP3 could effectively help in reducing parasitaemia and
malaria severity during clinical P. falciparum infections. Sporozoite invasion rate f3; and the
merozoite invasion parameter f3, are also shown to increase the model R, ss and hence the
severity of the disease within the human host.

Although the LHS/PRCC technique is useful in identifying significant parameters in the in-
host malaria model, it fails to rank the parameters in order of their contribution to variations
and disease progression. This ranking is very crucial in the design of clinical interventions

and in the development of malaria vaccines. The normalised forward sensitivity index of
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the effective reproduction number in equations (5.16) and (5.17) against LHS parameters in

Table 5.9 are considered in the next section.

5.5.1 Sensitivity analysis based on effective reproduction number, R, ¢

The normalised forward sensitivity (NFS) index technique described by Arriola and Hyman
(2005) 1s adopted to compute the sensitivity indices of the model R, s¢ with respect to input
parameters P, B, Bs, An, Ary Uy iy Wy Mans 05, T, V. The sensitivity indices are evaluated in
Mathematica software based on the baseline parameter values given in Table 5.9 and results
presented in Table 5.8.

Table 5.8: Table of sensitivity results

Parameter SI Parameter SI

P +1.00000 a -0.785714

Bs +1.00000 n -0.785714

A +1.00000 B +0.62402

Uy -1.00000 Ar +0.62402

Ly -1.00000 U -0.62406
0 -0.785714 Uy -0.62406
v -0.785714 q -0.428571

From Table 5.8, it is observed that the density of merozoites released per bursting blood
schizont P, the rate of invasion of healthy hepatocytes s and erythrocytes f3,, the rate
of recruitment of susceptible hepatocytes A;, and erythrocytes A, have a direct effect on
severity of clinical malaria. A 10% increase (or decrease) in the magnitude of P increases
(or decreases) model R, ¢ by 10%. Clinical malaria control should aim at reducing these
parameters. On the other hand, malaria vaccines (¢ and v) are shown to reduce R,z when

their efficacies are improved.

An increase (or decrease) in the immunosensitivity of infected red blood cells ¢ is similarly
shown to reduce (or increase) the model R, ¢¢. The proportion of merozoites that develop
into gametocytes 7 is also shown to decrease the value of R,rs when they are increased.
By rank, the parameters P, B, A;, are the most influential in model (5.1), followed by the
vaccine efficacies p and v. Clinical considerations should thus favour these parameters in the

development of malaria vaccines.
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Table 5.9: Parameter values used in the sensitivity analysis and numerical simulations

Paremeter Value  Min Max Unit Source

A 30 20 35 sporozoites/day (Selemani et al., 2016)
s 1.2 0.8 1.5 /day (Selemani et al., 2016)
Ar 3ES 3E3 3E6 cells/ml/day (Lietal., 2011)

A 3ES 3E3 3E6 cells/ul~'/day  (Tumwiine et al., 2008)
Br 8E-5 8E-7 8E-3 Imm?3/day (Dondorp et al., 2000)

Bs 5E-4 5E-5 SE-3  /mm’/day (Selemani et al., 2016)
U 0.029 0.01 0.03 /day (Selemani et al., 2017b)
Wy 0.02 0.01 0.05 /day (Selemani et al., 2016)

T 0.2 0.1 0.9 Unitless (Talman et al., 2004)

U 8.3E-5 8.3E-6 0.0001 /day (Anderson et al., 1989)
W 48 46 49 /day (Lietal., 2011)

Uy 0.7 0.5 0.8 /day (Magombedze et al., 2011a)
i 0.0625 0.5 0.78 /day (Selemani et al., 2016)
X,0,V 0.6 0 1 Unitless Assumed

d SE-4 1E-4 0.001  Unitless Assumed

T 1.5 1.2 1.9 Unitless (Niger and Gumel, 2011)
A 30 25 35 cells/day (Niger and Gumel, 2011)
a,b 0.17 0.2 0.5 Unitless (Niger and Gumel, 2011)
P 16 13 20 Unitless (Diebner et al., 2000)

N 10000 8000 11000  Unitless (Tumwiine et al., 2008)
£, €1 1E-5 1E-6 1E-4 /day (Tumwiine et al., 2008)
q 0.01 0.001  0.02 Unitless (Niger and Gumel, 2011)
P 0.3 0.2 0.45 Unitless (Niger and Gumel, 2011)
Uny Lo 0.4 0.3 0.72 /day (Lietal., 2011)

Q 30 24 33 /day (Magombedze et al., 2011a)

In conclusion, the LHS/PRCC technique is robust and considers the entire parameter space

in determining significant parameters in the disease model. However, it fails the ranking

test. On the other hand, although the NFS index approach is beneficial in discerning and

ranking significant parameters in a model, it fails to explain the considerable uncertainties

in estimating parameter values. It therefore fails to uncover parameter effects on particular

variables or populations in the model. Due to the importance attached to the significance and
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rank of each parameter in the model, it is advisable that both approaches be used in future

analysis of parameter uncertainty and sensitivity analysis in disease models.

5.6 Numerical simulation

In this section, the dynamics of the in-host malaria in system (5.1) is numerically illustrated

using Python software. When the effective reproduction number R, is less than unity,

clinical P. falciparum malaria is observed to die out (see Figures 5.4 and 5.5).
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Figure 5.4: Population dynamics of the liver hepatocytes and the sporozoites when the
effective reproduction number R, sy = 0.8881 < 1. The parameter values are shown in Table

5.9.



le6 led

54
4
~
2.5 9
« ]
- S
) © 34
8 g
3 2.0 o
o o
] o
° 2 2
2 1.5 £
Q
<
101 H
0.5 1 01
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time(Days) Time(Days)
(a) (b)
le3 le4
6 1.01
> 0.8
0 41
a = 061
g 8
>
g 3 3
E S
£ 2 0.4
[CP
0.21
14
0 0.0 4
y v v y v v v T v v v T v T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time(Days) Time(Days)

(c) (d)

le3

activated CD8* T-cells, W,
=)
L

v T T
0 10 20 30 40 50 60 70 80
Time(Days)

(e

Figure 5.5: The dynamics of system (5.1) when the effective reproduction number R, s =
0.8881 < 1.

The disease-free equilibrium E is globally asymptotically stable. Note that even if R 7/ is
less than unity, some activated CD8" T cells W, (¢) still exist (see Figure 5.5¢). This shows
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that individual-level acquired immunity against malaria is maintained for some period of
time even if all malaria parasites are eradicated from the host. All simulations are performed

using parameter values given in Table 5.9.

Similarly, the density of sporozoites declines rapidly when R.rr = Rg; < 1, leading to
a corresponding decrease in the density of infected hepatocytes as shown in Figure 5.4.
The malaria-persistent steady state, E, = (S*, H*,X* ,R*, T*,M*,G* W, W) = (10°,3 x
10°,3 x 10%,5x 10%,5 x 103,10%,5 x 102,5 x 10%,5 x 10°) is shown to be stable when R, 7/
is greater than unity, R,rr = 1.3364 > 1 (see Figures 5.7 and 5.6). It is observed that
the densities of sporozoites, merozoites, gametocytes, infected hepatocytes and infected
erythrocytes grow and persists both at the pre-erythrocytic and blood stages of parasite

development.
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Figure 5.7: When the effective reproduction number R.rr = 1.3364 > 1, the malaria-
persistent equilibrium point E), is stable for the chosen set of parameter values. The model
parameter values are shown in Table 5.9 and R(0) = 5 x 10°.
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5.7 Multi-component and multi-stage vaccine cocktail

The need to develop a multi-component and multi-stage P. falciparum malaria vaccine with
sufficient prospect to minimise the severity of malaria infection from human host is illustrated.
Several strategies have been considered in the development of efficient multi-component
and multi-stage P. falciparum vaccine formulations (Doolan and Hoffman, 2001; Pan et al.,
2004; Rampling et al., 2016; Stoute et al., 1997; Stowers et al., 2002; White and Smith,
2013). A synthetic peptide (SPf66) that combines antigens from the blood stages of malaria
linked together with an antigen from the sporozoite stage reduced the number of first attacks
with P. falciparum by 28% in South America (Graves and Gelband, 2006). High level of
sterile efficacy and safety of combining pre-erythrocytic vaccine RTS,S/ASO1B with vectored
vaccines were reported by Rampling et al. (2016).

P. falciparum chimeric protein 2.9 which is a combination of the C-terminal regions of
domain III of AMA-1 and 19-kDa of MSP1 induced both anti-MSP1-19 and anti-AMA-
1(IIT) Abs at levels 11- and 18-fold higher, respectively, than individual components did (Pan
et al., 2004). Studies in Faber et al. (2013) have also shown that a combination of multiple

vaccine candidates in fusion proteins may lead to improved characteristics of the vaccine.

Synergism from combination of transmission blocking vaccines is shown in (White and
Smith, 2013) to confer protection by simultaneously inducing multiple, independent immune
responses directed towards P. falciparum sporozoites. This ensures high levels of vaccine
efficacy against the parasite. The need for multi-stage malaria vaccine is also emphasised
in (Doolan and Hoffman, 2001) where DNA vaccines are shown to have high capacity to
induce CD8™ cytotoxic T lymphocytes and interferon-gamma responses in humans during P.
falciparum infection (Tuteja, 2002).

From these studies, it is evident that a multi-stage specific vaccine cocktail has the potential
to prevent initial malaria infection at the pre-erythrocytic stage, reduce or eradicate clinical
manifestation and prevent the transmission of gametocytes from infected human hosts to
susceptible feeding female Anopheles mosquitos (Boes et al., 2015). Therefore, effects of
malaria vaccine combinations on the severity of P. falciparum malaria infection are evaluated
numerically. The vaccines are broadly categorised as: pre-erythrocytic vaccines, blood
stage vaccines and transmission blocking vaccines. The vaccines are assumed to have an
optimal efficacy of 75%. This figure chosen is in consistency with the WHO strategic goal of
developing a P. falciparum vaccine with atleast 75% efficacy (MVFG, 2018).
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Results in Figure 5.8, show the effects of all the three vaccines combined with a constant
optimal efficacy of 75%. The simulations here were performed in Matlab software. A
sample code is presented in Appendix B. The density of infected erythrocytes T and infected
hepatocytes X is shown to fall significantly. The severity of malaria infection is therefore

highly reduced when the three efficacious vaccine antigens are combined.
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Figure 5.8: Impact of a 75% efficacious combined malaria vaccines (pre-erythrocytic vaccine,
blood stage vaccine and transmission blocking vaccine) on the dynamics of infected erythro-
cytes T and infected hepatocytes X. The simulations are performed when Ry = 2.564 > 1,

and Ry = 5.564 > 1.

The use of only one vaccine is shown in Figures 5.9, 5.10 and 5.11 to have minimal effects

on the severity of malaria infection.
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Figure 5.9: Impact of a 75% efficacious transmission blocking vaccine (TBV) on the dynam-
ics of infected erythrocytes and infected hepatocytes. The simulations are performed when
Ro1 =2.564 > 1, and Ryp = 5.564 > 1.
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Figure 5.10: Impact of a 75% efficacious pre-erythrocytic vaccine (PEV) on the dynamics
of infected erythrocytes and infected hepatocytes. The simulations are performed when

Ro1 =2.564 > 1, and Ry, = 5.564 > 1.
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Figure 5.11: Impact of a 75% efficacious blood stage vaccine (BSV) on the dynamics
of infected erythrocytes and infected hepatocytes. The simulations are performed when
Ro1 =2.564 > 1, and Ryp = 5.564 > 1.

Finally, a combination of any two vaccines (with different antigens) is likely to moderately
reduce the severity of malaria infection. The effects of paired - vaccine combinations are as
shown in Figures 5.12, 5.13 and 5.14. Unlike infected hepatocytes, transmission blocking
vaccines are shown to have minimal effects on the density of infected red blood cells (see

Figure 5.10).
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Figure 5.12: The effect of combining a pre-erythrocytic vaccine (PEV) and a trasmission
blocking vaccine (TBV) that are both 75% efficacious on the dynamics of infected erythro-
cytes and infected hepatocytes. The simulations are performed when Ry; = 2.564 > 1, and

Ro» =5.564 > 1.
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Figure 5.13: The effect of combining a trasmission blocking vaccine (TBV) and a blood
stage vaccine (BSV) that are both 75% efficacious on the dynamics of infected erythrocytes
and infected hepatocytes. The simulations are performed when Ry; = 2.564 > 1, and

Ropp =5.564 > 1.
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Figure 5.14: The effect of combining a blood stage vaccine (BSV) and a pre-erythrocytic
vaccine (PEV) that are both 75% efficacious on the dynamics of infected erythrocytes
and infected hepatocytes. The simulations are performed when Ry; = 2.564 > 1, and

Rop =5.564 > 1.

A combination of an efficacious pre-erythrocytic vaccine and an effective blood stage vaccine
antigens has the potential to significantly reduce malaria severity as shown in Figure 5.14.
Moreover, a combination of antigens from transmission blocking vaccine and those of
pre-erythrocytic vaccine at the liver stage, as shown in Figure 5.12b, are very effective in

suppressing the density of infected hepatocytes in the liver.
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5.8 Conclusion

Results of uncertainty and sensitivity analysis have significant epidemiological importance
in malaria control. The in-host malaria model presented in system (5.1) is shown to be
sensitive to variations in vaccine efficacies ), ¢ and v. Only efficacious malaria vaccines
have a chance to eradicate P. falciparum malaria or to reduce its severity significantly during
clinical infection. Sensitivity indices based on the effective reproduction number indicate
that the rate of invasion of susceptible erythrocytes by merozoites 3, and the rate of invasion
of liver hepatocytes by sporozoites B, are highly sensitive to malaria disease progression.

Malaria vaccines must therefore target and eradicate the infective parasites and infected cells.

Other parameters such as the proportion of merozoites that become gametocytes per dying
infected erythrocyte 7 and the average number of merozoites released per bursting erythrocyte

P are also shown to have a considerable impact on R, s¢ and hence the severity of infection.

A highly efficacious blood stage vaccine has a potential to greatly reduce the density of
malaria gametocytes in blood. This reduces malaria transmission from the human host to the
mosquito vector. Given the protective capacity of liver stage- specific CD8* T cells (Villarino
and W Schmidt, 2013), a lot more research that focuses on developing an efficacious blood
stage vaccine that would prime blood trophozoite-specific CD8" T cells is called for. The
parameter T which accounts for vaccine-induced production of CD8™ T cells is shown to
have significant negative effects on the density of infected hepatocytes. The more efficient
the pre-erythrocytic vaccine is, the lower the density of released merozoites into the host’s
blood.

Moreover, a rapid eradication of parasitised liver hepatocytes is likely to result into less
infected erythrocytes at the blood stage. An efficacious pre-erythrocytic vaccines has a
potential to eradicate infected liver hepatocytes. Such liver stage vaccines may also reduce
the overall burst size of an infected hepatocyte, leading to reduced erythrocytic schizogony
and hence the severity of clinical P. falciparum malaria.

Multiple combination of malaria vaccine antigen has a great potential of reducing the severity
of malaria infections due to P. falciparum. The synergy of combining pre-erythrocytic
vaccines, blood stage vaccines and transmission blocking vaccines antigens induces multiple
immune responses with the potential to prevent or eradicate malaria infection. As highlighted
in Kumar (2007), this study shows that a highly effective vaccine combination is critical for

P. falciparum malaria disease elimination goal.
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Although efficacious malaria vaccines are shown to be very effective in reducing severity
of clinical malaria, the results from this study further confirm the need to combine vaccine
with existing antimalarial therapy to achieve a complete eradication of the parasites from
the host. Moreover, the LHS/PRCC analysis revealed that the prediction imprecision was
mainly due to certain key parameters. Long term precise predictions of the density of infected
liver hepatocytes and infected erythrocytes would be difficult until these key parameters are
correctly determined. A great understanding of parameter uncertainty and sensitivity analysis
of in-host malaria in humans is therefore necessary in order to develop effective vaccines

against P. falciparum pathogens.

In the next Chapter 6, the impact of multiple-strains of P. falciparum infections on the severity
of malaria infection within a human host and its effects on development of parasite resistance
is investigated.
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Chapter 6

Multiple-strain infection and resistance
to antimalarial therapy: A mathematical
modelling perspective

6.1 Introduction

The emergence of parasite resistance (Dondorp et al., 2010; Maude et al., 2009; Sidhu et al.,
2002; Wellems and Plowe, 2001) to antimalarial drugs has contributed significantly to human
mortality and morbidity due to malaria infection, worldwide (Smith et al., 2010; Snow et al.,
2001; White, 1999). A global malaria control strategy of 1992 (WHO, 1993) that advocated
for early diagnosis and prompt treatment has been heavily compromised by the emergence
of parasite resistance to antimalarial drugs. The evolution of parasite resistance has been
described in Kim and Schneider (2013) as an example of a Darwinian evolution. Parasites
undergo mutations in their genome in response to drug-treated human host. These mutations
reduce the rate of parasite elimination from the host and increases their survival chances
(Kim and Schneider, 2013).

The most extensively used antimalarial drugs against the deadly P. falciparum malaria are
Chloroquine (CQ) and Sulfadoxine-pyrimethamine (SP) (Talisuna et al., 2004; White and
Pongtavornpinyo, 2003). These drugs are cheap, easily available and slowly eliminated
from the human body (White and Pongtavornpinyo, 2003). However, the extensive use of
CQ and SP resulted into P. falciparum resistance. This led to global increase in malaria
cases and mortality (Trape et al., 1998). In 2006, the World Health organization (WHO)
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recommended the use of artemisinin-based combination therapies (ACTs) as a first-line

treatment for uncomplicated P. falciparum malaria (WHO, 2015¢).

Resistance to ACTs which are currently the standard treatment for uncomplicated P. falci-
parum is likely to cause global health crisis especially in African region where P. falciparum
malaria is endemic (Ashley et al., 2014; Ouji et al., 2018). The Global Technical Strategy for
Malaria 2016-2030 calls on countries and global malaria partners to monitor the efficacy of
antimalarial medicines so that the most appropriate treatments can be selected for national
policies (WHO, 2018f).

In this chapter, the effects of parasite resistance to antimalarial drugs are investigated by
extending the in-host malaria model by Anderson et al. (1989). The malaria parasites are
categorised into drug-sensitive strain and drug-resistant strain. The impact of multi-strain

infection on severity of the disease is investigated in the context of parasite resistance.

6.1.1 Parasite resistance to antimalarial drugs

The emergence of parasite resistance to malaria therapy dates back to the 19th century.
Quinine (introduced in 1820) was the first-line antimalarial drug against P. falciparum
(Dobson, 2001). High mortality cases coupled with high parasite resistance led to the
introduction of a second drug, chloroquine (CQ) in 1934 (Thompson and Leslie, 1972). A
decade later, CQ was considered the first-line antimalarial drug by several countries until
1957, when the first foci of P. falciparum resistance was detected along Thai-Cambodia
border (Harinasuta et al., 1965). In Africa, CQ resistance to P. falciparum was first discovered
among travelers from Kenya to Tanzania (Fogh et al., 1979). By 1983, CQ resistance had
spread to Sudan, Uganda (Onori, 1984), Zambia (Ekue et al., 1983) and Malawi (David et al.,
1984).

CQ was replaced for the first time with Sulfadoxine-pyrimethamine (SP) as a first line
antimalarial drug in Thailand in 1967. Several other countries in Asia and South America
followed thereafter (Talisuna et al., 2004). Resistance to SP was however reported the same
year (Wernsdorfer and Payne, 1991) in the region. In 1988, CQ was replaced for the first time
in Africa. South Africa replaced CQ with SP (Bredenkamp et al., 2001). In 1993, Malawian
government changed the treatment policy from CQ to SP. Other African countries followed
thereafter: Kenya, South Africa and Botswana (in 1998); Cameroon, Tanzania (in 2001) and
Zimbabwe (in 2000) (Bloland et al., 1993). The effectiveness of SP was equally undermined
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by resistance. Unlike CQ, P. falciparum resistance to SP was mainly attributed to the long
half-life of the drug (Foote and Cowman, 1994).

Confirmed resistance to the artemisinin derivatives was first reported in Cambodia and
Mekong regions (CMR) in 2008 (WHO, 2016a). The number of ACTs with high failure
rates in CMR is presented in Figure 6.1. Artemisinin resistance is characterised by slow
parasite clearance (WHO, 2018f). To leverage on parasite resistance, cost of treatment and
burden of malaria infection to communities and governments, the WHO recommends the
use of artemisinin-based combination therapy (ACTs) as the first and second-line treatment
drugs for uncomplicated P. falciparum malaria (WHO, 2016a). ACT is a combination of
artemisinin derivative and a partner monotherapy drug. Artemisinin derivatives include
artemether, artesunate and dehydroartemisinin. These derivatives reduce the parasite biomass
within the first three days of therapy while the partner drug, with longer half-life, eliminates
the remaining parasites (WHO, 2018e).

China
(Yunnan Province)

Myanmar Viet Nam

" Lao People’s
--Democratic
/ Republic

Thailand

High ACT failure bi‘ Cambodia
rate (>10%) for: DA

TACT

2ACTs
Il 3 ACTs
Ml 4 ACTs

Figure 6.1: Number of artemisinin-based combination therapies (ACTs) with high failure
rates in the treatment of P. falciparum infections. Source: WHO (2018f).

Currently, WHO recommends five different ACTs: (1) Artesunate-amodiaquine (AS+AQ),
(2) artesunate-mefloquine (AS+MQ), (3) artesunate+sulfadoxine-pyrimethamine (AS+SP),
(4) artemether-lumefantrine (AM-LM) and (5) dihydroartemisinin-piperaquine (DHA+PPQ).
Additionally, artesunate-pyronaridine (AS+PY) which has received a positive scientific
opinion from the European Medicines Agency (EMA) maybe used in regions where ACT
treatment response is low (WHO, 2018e). Access to ACT has been tremendous in the

last 8 years; with recorded increases of 122 million procured treatment courses for the

140



period 2010-2016. However, resistance to currently used ACTs have important public health

consequences, especially in the African region, where resistant P. falciparum is predominant.

Numerous cross-sectional studies (Bushman et al., 2016; Harrington et al., 2009) have
revealed the possible impact of multiple-strains of P. falciparum in the development of
resistance to ACTs. In Bushman et al. (2018) and citations therein, drug-sensitive parasites
are shown to strongly suppress the growth and transmission of drug-resistant P. falciparum
parasites. Although high transmission settings such as sub-Saharan Africa account for about
90% of all global malaria deaths, resistance to antimalarial drugs have been shown to emerge
from low transmission settings, such as Southeast Asia and South America (Bushman et al.,
2018).

Causes of parasite resistance to ACTs are diverse. Historical studies (Mita et al., 2009;
Vinayak et al., 2010) indicate that antimalarial-resistant parasites could emerge from a
handful of lineages. It is argued elsewhere (Hastings and Watkins, 2005; Talisuna et al., 2003)
that recombination during sexual reproduction in the mosquito vector could be responsible
for the delayed appearance of multi-locus resistance in high-transmission regions. Moreover,
owing to repeated exposure for many years, individuals in high-transmission settings are
likely to develop clinical immunity to malaria, leading to stronger selection for resistance
(Klein et al., 2008). Studies in Bushman et al. (2018) also support the hypothesis that in-host
competition between drug-sensitive and drug-resistant parasites could inhibit the spread of
resistance in high transmission settings. Owing to their integral role in the recent success of
global malaria control, the protection of efficacy of ACTs should be a global health priority
(WHO, 2017b).

Mathematical models of in-host malaria epidemiology and control constitute important
tools in guiding strategies for malaria control (McKenzie, 2000; McKenzie and Samba,
2004) and the associated financial planning (Coleman et al., 2004). While some researchers
have focussed on probabilistic models (Hastings, 1997; Mackinnon, 2005), others have
investigated the effects of drug treatment and resistance development using deterministic
models (Aneke, 2002; Koella and Antia, 2003). A deterministic model by Esteva et al. (2009)
monitored the impact of drug resistance on the transmission dynamics of malaria in a human
population. In Bushman et al. (2018), the impacts of within-host parasite competition is
shown to inhibit the spread of resistance (Klein et al., 2012; Legros and Bonhoeffer, 2016).
On the contrary, some models (Hastings, 1997; Wargo et al., 2007) have suggested that
within-host competition is likely to speed up the spread of resistance in high-transmission

settings due to a phenomenon called ‘competitive release’. In this chapter, theoretical insights
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using mathematical modelling of the impact of multiple-strain infections on resistance,

dynamics and antimalarial control of P. falciparum malaria are provided.

6.2 Model formulation

To investigate the effects of parasite resistance to antimalarial drugs and the impact of
multiple-strain infection on severity of the disease, the deterministic blood stage malaria
model by Anderson et al. (1989) is extended. This model considers the co-infection and
competition between the drug-sensitive (dss) and the drug-resistant (drs) P. falciparum strains
in the presence of antimalarial therapy. The drs arise presumably from the dss. The rare
mechanism here could possibly be due to single point mutation (zur Wiesch et al., 2011).
Both drs and dss initiate immune responses that follow density-dependent kinetics.

The model is composed of eight compartments: susceptible/healthy/unparasitised erythro-
cytes X (t), parasitised/infected erythrocytes (Y,(¢) and Y(z)), merozoites (M,(¢) and M,(t)),
gametocytes (G4(7) and G.(¢)) and immune cells W (z). The healthy red blood cells (RBCs)
make up the resource for competition between the drug-resistant strain and the drug-sensitive
strain. The infected red blood cells (IRBCs) and the different erythrocytic parasite life
cycles are categorised based on the strain of infecting parasite. The merozoites are there-
fore categorised into drug-sensitive strain and drug-resistant strain, denoted by M,(¢) and
M,(t), respectively. The merozoites invade the healthy erythrocytes during erythrocytic
stage leading to formation of infected erythrocytes. The variable Y(¢) denotes the red blood
cells (RBCs) infected with drug-sensitive merozoites, whereas, Y,(¢) refers to the RBCs
infected with drug-resistant merozoites. Similarly, the variables G,(¢) and G,() represent
drug-sensitive and drug-resistant gametocytes, respectively. Owing to saturation in cell and
parasite growth, the nonlinear Michaelis-Mented-Monod function described in Agur et al.
(1989); Antia et al. (1994) and used in Cai et al. (2017); Chiyaka et al. (2008); Pilyugin and
Antia (2000); Selemani et al. (2017a), is considered to model the reductive effects of the
immune cells on the parasite and infected-cell populations.

The density of the healthy RBCs is increased at the rate A, per healthy RBC from the host’s
bone marrow and die naturally at a rate u,. Following parasite invasion by free floating
merozoites, the healthy erythrocytes get infected by both drug-sensitive and drug-resistant
merozoite strains at the rates 3 and 6,3, respectively. The parameter o, (with 0 < §, < 1)
accounts for the reduced fitness (infectiousness) of the resistant parasite strains in relation to

the drug-sensitive strain. The destruction of the healthy red blood cells is however limited
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by the adaptive immune cells W. This is represented by the term 1/(1+ yW), where y is a
measure of the efficacy of the immune cells. The equation that governs the evolution of the
healthy RBCs is hence given by

dx BX

S —ux—
dt Bt T w

(My+ 8:M,). (6.1)

The infected red blood cells are generated through mass action contact (invasion) between
the healthy erythrocytes X and the blood floating merozoites (M, and M;). The merozoites
subdivide mitotically, within the infected erythrocytes, into thousands of other merozoites
leading to cell-burst and emergence of malaria characteristic symptoms. Additionally, a
single infected erythrocyte undergoes hemolysis at the rate (s to produce P secondary
merozoites, sustaining the erythrocytic cycle. The drug-sensitive IRBCs (Yy) burst open to

generate more drug-sensitive merozoites or drug-sensitive gametocytes at the rate o;.

Similar dynamics are observed with the drug-resistant IRBCs, where the drug-resistant
gametocytes are generated at the rate o, from IRBCs. Treatment with ACT is assumed
to inhibit the development of the merozoite within the infected erythrocyte. The drug-
infested erythrocytes are hence likely to die faster. This is represented by the term (1 —
@;)~", where 0 < @, < 1 represents the antimalarial-specific treatment efficacy. In this
chapter and for purposes of illustration and simulations, @s, corresponds to the efficacy
of artemether-lumefantrine (AL), which is the recommended first-line antimalarial ACT
drug for P. falciparum infection in Kenya. It is assumed that no treatment is available for
erythrocytes infected with the resistant parasite strain. The time rate of change for Y and Y,

takes the form:

A, BXM, kYW 1
dt - 1+yW  14aY, 1-—
dv,  &BXM, kYW
dt - 1+yW 1+aY,

o .uySYs - GsYsa (62)

- .uerr - GrYr- (6~3)

The drug-resistant merozoites M, and the drug-resistant gametocytes G, die naturally at the
rates [, and [, respectively. It is further assumed that drug sensitive merozoites M, and
gametocytes Gy may develop into drug-resistant merozoites M, and gametocytes G, at the
rates W; and W,, respectively. The cost of resistance associated with AL is represented
by the parameter . Parasite resistance to antimalarial drugs exacerbates the erythrocytic
cycle and increases the cost of treatment (De Roode et al., 2004; Hayward et al., 2005). The
higher the resistance to antimalarial therapy, the higher the density of malaria parasites in

blood. Therefore, this decline in drug effectiveness is modelled by re-scaling the density of
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merozoites released per bursting infected erythrocyte P by the factor (1 — o), where o, = 1
implies no resistance, that is, the ACT is highly effective in eradicating the parasites. oz =0
corresponds to maximum resistance; and the used ACT drug is least effective in treating
the infection. The converse of these descriptions applies to the drug-resistant P. falciparum
parasite strain. The equations that govern the rate of change of the infected red blood cells

and the merozoites takes the form:

W (1 )Pt - ff’;v‘v - ’l‘"fflg (Wt OM,e (64)
dé‘fr — (1 — &) P, ¥, + ¥ M, — ‘iﬁﬁx - If”fflg — M, (6.5)
dis = 0,Y, — fﬁ((’; — (W24 Hgs +1)Gs, (6.6)
dgr = 0,Y, + Y6, — f‘f;(é — UgrG. (6.7)

Antimalarial therapy increases the rate of elimination of drug-sensitive merozoites and
gametocytes. This is represented by the nonnegative enhancement parameters { and 7,
respectively. Although the innate immunity is faster, it is often limited by the on and off rates
in its response to invading pathogens (Doolan et al., 2009; Liehl et al., 2015). The adaptive
immunity on the contrary, is very slower at the beginning but lasts long enough to ensure
no parasite growth in subsequent infections (Bushman et al., 2016). It is assumed that the
immune cells are independent of the invading parasite strain. For simplicity, we consider
the adaptive immune system, which is mainly composed of the CD8" T cells (Villarino and
W Schmidt, 2013).

The assumption that the background recruitment of immune cells is constant (at the rate A,,)
is adopted. Additionally, the production of the immune cells is assumed to be boosted by
the infective and infected cells (G, G;), (M,,My) and (Y;,Y;) at constant rates /g, h,, and h,,
respectively. Circulating gametocytes, infective merozoites and infected erythrocytes are thus
removed phagocytotically by the immune cells at the rates kW, k,, W and k,W, respectively.
The immune cells also get depleted through natural death at the rate u,,. The equation for the

immune cells takes the following form:

dw {hg(GerGr) hy(Ys+Y:)  hu(Ms+M,)

w—-u,W. 6.8
Gs+Gr+e, Yi+Y+e MS+M,+em} H 6.8)

Following invasion by the merozoites, the IRBCs either produce merozoites or differentiate

into gametocytes upon bursting. The total erythrocyte population at any time ¢, denoted by
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C(t) is therefore given by
Ct)=X(t)+Y(t) +Y,(2). (6.9)

Similarly, the sum total of P. falciparum parasites, denoted by L(¢) within the host at any
time ¢ is described by the following equation:

L(t) = Ms(t) + M, (t) + Gs(t) + G,(1). (6.10)

The above dynamics can be represented by the schematic diagram shown in Figure 6.2. The

list of model variables and parameters are provided in Tables 6.1 and 6.3, respectively.

kMW MW

(1 + aMy) (1+aM,)
HmsMs a- as)Pusts 1- ar)PUerr WnrM;-
— —_— —_— —_—

A—
k,GW
(1 + aGy)

l(n + lgs) Gy kgGe W
(1+aG,)

Figure 6.2: A model flow diagram. Drug-sensitive variables are shown in green colours while

the drug-resistant variables are indicated in orange colours. Non-strain specific variables like

susceptible red blood cells (RBCs) and immune cells are shown in blue colour. Solid lines

indicate the movement of populations from one compartment to another. Dotted lines show

possible interactions between the different populations.
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Table 6.1: Description of the state variables of model (6.11).

Variable Description

Population of uninfected/unparasitised red blood cells (erythrocytes)
Population of red blood cells infected by drug-sensitive merozoites
Population of red blood cells infected by drug-resistant merozoites
Population of drug-sensitive merozoites

Population of drug-resistant merozoites

Population of drug-sensitive gametocytes

Population of drug-resistant gametocytes

SEIEOIISE G R

Population of strain-independent immune cell

Table 6.2: Description of model parameters

Parameter Description

Ax The rate of recruitment of red blood cells

g Antimalarial treatment efficacy

O Fitness cost associated with drug-sensitive merozoites M,
Qy Fitness cost associated with drug-resistant merozoites M,
Ay Background recruitment rate of immune cells

eg,em,ey  Hill parameters in G;, M; and Y; dynamics (i=s,r)

Uy Per capita natural mortality rate of unparasitised erythrocytes
Hys Natural mortality rate of drug-sensitive IRBCs
Myr Natural death rate of drug-resistant IRBCs
4 Rate of eradication of drug-sensitive merozoites by antimalarial drugs
n Rate of eradication of drug-sensitive gametocytes by antimalarial drugs
Wins Death rate of drug-sensitive merozoites
WU Mortality rate of drug-resistant merozoites
Mgs Per capita mortality rate of drug-sensitive gametocytes
Uer Mortality rate of drug-resistant gametocytes
Wy Natural mortality rate of immune cells (CD8™T cells)
B The rate of infection of susceptible RBCs by blood floating merozoites
O;, Oy Rate of formation of gametocytes from the infected RBCs
P Number of merozoites produced per dying infected RBC
hy Immune cells proliferation rate due to IRBCs
hm Immune cells proliferation rate due to asexual merozoites
hg Immune cells proliferation rate due to gametocytes

Continued on next page
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Table 6.2 — Continued from previous page

Parameter Description

ky Phagocytosis rate of IRBCs by immune cells
ki Phagocytosis rate of merozoites by immune cells

kg Phagocytosis rate of gametocytes by immune cells
b4 Rate of development of resistance by drug-sensitive merozoites
P, Rate of development of resistance by drug-sensitive gametocytes
0, Accounts for the reduced fitness of the resistant parasite strain

Y Efficiency of immune effector to inhibit merozoite infection

1/a Half-saturation constant for Y (z), M(¢) and G(¢)

In extending the deterministic blood stage malaria model by Anderson et al. (1989), following

model assumptions are made:

1.

There are eight interacting populations of susceptible red blood cells, drug-sensitive
merozoites, drug-resistant merozoites, red blood cells infected with drug-sensitive
merozoites, red blood cells infected with drug-resistant merozoites, drug-sensitive

gametocytes, drug-resistant gametocytes and immune cells, at any given time ¢.

. The drug-resistant strains of merozoites and gametocytes are assumed to arise presum-

ably from the drug-sensitive strains of merozoites and gametocytes, respectively.

. Red blood cell infection is merozoite-strain dependent. The infected red blood cells

are hence categorised based on the infecting merozoite strain.

. Itis assumed that the drug-resistant merozoites have a lower rate of infection compared

to their drug-sensitive competitors.

. The invasion of the red blood cells is limited by the adaptive immune cells.

. Treatment using the ACT drug is assumed to inhibit merozoite development within

infected red blood cells.

. Only drug-sensitive merozoites are targeted by antimalarial treatment.
. The immune cells are assumed to be recruited at a constant rate from the bone marrow.

. All model parameters are assumed non-negative.
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10. Generation of immune cells is stimulated by the presence of infected red blood cells,

merozoites and gametocytes.

Based on the above model descriptions, model assumptions and the schematic diagram

shown in Figure 6.2, the model in this chapter consists of the following system of nonlinear

differential equations:

dx BX

@ TR Ty
dY,  BXM, kYW 1
dt 149w 1+aY, 1-—
dv,  8BXM, kY,W
dt 1+yW  1+a,

(M, +8,M,),

o UysYs — 0,Y5,

— ,uerr — G,-Yr,

dM; BMX kMW
dl ( S) tu“ys s 1+,)/W 1+61MS ( 1+uu' S+C) N
dM, §BMX kMW

= (1 — o) Py, Y, - V1 M, — _ M,
dr ( r) .uryr r"’ 1L 1+'YW 1—|—aM, ‘Ll,m r
dG kWG

=0, - A —" (¥ G

dr sty 1—|—(1G5 ( 2"‘,Uvgs+n) k)
dG, kWG,

=oY, +%¥ - — MgrQr,
” 0., +¥1Gy 114G, UerG
W _ [ 1lG4 G () MM
dt Gs+G,t+eg Yst+Yrte, Mi+M +ey Y

subject to the following initial conditions

X(0) > 0,%(0) > 0,M;(0) >0,G;(0) > 0,W(0) >0, for

6.3 Model analysis

6.3.1 Positivity and uniqueness of solutions

(6.11)

The consonance between a formulated epidemiological model and its biological reality is key

to its usefulness. Given that all the model parameters and variables are nonnegative, it is only

sound that the model solutions be positive at any future time # > 0 within a given biological

space.
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Theorem 6.1. The region ]R?F with solutions of system (6.11) is positively invariant under
the flow induced by system (6.11).

Proof: We need to show that every trajectory from the region Ri will always remain within
it. By contradiction, assume 3* (where ¢* refers to time) in the interval [0, o0), such that
X(*)=0,X'(t*) <Obutfor0 <t <r*, X(t) >0,and ¥; > 0, M; > 0, G; >0, and W; > 0
for i = {r,s}. Notice that at r = ¢*, X (¢) is declining from the original zero value. If such as
X exists, then it should satisfy the system (6.11). That is,
G e X0 = ) + 6 00)
=4 >0. (6.12)

This is a contradiction i.e. X’(z*) > 0. It shows the nonexistence of such ¢*. This argument
can be extended to all the remaining seven variables (Y5, Y,, My, M,, G5, G,,W). The process of
verification is however simpler. The steps as presented in Chiyaka et al. (2009) are followed.
Let the total erythrocyte population C(z) evolve according to the following formulation:

dc Y, Y,
— =L, — u.C — (oY, Y,) — k,W 3 4
g =M HL- okt ok) <k (1+an_kl+an)7

<A —uC, (6.13)

where [, = min{ Ly, Ly, 1y, }. Similarly, the total density of malaria parasites L(t) is de-
scribed by

dL
& < PLU=0)mY (1= o)y, ¥} + 0% + 0%, — L. (6.14)

where , = min{ g, Wnr, Hes, Her }-

The solution of the last equation in system (6.11) together with those of equations (6.13) and

(6.14) are respectively given as

Ay M>_t Ax ( M>_,
W) < — wW(0)— — “W, Clt) < — c(0)—— He 6.15
< (wo- 5 )e 0=+ (co-3)e 6.15)
and
Oy fé Ys(t)A[th + o, fot Yr(t)AIth _ (Gs + Gr)l.ip 1
L) = Arr L) P{(1 — o)ty + (1 — ) lyr} ) Arp’

(6.16)
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where
t t t
AlF = exp {_ (p(1 o)ty / Y,(£)dr + P(1 — o) yr / Yr(t)dt> - / ,updt}.
0 0 0

Here, C(0) = X(0) 4+ Y,(0) + ¥,(0) and L(0) = M(0) + M, (0) + G,(0) + G,(0) represents
the initial total populations of erythrocytes and malaria parasites, respectively. It is observed
that the solutions of W (in system (6.11)), C (in inequality (6.13)) and P (in inequality
(6.14)) remain nonnegative for all future time ¢t > 0. Moreover, the total populations are
bounded: 0 < C(¢) < max{C(0),(A/uc)}, 0<W(t) <max{W(0),A,/u,)} and L(r) <
max{L(0), (((os;+ o))/ (P(1 — o) tys + P(1 — &) yr)) }. Thus, all the state variables
of system (6.11) and all their corresponding solutions are nonnegative and bounded in the

phase space ¢, where

¢ ={(X.Y,Y,,M;,M,,Gy,G,,W) € R® : C(t) < max{C(0), (Ac/ptc)},
W(t) < max{W(0),A,/uy)} and

(0 + oy )p
L(t) < max (L(O), (e +P(1”_ ar)uyr) } : (6.17)

It is obvious that ¢ is twice continuously differentiable function. That is, ¢; € C2. This is
because its components ¢;, 1 < i < 8 are rational functions of state variables that are also
continuously differentiable functions. In conclusion, the domain ¢ is positively invariant. It
is therefore feasible and biologically meaningful to study system (6.11).

Theorem 6.2. The system (6.11) has a unique solution

Proof: Let x = (X,Y;, Y, Ms,M,, G, G-, W)T € ]Ri, so that x; = X and x; = ¥; as presented
in system (6.11). Similarly, let g(x) = (g;(x),i=1,---,8)7 be a vector defined in R3.. The

system (6.11) can hence be written as

dx

pri g(x), x(0)=xqo, (6.18)
t

where X : [0,00) — ]R?|r denotes a column vector of state variables and g : Ri — Ri represents

the right-hand side (RHS) of system (6.11). The result is as follows.

Lemma 6.1. The function g is continuously differentiable in x

Proof: All the terms in g are either linear polynomials or rational functions of nonvanishing
polynomials. Since the state variables (X,Y;,Y,,Ms,M,,Gs,G,,W) are all continuously
differentiable functions of ¢, it follows that all the elements of vector g are continuously
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differentiable. Moreover, let V(x,n,0) = {x+6(n—x): 0< 6 < 1}. By mean value
theorem,

1g(n) — g(x)|l-- = |g'(m,n —x)| |, (6.19)

where m € V(x,n, ) denotes the mean value point and g’ the directional derivative of the

function g at m. However,

8

Z Vgl ))ei

i=1

1g"(m,n —x)[| =

o5}

'Mw

(Ve m)| |n—x][e, (6.20)

i=1

(o]

where ¢ is the i’ coordinate unit in Ri. It is easy to see that all the partial derivatives of g

are bounded and that there exists a nonnegative M, such that

8
) (vg(m)|| <M forall meV. (6.21)
i=1 A
Therefore, there exists M > 0 such that
|lg(m) — g(x)[|e < M|[n—x]|e. (6.22)

This shows that the function g is Lipschitz continuous. Since g is Lipschitz continuous, it
follows that system (6.11) has a unique solution by uniqueness theorem of Picard (Hale,
1969).

6.3.2 Stability analysis of the parasite-free equilibrium point (PFE)

The in-host malaria dynamics are investigated by studying the behaviour of the model at
the different model equilibrium points. Knowledge of model equilibrium points is useful in
establishing parameters that drive the infection to different stability points. System (6.11)
has a parasite-free equilibrium point Eq given by

0 0 y0 370 270 ~0 ~0 1170 A
Eo= (X",Y, .Y, M, M, G;,G/W") = (—,

X

A
0,0,0,0,0,0, —W) . (6.23)
Ly

Using the next generation operator method by Van den Driessche and Watmough (2002) and

the matrix notations therein, a nonsingular matrix Q showing the terms of transitions from
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one compartment to the other and a nonnegative matrix F of new infection terms is obtained

as follows: Bt
g 2 (Vlw+0uw)ux (nguw g 8
(YA )
F— 00 0 0 0 0 (6.24)
00 0 0 00
00 0 0 00
00 0 0 00
and
Vi 0 0 0 0 0
0 V) 0 0 0 0
0= —P(1 — o) tys 0 vy O 0 0 , 6.25)
0 —P(l—o0y)ty, —%¥1 v4 O 0
— Oy 0 0 0 Vs 0
0 —0O; 0 0 —Y¥; v

where vi = ((kyAw/ ) + 05 + Mys /(1 — @), v2 = ((kyAw/ o) + O + Hyr),
v3 = (8 + Wns +P1 + (kmAw /) + (BAxkb /(YA + o) ) va = (Hanr + (kiAo / ) +
(&le.uw/(ylw +.uw).ux)’ Vs = (T[ + Ugs + (kngw/.uw) +1P2) and vg = (.ugr + (kglw/.uw))-

The effective reproduction number Rg associated with the parasite-free equilibrium is the

spectral radius of the next generation matrix FQ~!, where

% 0 0 0 0 0
0 L 0 0 0 0
2
Q—l P(];ﬁ;wﬂ 0 % 0 0 0 (6.26)
- P(1—o0t) pys'¥ P(1—0) fyr 1 :
V1V3V4y : Vav4 ; 0 vy 0 0
O /V1Vs 0 0 0 o 0
os¥2/vivsve o 0 0 ¥/vsve é
It follows that
Rg =p(FQ ') = max{R,R,}, (6.27)
where
P(1— Axcldyy
R, — (1= 06 HysPAspt (6.28)

ky S m/\w }Lx X
(B2 0y 225 ) (€ pms + e o o BRI (2, ),
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and

P(1— 0t) fyr 6B Axllyy
k /'LW kmlw Serx w
<ly«lT -I-Gr-l‘.uyr) <.umr+ ™ + (Y)LW-FMl;t)ﬂx) (Yﬂ‘w‘l‘,llw)ux

From equation (6.27), it is evident that in a multiple-strain P. falciparum malaria infection,

R, = (6.29)

the progression of the disease depends on the effective reproduction numbers of the different
parasite strain. If the threshold quantity R; > R,, the drug-sensitive parasite strain will
dominate the drug-resistant strain. To manage the infection in this case, the patient should be
given antimalarials that can eradicate the drug-sensitive parasites. Conversely, if R, > R;,
the infection is mainly driven by the drug-resistant parasite strain. In this scenario, the
used antimalarial drugs should be highly efficacious and effective enough to kill both the
drug-resistant strain and the drug-sensitive parasite strain in the blood of the human host. This
result is quite instrumental in improving antimalarial therapy for P. falciparum infections.
The best antimalarials should be sufficient enough to eradicate both drug-sensitive and

drug-resistant parasite strain within the human host.

The following lemma is based on Theorem 2 in Vannice et al. (2012).
Lemma 6.2. The parasite-free equilibrium point [ is locally asymptotically stable if Rg < 1
(Ry < 1 and R, < 1) and unstable otherwise.

The Jacobian matrix associated with system (6.11) at Eg is given by

— _ﬁ l)«f#w N 5rﬁ2'x,uw
Ha 0 ¢ (Mﬁuw)ux e 0 0
0 —v) 0 ﬁ 0 0O 0 0
— _ Bl

0 4 V2 g Tt im0 0 0

I = 0  P(1—oa)hys 0 —Vv3 0 0 0 0
Ey — )

’ 0 0 P(l—o)y, Wi —vy 0 0 0

0 (o 0 0 0 —vs 0 0

0 0 (o} 0 0 Y, —v O

0 M M Py I Ay hglw hgkw o
eyl eyl em My em Mty egly egly uw

(6.30)
where the terms vy, - - - vg are as defined in matrix (6.25). It is clear from matrix (6.30) that the
first four eigenvalues are — i, (from column 1), —p,, (from column 8), — (e, + kii’“) = —vg
(from column 7), —(1 + Ugs + %) = —vs5 (from column 6). They are all negative. The

remaining four eigenvalues are obtained from the roots of the following quartic equation:

P(A) = A+ pi A3 + paA? + psd + pa, (6.31)
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where

p1=(V1+v2+v3+vg) >0, (6.32)
P2 =v3va+vo(v3+va) +vi(va+v —I—V)—M((l—a)u — (1= o)ty 6r)
2 3V4 2{V3 4 112 3 4 ('}’)bw‘i‘lvlw),ux s ) Mys r)MyrOr ),
(6.33)
1 1
P3 =3[V (vavaK = P(1 = 0 )y B Aty )] — 2 [P(1 = 0t5) ys BAckboy (v2 +v4)
+ %[(vm) Hva(v3 +va)]K — P(1 = 04) 1y, BActt,)]  and (6.34)
s = (vavaK — P(1 — o) tye 8B Axphyy) (viv3K — P(1 — 0i) ys B Ax L1y ' 635)

K

Due to complexity in the coefficients of the characteristic (6.31), the Routh-Hurwitz stability
criterion (Allen, 2007) provides sufficient condition for the existence of the roots of the given
polynomial on the left half of the plane.

Definition 6.1. The solutions of the characteristic equation (6.31) are negative or have

negative real parts provided that the determinants of all Hurwitz matrices are positive (Allen,
2007).

Based on the Routh-Hurwitz criterion, the system of inequalities that describe stability region
Ey is presented as follows:

(i) p1 > 0, (i) p3 > 0, (iii) ps > 0, and (iv) p1p2p3 > p3+ Pipa.

From equation (6.32), it is clear that p; > 0. Upon simplifying p; in equation (6.33), then

A B Al 6, BB
P2 =V3va+vov3+vivy +vivs + (V1V3 + x'u+ﬁl) + (vzw + XMWTrﬁZ) , (6.36)
where B; = —P(l1—oa)uy, and By = —P(1 — o)y, Thus,
B1BA B>6,.BA
P2 = v3vs t vavs t vivatvivs vy |1 — PPk ]y B2 P A )
V1V3K V2V4K

= (vi+v3)(v2+va) +viv3[l =Rg|+vowa[l —R,] >0 ifand onlyif Ry, R, <1.
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Similarly, the expression for p4 in equation (6.35) can be rewritten as follows:

Blﬁlxﬂx Vova + BZSrle“w
K o K

Blﬁxx.uw] |: BZ6rﬁkxuw}
SIS gy | 1
ViVv3 vova K

=vv3[l —=RgJvaw[1 —R,] >0 if and only if R, R, < 1. (6.38)

P4 = {V1V3 +

=viv3 {1 +

Simplifying equation (6.34) gives

N BB Ay (v2 +v4) N OrBBa Aty (V1 +Vv3)

P3 = Vvav3va +viv3vg +viva (v +va)

K K )
! BiA 1 BiA 1 5, BB
=ViVv3ivg | — 1+M +_ 1+M +_ 1+ rﬁ 2 x.uw
V4 viv3K 1) vinK Vi —v2v4K
e <1+M)]
V3 vova K
V2t V4 Vi+3
= V{VV3V4 |: (1 —Rs)—|— (1 —Rr):|
2V4 Viv3

=vv3(va +v4)[l —Rg| +vava(vi +v3)[l —R,] >0, ifand only if R;,R, < 1. (6.39)

Since all the coefficients of the characteristic equation (6.31) are nonnegative, all its roots
are therefore negative or have negative real parts. Hence, the Jacobian matrix (6.30) has
negative eigenvalues or eigenvalues with negative real parts if and only if the effective
reproduction number Rg is less than unity. The equilibrium point Ey is therefore locally
asymptotically stable when Rg < 1 (when both Ry < 1 and R, < 1). This implies that an
effective antimalarial drug would cure the co-strain infected human host, provided that the

drug reduces the effective reproduction number to less than 1.

Lemma 6.2 shows that P. falciparum malaria can be eradicated/controlled within the human
host if the initial parasite and cell populations are within the basin of attraction of the trivial
equilibrium point Ey. To be certain to eliminate the infection irrespective of the initial
parasite and cell populations, it is necessary to prove the global stability of the parasite-free
equilibrium point. This is presented in the following subsection.
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6.3.3 Global asymptotic stability analysis of the PFE point

Following the work by Kamgang and Sallet (2005), the system (6.11) is rewritten in pseudo-

triangular form:

X, :Dl<x><x—xf>+Dz<X>Xz} (6.40)

X = D3(X)X,,

where X is a vector representing the densities of noninfective population groups (unpara-
sitised erythrocytes and immune cells) and X, represents the densities of infected/infective
groups (infective P. falciparum parasites and/or infected host cells) that are responsible for
disease transmission. For purposes of clarity, (X1,0) is represented with X; and (0,X,) with

X, in R® x R3.. Assume the existence of a parasite-free equilibrium in ¢ : X* = (X},0).

Thus,
X - (X17X2)7 Xl — (X7W)a X2 = (YS7YI‘7MS7MV7GS7GI‘>7 (641)
X = (ﬁﬂ) . (6.42)
M Moy

System (6.40) is analysed based on the assumption that it is positively invariant and dissipative
in @. Moreover, the subsystem X is globally asymptotically stable at X;* on the projection
of ¢ on Ri. This implies that whenever there are no infective malaria parasites, all cell
populations will settle at the parasite-free equilibrium point [Ey. Finally, D; in system (6.40)
is a Metzler matrix that is irreducible for any X € ¢@. It is assumed that adequate interactions

between and among different parasites and cell compartments exist in the model.

The matrices D1(X) and D,(X) are easily computed from subsystem X in system (6.40) so
that we have

— 0
Dix)= [ ™ and (6.43)
0 _“W
0 0 —BAw =6, BAxkh 0 0
w) Hx vy ) Hx
P2l = <ﬁ N W Y SN ) PR
ey eyly emty em Mty eg iy €g Uy

It is easily seen that the eigenvalues of matrix D; are both real and negative (—u, < 0,
—Wy, < 0). This shows that the subsystem X; = D (X)(X — X;') + D2(X)X; is globally
asymptotically stable at the trivial equilibrium X;. Additionally, from subsystem X, =
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D3(X)X>, the following matrix is obtained.

Y 0 Wfﬁ—[[)“ 0 0 0
0 v, 0 Wﬁﬁ—[[)# 0 0
Ds(X) = P(1 — ot) tys 0 —V3 0 0 0 (6.45)
0 P(l — ocr)uyr ¥, —V4 0 0
o, 0 0 0 s 0
0 o, 0 0 ¥ —v

Notice that all the off-diagonal entries of D3(X) are nonnegative (equal to or greater than
zero), showing that D3(X) is a Metzler matrix. To show the global stability of the parasite-
free equilibrium Ey, it is necessary to show that the square matrix D3(X) in (6.45) is a
Metzler stable. We therefore need to prove the following lemma.

Lemma 6.3. Let K be a square Metzler matrix that is block decomposed:

K- Kn K2} (6.46)
Ky Ky

where K11 and Ky, are square matrices. The matrix K is Metzler stable if and only if K1,
and Ky, — KZIKfllKlz are Metzler stable.

Proof:
The matrix K in Lemma 6.3 refers to D3 in this case. Let

B 0 (Yﬁ—ﬁxw 0 0 0
K = 0 i L K= | e 000 |, (647)
P(l—oag)pys O —V3 0 00
0 P(l — (Xr) Myt ¥, —vs 0 0
K1 =| o 0 0 |, Kn=| 0 —-vs 0 |. (6.48)
0 Oy 0 0 ‘Pz —Ve

Results from analytical computations based on Mathematica software give

—V3(YAw i) by 0 - BAxtly
(YZ'W‘FHW),UXVIV3+Pﬁ(as71)lxuwﬂys VlV3(lev+ﬂw)ux+Pﬁ(asfl)lxuwﬂys
-1 _ 1
P(0ts— 1) (YAw+ ) i lys —vi (YAw L) p

v1v3 (YA )t PP (0t — 1) Ax fhiv flys 0 (Yot ) v v3+PB (0t — 1) Ax iy lys
(6.49)
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and

—vs 0 0
Kn—KnK'Kn=| 0 —v 0 |, (6.50)
0 le —V6

where vy = (L + (kmAw/ ) + (6B At/ (YA + ) L) )5 Vs = (N + Mgy + kg A/ thy +'¥'2)
and vg = (/Jgr + kgﬂ'w/“w)

From equation (6.50), it is evident that all the diagonal elements of matrix K>, — K21K1_11K12
are negative and the rest of the elements in the matrix are nonnegative. This shows that matrix
Ko — K21Kﬁ1K12 is Metzler stable, and the parasite-free equilibrium point Eq is globally
asymptotically stable in the biologically feasible region ¢ of system (6.11). Epidemiolog-
ically, the above result implies that when there is no malaria infection, the different cell
populations under consideration will stabilise at the parasite-free equilibrium. However,
if there exists a P. falciparum infection, then an appropriate control in form of effective
antimalarial drugs would be necessary to clear the parasites from the human blood and restore
the system to the stable parasite-free equilibrium state.

6.3.4 Coexistence parasite-persistant equilibrium point

The existence of a nontrivial equilibrium point represents a scenario in which the P. falciparum
parasites are present within the host and the following conditions hold: X* > 0,Y;* > 0,Y;" >
0,M; >0,M} >0,G; >0,G; > 0,W* > 0. Equating the right-hand side of system (6.11)
to zero and solving for the state variables gives the parasite-persistent equilibrium point
E; = (X% Y, Y M M, Gy, G W), where

(1+yW*) Ay Y*_IS+\/132—4&5

)(”‘< g - )
BM; +&M;) + (1 + YW, —2a
b+ /b* —4ac
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a=—a((1—oy) 05+ pys) (BM; +BM; 8+ (YW" + 1)) <0, (6.52)
b=—BM; (—a(l—@y) A — 0,05+ Oy + lys) —W* (1 — ;) ky (BM + BM; 5,

FYW e+ ) + (1= @) O3+ fys) (= (BM 8+ (YW + 1)), (6.53)
e =BM* (1— ;) A, >0, (6.54)
a=—a(ox+ ty) (BM; 4+ BM; 6+ (YW* + 1)) <O, (6.55)
b =BM; 8, (aky — 02 — lyr) — W'ky (BM; + BM; 8, + YW i + 1)

— (02 + tayr) (BM; + YW iy + ) (6.56)
c=BM*8A > 0. (6.57)

bl—l—\/b%—4a161 b2+\/b%—4a202
G:= and G) = where (6.58)

N —2a —2as

N

aj :—a(n+ug1+‘l’2) <0, b :aGlys*—W*kg—n—[,Lgl—‘Pz

and ¢ = GIYS* > 0. (6.59)
a) =—allg < 0, by=aG|¥Yr+ anYr* — W*kg — HUg2
and ¢ =GP+ 62Y) > 0. (6.60)

b3—|—\/b%—4a3C3 b4+\/b£21—4a464
M = and M) = where (6.61)

N —2a3 —2ay4

N

azy =— (aBM; 6, (& + tms + 1) + ayW™ sy + allms e + aBP(1 — as)usts*
+W¥1 (a(yW* + D+ B) +aylWe e +aB A +alp + BE
+ BW ki + B lims) < 0, (6.62)

by =—BM; 8, (a (ot — 1) PY; tys + &+ Wk + pims + 1) — (0 — 1) BPY s
— B — (YW" + 1)y (a(OCS — 1) PY{ tys + &+ Wk + Lims +lP1) ; (6.63)
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3 =P(1 — a,)Y{ tys (BM;:6+ (YW + 1)) > 0, (6.64)
ay =— (apM; (P16 + tmr) + o (a(YW* + )it + B6r) +a (1 — &) BPY26,y2

+ BW*kn8,) <0, (6.65)
by =M; (=P (a8 Ax+ thnr) +a (1 — 04) BPYaptyr +F1 (a(YW* + 1)+ B 5;))

+ (1= 0) PYapys (a(YW™ + 1) e+ BS,) — Wk (BM 4 (YW + 1) 1)

— Uene (YW + 1) e+ af M2, (6.66)
cs =BM>®1 +M; ((1— ) BPYapuyr + BEAc + P (YW* + 1))
+ (1= 0) PY2(YW™ + 1) iy > 0. (6.67)
and A
W 0 (6.68)

Do = (hg(Gs + Gy) + hun (M5 + M;) 4 hy (Y7 + 7))
where Ao = (eg+Gi + Gy)(em +M; +M;)(ey + Y+ 7).

Using Descartes’ “Rule of Signs” (Wang, 2004), it is evident that irrespective of the sign
of b in (6.53), b in (6.56), by in (6.59), by in (6.60), b3 in (6.63) and by in (6.66), the state
variables Y*, Y,*, M, M, G} and G} can only have one real positive root. This shows that

sty

the model (6.11) has a unique parasite-persistent equilibrium point [E;.

6.3.5 Stability of the coexistence parasite-persistent equilibrium point

Here, we shall prove that the coexistence parasite-persistent equilibrium E; is local asymp-
totically stable when Rg > 1 (or whenR; > landR, > 1). The methodology followed is by
Esteva and Vargas (2000) and is based on Krasnoselskii technique (Krasnoselskii, 1964). This
methodology requires to prove that the linearisation of system (6.11) about the coexistence

parasite-persistent equilibrium, does not have a solution of the form
S(t) = 8pe!, (6.69)

where Sy = (51,52,++,57), (S;,€) € C and the real part of & is nonnegative, (Re(&) > 0).
Note that C is the set of complex numbers.
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Substituting a solution of the form of equation (6.69) into the linearised system (6.11) about

the coexistence parasite-persistent equilibrium E; gives

M, kW . M C*—Y,—Y,)
L+yW T 1+W ' 1— o 1+yW 1+9W
5.BM, 5.BM, kW 5.B(C*—Y, —Y,
I+yW I1+yW  1+aY, 1+yW

+,uyr+6r) S2+ S4,

§S3:—( pM, +P(1—Ocs),uys)51+ Ms Ss
I+yW I+yW
m Y, — Y,
_(11—13@ ﬁ(CH—yW )+k1)s3’
&Sy =V153+ (ff;;l‘r/ +P(1— Ofr)liyr) S+ 15:{3%51

kW
Ss =0,S| — § k]S
£Ss 1 <1+aG5+ 2> 5,

kW
Se =018y + WS84 — Ak,
56 0,92 + 1254 (1+ G+'ug)SS

Gs+G,+eg Y+Y+e, Mi+M,+e,)" 7

557 :A-i-(
(6.70)
where (C* =Y —Y,) =X, ki = (W1 + s + &) and kp = (W2 + plgs + 7).

Simplifying the equations in (6.70) gives

[ (LYW (1 +aXs) (1 — o) As BM; B(C*—Y,—Y,)

1 a5
T A S| 5 A\ Taw T w2 )

E(1+yW) (1 +aYy) Ne [ &BM, 5.B(C* =Y, —Y,)

1 _Be(_
o A 2= 4, l+}/WSl+ 14+ yW S
[ (T +9yW)(1 4 aM;) A7 ( BM; BM;

1 ) P(1 — o) tys
_ + Al 5 S3 A, 1+YW+ ( (X)[,Ly51+1+yWSQ
[ é(l—f—'}’W)(l—i—aM) Ag rﬁ SrﬁMr

1 Sy==3 (s P(1— )y ) S Sa ),
_ + A 4 A 193+ T 7’W+ (1—a)uy 2+1+7W 4
[ (1+aGy) os(1+aGy)

14~ e g = D0 T/ g

+kW+k25 kW +ky

[ (14aG,) (1+aG,)

1+ 65> + W,

kg W + Lgr ] T kW + g,{ 2+ #2854}

I " ho(Ss+Se)  hy(S1+S2)

1+— é} =t W ( sOs+56) | myS115) | (S +5) ) 6.71)
L Wy Wy ,LL Gs+Grt+e; Ys+Y,+e, M;+M +ey
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where

Ay :ﬁMY(l +aYs)(1 -
+ oy(1 +a¥s) (1 —

)(1+9W),
Ay =0,BM, (14 aY,) +k,W(1+yW)+

@) + kW (1 — @) (1 4+ 7W) + Uy (1 4 a¥y) (1 +yW)
Ae = (1+yW)(1+aYy),
(Lyr + o) (1+aY,) (1 + W),
—Y—Y,) +kgW (1 + W) 4+ ki (1 +aM;) (1 +yW),

Az :(1 +aM;)(B(C*
=(14+aM,)(8:B(C" = Ys = Y;)) + kW (1 +YW) + tnr (1 +aM, ) (1 +YW),
=1+ W) (1 +aXs)(1 - @), A= (1+yW)(1+aMy),
=(1+yW)(1+aM,). (6.72)
Separating the negative terms gives the following system:
14+ F;(&)]Sj = (S); forj=1,2,---,7 (6.73)
where
1+yW)(14aXs)(1 — s 1+ yW)(1+4aY,) )
R = (WA —@), ) S e
1 2
1+ yYW)(1+aM; 14+ yW)(1+aM,
R = LA gy ST+ al) 6.74)
3 Aq
(1+aGy) (1+aG,) 1
F: =—=£ | F = R =&,
SO = S RO g E BE = s
with
B C*
0 0 7w 5;(3)@ 000
0 0 *O Ty 000
P(1 — )y 0 £ 4k 0 000
H = 0 P(1— o)y, ¥, 0 000 (6.75)
(o 0 0 0 000
0 (oft 0 0 000
0 0 Aw 0 000

Note that X* = C* - Y
ative. The coordinates of E; are all positive and the j*
is described by the notation J#(S); for j =1,---,7. Additionally, the equilibrium E; =
(Y5 Y M MY G G W) satisfies E; = SZE;. Assume, for example that system (6.73)

has a solution of the form S, then there exists a small positive real number €, such that

— Y7 and all the elements in the square matrix 7# are nonneg-
coordinate of the vector J7(S)
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S| < €Ey, where |S| = (|S1],[S2],---,|S7|). Note also that |.| is a norm in the field of

complex numbers.

Next, it is important to show that Re(&) < 0. To do so, proof by contradiction is applied. Let
& =0and & # 0. For the case when & = 0, the determinant (V) of system(6.70) is given by

_ VsV {V2va Vil + PB (1 — 04) Aoty H{v1v3 Vil + PB (1 — 0s) Ax b tlys }

v
(YAx + )12

, (6.76)

where the positive terms vy, -- - ,vg are as defined in matrix (6.25).

It is clear that the above determinant is nonnegative (V > 0). Consequently, the system
(6.70) can only have the trivial solution § = (0,0,0,0,0,0, %) On the contrary, for & # 0,
it is assumed that Re(§) > 0. Defining F (&) = min|l + F;(£)|, j = 1,2,---,7 implies
that F(£) > 1 and €/F (&) < €. The minimality of € means that |S| > ¢/F(§)E;. While
considering the non-negativity property of .77, if the norms on the two sides of system (6.73)

are assumed, then
F(&)|S| < 2|S| < e #Ey = €. (6.77)

This implies that |S| < &/F(&)E; < €[, which is a contradiction. Therefore, Re(&) < 0
and [E; is locally asymptotically stable when Rg > 1.

6.4 Numerical simulations

6.4.1 Boundary equilibrium points

In this subsection, it is shown by means of numerical simulation, the existence and stability
of a positive parasite-persistent equilibrium point that involves only one of the parasite strains

under study.

Drug-sensitive-only persistent-equilibrium point £

This is an equilibrium point where only the drug-sensitive parasite strain is present in the
infected human host. That 1s, the drug-resistant populations Y, = M, = G, = 0. This steady
state is only feasible if no resistant parasites emerge from infected red blood cells and the
use of antimalarial treatment does not lead to resistance development; that is ¥; =¥, = 0.
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The previous system (6.11) is thus reduced to:

BXM; w
A - X —

g = M M LW’

dy,  BXM; kYW 1
d  14+WW 14aY, 1—ay

HysYs — oY,

dM; BMX kMW

= (1—o)PlUysYs — — — M 6.78
dr ( as) .uys s 1+'}’W l-l-aMS (.ums"‘g) k) ( )
dG, kW G

—oY.— _
a o 1 +aG; (Hgs 1) G

Wy {C) Bl0) bl Ny,
dr Gy+e, Yite, Ms+ey )

Numerically, this equilibrium point is illustrated as shown in Figure 6.3.
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Figure 6.3: Simulations of system (6.11) showing the existence of drug-sensitive-only
equilibrium point. All other parameter values are shown in Table 6.3.

Drug-resistant-only persistent-equilibrium point £,

In this case, the population of the drug-sensitive parasite strain declines to zero as the density
of the resistant strain grows and stabilises at an optimal population size. This is also illustrated

numerically as shown in Figure 6.4.
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Figure 6.4: Simulations of system (6.11) showing the existence of drug-resistant-only equi-
librium point. Used parameter values are shown in Table 6.3.

Table 6.3: Baseline values and range for parameters of model (6.11)

Parameter Value Range Units Source

Y 30 (10-40) Cells/ul/day (Chiyaka, 2010)

Wy 0.5 (0-1) Unitless Assumed

0Ol 0.4 (0.1-1) Unitless Assumed

o 0.2 (0.01-1) Unitless Assumed

g emey  10% (10°—10°)  Unitless (Colijn and Cohen, 2015)
Ax 3x10° (3E4+2-3E+8) cells/ul/day (Lietal., 2011)

Ly 1/120 (0.05-0.1) day™! (Chiyaka, 2010)

Mys 0.5 (0.3-0.8) day™! (Mohammed et al., 2013)
My 0.3 (0.3-0.8) day™! Assumed

Uns, Ur 48 (46-50) day™! (Li et al., 2011)

Mgs, Ugr 0.0625 (0.05-0.1) day™! (Ofosu-Okyere et al., 2001)
Ly 0.05 (0.02-0.08) day™! (Ofosu-Okyere et al., 2001)
o, 0.7 (0.01-0.99) Unitless Assumed

¢ 0.5 (0-1) /day (Mohammed et al., 2013)
P 16 (15-20) Unitless (Klein et al., 2008)

B 6.5x1077 (4.8-6.8)E-7  Merozoites/day  (Hellriegel, 1992)

Oy, O 0.02 (0.01-0.03) day™! (Hellriegel, 1992)
hy,hm,hg  0.05 (0.01-0.08)  mm3/day (Chiyaka, 2010)

ky,km,kg  0.000001  (0.001-0.9) day™! (Chiyaka et al., 2008)

¥, 0.2 (0.01-2.2) day™! Assumed

Continued on next page
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Table 6.3 — Continued from previous page

Parameter Value Range Units Source

¥, 0.01 (0.001-0.1)  day™! Assumed

o, 0.3 (0-1) Unitless Assumed

Y 0.5 (0-1) Immune cells/p/  Assumed

1/a 0.2 (0-1) Unitless (Niger and Gumel, 2011)

6.4.2 Within-host competition between parasite strains
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Figure 6.5: Simulations of system (6.11). The figures show the dynamics of drug-sensitive
and drug-resistant infected red blood cells under different conditions of the threshold values
R and R,. In Figure 6.5a, Ry > R,. In Figure 6.5b, R, > R, ¥ = 0. All other parameter
values are shown in Table 6.3.
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The competitive exclusion principle is investigated by simulating the system (6.11) under
different values of the threshold quantities R; and R, in equation (6.27). System (6.11) is
simulated so that Ry = 4.022 and R, = 0.3131, and a convergence to the drug-sensitive-
only endemic equilibrium point E;, as shown in Figure 6.5a is achieved. Again, using the
parameter values in Table 6.3 with ¥| = 0.9 and (R; = 0.022 ; R, = 3.0098), the solutions

of ¥ and Y, converge to the drug-resistant-only endemic equilibrium point E, (Figure 6.5b).

Provided that both R; and R, are greater than 1 (as shown in Figure 6.5¢), the parasite-
infected erythrocytes persist in the human host. This implies that the merozoites (both
drug-sensitive and drug-resistant) continue to multiply in the absence of antimalarial therapy,
s = 0, or in the presence of ineffective antimalarial drugs. Similar results are observed in
the dynamics of merozoites (M, and M,) as shown in Figure 6.6. It should be noted that
the dominant merozoite strain is likely to drive the infection under these conditions. As
the density of one strain increases, the population of the other strain is likely to decrease
due to a phenomenon known as competitive exclusion principle (Hardin, 1960). The most
fit parasite strain survives as the weaker competitor dies out, as shown in Figure 6.5a.
Both drug-sensitive and drug-resistant merozoite would remain persistent if poor-quality
antimalarial drugs are administered to P. falciparum malaria patients. Thus, in the absence of
efficacious antimalarial drugs like ACTs with the potential to eradicate resistant merozoites,
an exponential growth in the density of drug-resistant merozoites as shown in Figure 6.5b is

most likely. This may lead to severe malaria and eventual death of the patient.
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drug-resistant merozoites, M, drug-resistant merozoites, M,

/3.2221>R5

g N w
=3 wn =3
S

Population of merozoites
=
c w»
Population of merozoites
w
|

N
n

104 puan Ry =1.066>1
1 /
N “/“
0.0 0+
v v v v T v v v
0 10 20 30 40 50 0 10 20 30 40 50
Time(Days) Time(Days)
(a) (b)

Figure 6.6: Simulations of system (6.11). The figures show the dynamics of the merozoites
under different conditions of the threshold values R and R,. Competitive exclusion among
the parasite strains is shown in Figure 6.6a. In Figure 6.6b, both parasite strains coexist and
R, > R, W1 = 0. Other parameter values are shown in Table 6.3.
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The bifurcation analysis of both scenarios is presented in Figure 6.7 (with and without
competition between the parasite strains). When there is competition between the parasite
strains as shown in Figure 6.7(a), it is observed that the strain with a higher threshold quantity
Rg would exclude the other strain. A decrease in the population of the drug-sensitive strain
would pave way for a surge in the population of the drug-resistant strain and vice versa. This
is despite the fact that drug-resistant strain emerge from the drug-sensitive strain as a result
of mutation (Ashley et al., 2014). In Figure 6.7(b), coexistence of the strains is observed.
Like the resistance strain, the sensitive strain is only present when their threshold quantity, R;
is greater than unity. Both strains are however present when R, > 1 and R; > 1. Additionally,
when R, < 1 and R, < 1, the parasite-free equilibrium (PFE) point as shown in Figures 6.7(a)
and 6.7(b) is achieved.

5 . JRe
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R, el R, | strains- | bothstrains
R = 1
1 g only !
_»~ Drug sensitive 1 e ——————
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| | | | | |
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Ry R,
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Figure 6.7: Bifurcation diagrams showing competitive exclusion (a) and coexistence equilib-
rium (b) for the drug-sensitive strain and drug-resistant P. falciparum parasite strain under
different values of threshold quantities Ry and R,. Both parasite strains coexist when Ry > 1
and R, > 1 (see Figure 6.7(b) ).

6.4.3 Antimalarial drug effects and parasite clearance

The effects of antimalarial drug treatment is monitored by establishing first and foremost that

IR,
0 O

_ ﬁm.uzp(l - as) uwlx <0.

ky Aoy m/w A )%
(1= @4) 2 (YAoy + L) (;—W+1i‘—z,l+cs) 2 (C+",~L—ﬁ+ums+fkw—+”w+%)
(6.79)
Thus, R; is a decreasing function of ®; (the efficacy of antimalarial drug used). Therefore,

using a highly efficient antimalarial drug could lead to a scenario where R; < 1 and R, < 1
(disease-free state shown in Figure 6.8c). In Figure 6.8a, system (6.11) is simulated by
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varying the efficacy of the antimalarial drug @, and other model parameters chosen such that
R, =3.221 and Ry = 2.221. The higher the efficacy of the used antimalarial, the lower the
density of infected erythrocytes. Thus, governments and ministry of health officers should
only roll out or permit the administration of antimalarials or ACTs that can eradicate (totally)

both the drug-resistant strain and the drug-sensitive strain of P. falciparum parasites.
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Figure 6.8: The figures depict the effect of varying the efficacy of antimalarial drug used
oy and the rate of development of resistance by the drug-sensitive merozoites ¥, on the
density of infected erythrocytes (Y;,Y,). The value of @y ranges from O to 1. The rest of the
parameter values are shown in Table 6.3.

The rate of development of resistance by the drug-sensitive merozoites, ¥ is shown to
have minimal impact on the dynamics of infected red blood cells Y, as long as R, > 1 and
R, > 1 (see Figure 6.8b). Nevertheless, analytical results indicate that the higher the rate

of development of resistance, the lower the severity of future malaria infections. This is
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presented as

dR;

BuiP (1 — o) iy

¥,

Further simulations based on contour plots (see (Lane, 2003) for the theory on contour
plots) are used to ascertain the relational effects of selected pairs of model parameters on
the disease threshold quantities Ry and R,. In Figure 6.9a, both 8 and u,, increases the
reproduction number due to drug-sensitive P. falciparum parasite strain. A direct relationship

exists between the two parameters: the higher the decay rate of the immune cells, the higher

the rate of infection of healthy erythrocytes.
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Figure 6.9: Contour plot of R; as a function of (a) 8 and u,,, (b) @, and Ly, (c) P and y

In Figure 6.9b, the least increase in Ry with respect to an increase in @; relative to Ly is

observed. Antimalarial therapy is shown to be very effective in reducing the severity of
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P. falciparum infection. Conversely, the number of merozoites produced per dying blood
schizont, P, is shown in Figure 6.9c to have a very high positive impact on R, and hence on
the severity of malaria infection due to drug-sensitive parasite strain. Clinical control should
target and eradicate infected red blood cells to diminish the erythrocytic cycles of infections.

Contour plot of R, as a fuction of a, and i, Contour plot of R, as a fuction of ¥; and o,
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Figure 6.10: Contour plot of R, as a function of (a) o, and Ly, (b) ¥; and o}, (c) P and 3 .

It is observed in Figure 6.10b that the rate at which merozoites develop resistance due to
treatment failure has no resultant effects on the rate of formation of gametocytes that undergo
sexual reproduction within the mosquito vector. The higher the value of R,, the higher the
cost of resistance as shown in Figure 6.10a. The higher the density of drug-resistant parasite
strain, the higher the level of resistance and hence the cost of disease control. Unfortunately,
highly effective antimalarial drugs (such as ACTs) that can eradicate both parasite strains
are often slightly expensive in several P. falciparum malaria endemic regions (Gelband
et al., 2004). Like the parameter P, the parasite infection rate 3 is shown to have a direct
positive effect on the threshold quantity R, (Figure 6.10c ) due to drug-resistant parasite strain.
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Effective antimalarials should hence target new cell infections and eliminate recrudescence
(by killing already infected erythrocytes).

6.5 Effects of multiple - strain infection and fitness cost on

parasite clearance

Numerous studies (Babiker et al., 2009; Bushman et al., 2016) have suggested the negative
impacts of drug-resistance on the fitness and ability of the parasite to dominate P. falciparum
infection. Resistance to antimalarial drugs imposes fitness cost on the drug-resistant parasite.
The drug-resistant parasite strain is thought to experience impaired growth within the human
host (Bushman et al., 2018). The cost of resistance is further exacerbated due to competition
between parasite strains within an infected human-host. In Figure 6.11a, the area under the
curve for the drug-resistant strain or the number of infected erythrocytes is lower than that
of the drug-sensitive strain. However, in a multiple-strain infection (Figure 6.11b), the area
difference is much bigger. This implies that competition between the parasite strains within
the human host could result in elimination of one of the parasite-strains provided that both
R and R, are less than unity.
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Figure 6.11: Dynamics of drug-sensitive (blue) and drug-resistant (orange) strains in a single
infection (a) and in a multiple-infection (b) in a naive human-host with no antimalarial drug
treatment (@ = 0). The rest of the parameter values are shown in Table 6.3.

The presence of multiple-strains of P. falciparum parasites is likely to complicate and
worsen the severity of malaria disease infection in humans. Figures 6.12 and 6.13 show
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the simulated model (6.11) for single and multiple-strain infections, in the absence of pre-
existing immunity and antimalarial drugs. The persistence of gametocytes in Figures 6.12c¢
and 6.13c is consistent with the actual observations of human malaria infection in the absence
of antimalarial therapy (see Teun et al. (2010)). Acquired immunity is shown in Figure 6.12¢
to increase and eventually level-off at higher levels to contain future infections.
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Figure 6.12: Dynamics of infected red blood cells, gametocytes and the immune cells with a
single strain P. falciparum infection. Here, there is no pre-existing immunity. The rest of the
parameter values are shown in Table 6.3.

Although the aspect of timing is key in these multiple-strain infections, it is assumed here
that the two strains are introduced at the same time. In the long run, it is evident in Figures
6.11b and 6.13c that the sensitive strain overtakes the resistant strain. This could be as a

result of strain-specific adaptive responses that symmetrically affects the sensitive parasites.

Unlike single-strain P. falciparum parasite infections, data on multiple-strain infections are

not readily available. Nevertheless, a multiple-strain infection (drug-sensitive and drug-
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resistant) as presented in this chapter is biologically reasonable and consistent with that of P.
Chabaudi described by De Roode et al. (2005).

le7 1le9

s, m—single strain 8- I = = single strain
= = multiple strains

m— multiple strains

o -
® o
S~

4
EY

Total population of gametocytes

Population of infected/parasitized erythrocytes

1\
34 1\ .~
R N ————
N \\’I
0.4 21 [l 1
1
1 7
1 o
0.2 04
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Time(Days) Time(Days)
(a) (b)

led

m—single strain$
7 === Multiple strain

=
IS

______
-
-
-

o o 4 = =
IS o o Sy N}

Populations of immune cells (acquired)

o
N

o
o

0 25 50 75 100 125 150 175 200
Time(Days)

(c)

Figure 6.13: Within-human dynamics of single and multiple-strain dynamics of infected
red blood cells, gametocytes and the immune cells in the absence pre-existing immunity and
with no antimalarial treatment (@; = 0). Other parameter values are shown in Table 6.3.

6.5.1 Sensitivity analysis

In this subsection, the primary model output of interest for the sensitivity analysis are the
infected erythrocytes (Y5, Y;). However, the effective reproduction number R, is a threshold
quantity which represents on overage the number of secondary infected erythrocytes due
to merozoite invasions. This therefore measure the sensitivity indices of the effective
reproduction number relative to model parameters. Using the normalised forward sensitivity
index technique (Arriola and Hyman, 2007) and parameter values in Table 6.3, the sensitivity
indices of all the parameters in Rg are as presented in Table 6.4. Observe that the rate of

infection of healthy erythrocytes by the merozoites 3, the density of merozoites generated per
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bursting blood schizonts P, the efficacy of antimalarial drug used @y, and the rate at which
drug-sensitive merozoites develop resistance W are the four most influential parameters, in

determining the disease dynamics as presented in system (6.11).

Table 6.4: Sensitivity indices of Rg relative to the model parameters

Parameter SI Parameter SI
B +0.9988 ¥ -0.77534
P +1.0000 Hys -0.492
Wy -0.87513 A -0.3471
Ax +0.7199 4 -0.0041
L -0.0016 Or +0.0023
ky -0.02701 ki -0.0020
Os -0.7619 (o -0.541872
Y -0.3333 o -0.1111
Winr -0.433 (o8 -0.09891
Wins -0.52123 JI 0.3716
My -0.232

Results from sensitivity analysis emphasise the use of highly efficacious antimalarial drugs
such as ACTs in malaria endemic regions. This would mitigate the many cases of malaria
in the region and further help to reduce emerging cases of parasite resistance to existing
therapies. Drugs with a higher parasite clearance rate would greatly reduce resistance, which
is associated with longer parasite exposure to antimalarial drugs. It is imperative therefore,
that government and ministry of health personnel in malaria endemic countries enforce
the use of efficient antimalarial drugs that not only cure infected malaria patients but also

eliminate the chance of P. falciparum parasites to develop resistance to existing therapy.

6.6 Conclusion

In this chapter, a deterministic model of multiple-strain P. falciparum malaria infection has
been formulated and analysed. The parasite strains are categorised as either drug-sensitive or
drug-resistant. The infected erythrocytes and the malaria gametocytes are similarly grouped
according to the strain of the parasite responsible for their existence. The immune cells are

incorporated to reduce the invasive characteristic of the malaria merozoites. Antimalarial
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therapy is applied to the model but only targets red blood cells infected with drug-sensitive
merozoites. Based on the computed effective reproduction number Rg, it is evident that
the success of P. falciparum infection in the presence of multiple parasite strains is directly
dependent on the ability of the individual parasite strains to drive the infection. The parasite
strain with a higher threshold value, Rg is likely to dominate the infection. Prescribed
antimalarial drugs should therefore be effective enough to eradicate both drug-sensitive and

drug-resistant parasite strains within the human host.

The use of antimalarial treatment may eradicate one parasite strain so that either a drug-
sensitive-only persistent equilibrium point or a drug-resistant-only persistent equilibrium
point is attained. To assess the impacts of the different parasite strains to disease dynamics,
the model is simulated for different values of the threshold quantities Ry and R,. It is observed
that when R, > 1 and R, > 1, both parasite strains are persistent and the infection becomes
severe. If R, > 1 and Ry < 1, then the drug-sensitive parasites would decline to zero as the
drug-resistant strain continue to multiply and remain persistent, increasing the severity of
infections. On the other hand, if R; > 1 and R, < 1, then the drug-resistant parasite strain
would be eradicated. Moreover, provided that the threshold quantities Ry and R, are less
than unity, the use of an efficacious antimalarial drug would help eradicate P. falciparum

infection.

The efficacy of antimalarial drug is shown to have direct negative impact on the density of
infected red blood cells. This result is consistent with that in Filipe et al. (2007). The efficacy
of antimalarial drug is however shown to have least effect on the population of drug-resistant
infected erythrocytes. The rate of development of resistance by drug-sensitive parasites is
also shown to drive the infection due to resistant parasite strain. Using contour plots and
results from sensitivity analysis, it is observed that the efficacy of antimalarial drug used
wy, the density of blood floating merozoites produced per infected erythrocyte P, the rate
of development of resistance ¥, and the rate of infection by merozoites f3 are the most
important parameters in the disease dynamics and control. Although the drug-resistant strain
is shown to be less fit, the presence of both strains in the human host has a huge impact on the
cost and success of antimalarial treatment. To reduce the emergence of resistant strain, it is
vital that only effective antimalarial drugs are administered to patients in hospitals, especially
in malaria endemic regions. The results from this study call for regular and strict surveillance

on antimalarial drugs in clinics and hospitals in malaria-endemic countries.

In the next Chapter 7, optimal control theory is applied to establish an appropriate combina-

tion therapy against clinical P. falciparum malaria.

176



Chapter 7

Application of optimal control theory to
hepatocytic-erythrocytic dynamics of P.
falciparum malaria

7.1 Introduction

In this chapter, optimal control theory is applied to an in-host malarial model that is charac-
terised by a combination of antimalarial drugs and different vaccine antigens. The analysis
of the model with constant vaccine therapy is available in Chapter 4 of this thesis. Time-
dependent vaccine and antimalarial drug control therapies are incorporated into the model.
The objective of this study is to establish an appropriate combination therapy for clinical P.

Jfalciparum malaria.

7.2 Antimalarial drugs and drug combinations

Currently, artemisinin-based combination therapy (ACTs) is the standard of care for uncom-
plicated P. falciparum malaria. The five WHO recommended ACTs include: (i) artemether
+ lumefantrine, (ii) artesunate + amodiaquine, (iii) artesunate + mefloquine and (iv) dihy-
droartemisinin + piperaquine, (v) artesunate + sulfadoxine—pyrimethamine (SP) (WHO,
2015c¢). Drug resistance against 4-aminoquinolines and sulpha compounds has remained
one of the greatest challenge to malaria chemotherapy development (Visser et al., 2014). P.
falciparum resistance to artesunate in Western Cambodia was characterised by slow parasite
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clearance as shown in Figure 7.1. Further evidence of resistance to artemisinins (Don-
dorp et al., 2009; Noedl et al., 2008) highlights the need for continuous investment in the

development of alternative anti-malarial drugs and vaccines.

The combination of anti-malarial drugs have achieved tremendous success in malaria treat-
ment and transmission reduction (NIH, 2019; Visser et al., 2014). Administration of two or
more antimalarials with different targets and modes of action has been shown to be highly
effective compared to monotherapy drugs (WHO, 2015c¢). A rapidly acting artemisinin drug
in ACTs exhibit an extremely short half-life. It is hence combined with a longer-acting
monotherapy (partner drug) to limit recrudescence and achieve higher clinical response. The
artemisinin component reduces parasite numbers by a factor of about 10* in each 48-hour
asexual cycle (Hodel et al., 2016). Further, it is active against gametocytes that mediate
onward transmission to mosquito vector. The longer-acting monotherapy drug, eradicates
the remaining parasites. This further reduces the possible occurrence of resistance due to
mutations during treatment. Additionally, the long-acting drug may provide a period of

post-treatment prophylaxis (WHO, 2015c).

According to Okell et al. (2008), a combination of an ACT partner drug and a nonartemisinin
regimen with longer prophylactic times is destined to achieve a greater impact in higher-
transmission settings. The addition of artesunate to amodiaquine reduced gametocyte carriage
and did not adversely affect tolerability in P. falciparum patients (Osorio et al., 2007). Else-
where (Smithuis et al., 2010), artesunate-mefloquine provided the greatest post-treatment
suppression of malaria in Myanmar and the addition of a single dose of primaquine substan-

tially reduced transmission potential.

Although antimalaria drugs and insecticides have helped reduce malaria cases and deaths
globally, these two interventions are vulnerable to development of resistance (Chitnis et al.,
2015). The availability of effective malaria vaccines is a critical tool for sustainable control
and elimination (Abdulla et al., 2011). Unfortunately, malaria vaccine development has been
hindered by the extreme complexity of malaria parasite biology. The parasites have a diverse
genome which enables them to evade immune system and complete their intricate infection
cycle (Mahmoudi and Keshavarz, 2018).
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Figure 7.1: Normalised P. falciparum parasite clearance curves showing the fraction of
initial parasitaemia versus time in patients treated with artesunate in Western Cambodia and
Western Thailand. Parasite clearance was significantly slower in Western Cambodia. Source:
Dondorp et al. (2009).

7.2.1 The need to combine different vaccine antigens

Several clinical and pre-clinical studies (Bauza et al., 2016; Mahmoudi and Keshavarz, 2018;
Sherrard-Smith et al., 2018) have demonstrated the significant benefit of combining two or
more malaria vaccine antigens. Recombinant PMSP-14, formulated with AS02A elicited
high antibody titres among young children in Western Kenya (Ogutu et al., 2009). JAIVAC-1
formulated with Montanide ISA720 elicited balanced antibody responses against both PfF2
and PEIMSP-19 and exhibited significant growth inhibitory activity against P. falciparum
(Chitnis et al., 2015). Adenovirus-CSP prime combined with a protein-CSP boost regime
provided 100% protection in C57BL/6 mice (Bauza et al., 2016). Moreover, a combined
efficacy of 90.8% (86.7-94.2%) was observed in the pre-erythrocytic vaccines (PEV) +
transmission-blocking vaccine (TBV) antibody group; 7.8% higher than the estimated efficacy
if the two antibodies acted independently (Sherrard-Smith et al., 2018). These studies have
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shown that a combination of two or more malaria vaccine antigens is synergistic and is likely

to achieve better results in the control of in-host malaria infections.

7.2.2 Optimal control theory applied to malaria models

Optimal control theory (Lenhart and Workman, 2007) has been very helpful in identifying
optimal control measures against particular diseases. In malaria epidemiology, the application
of optimal control theory has for a long time been limited to population level models (Agusto
et al., 2012; Makinde and Okosun, 2011; Mwanga et al., 2015; Okosun et al., 2011). In most
of these models, the main objective has been to minimise the population of humans infected
with malaria while keeping the costs of control, such as purchase of insecticide-treated
bed nets (ITNs), indoor residual spraying (IRS) and antimalarial drugs, as low as possible
(Mwanga et al., 2015). In all these dynamical models, optimal control therapy strategies
were explored using Pontryagin’s maximum principle (Pontryagin, 1987).

A combination of different vaccine antigens are shown by Orwa et al. (2018) to be highly
effective in reducing parasitaemia and severity of clinical P. falciparum malaria. In addition,
a combination of two malaria drugs, fosmidomycin and piperaquine was also established
to have higher efficacy, safety and well tolerated (Mombo-Ngoma et al., 2017). Elsewhere
(Pukrittayakamee et al., 2004), a combination of artesunate and primaquine (PQ) resulted in
significantly shorter gametocyte clearance times. In Pukrittayakamee et al. (2004), artesunate
is shown to inhibit gametocyte development whereas primaquine accelerates gametocyte
clearance in P. falciparum malaria (see Figure 7.3). It is argued that a combination of efficient
antimalarial drugs and efficacious malaria vaccines present the best therapeutic strategy to

achieving malaria elimination.

7.3 The optimal control model

The model presented in this study is an extension of the in-host malaria model subject to
vaccine interventions in Chapter 4 of this thesis. The model describes the interactions of (i)
sporozoites (), (i1) uninfected hepatocytes (H), (iii) infected hepatocytes (X), (iv) uninfected
red blood cells (R), (v) early stage infected red blood cells (Blood trophozoites, T), (vi)
mature infected red blood cells (blood schizonts, C), (vii) merozoites (M), (viil) gemetocytes
(G) and (ix) CD8™ T cells (Z). The only two vaccines considered in this chapter are: pre-
erythrocytic vaccine (PEV) and blood stage vaccine (BSV), which offer direct protection
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to the recipient human host. The specific vaccines are: RTS,S/ASO1 (Birkett, 2016) and
merozoite surface protein 3 (Miura, 2016), respectively. The model is extended by adding
antimalarial drug therapy: artemether-lumefantrine (a blood schizontocide)(Ogutu, 2013)
and primaquine (a gametocytocide) (WHO, 2012b). The combined chemotherapy not only
target rapid parasite clearance but also reduced parasite transmissibility to mosquito vector.
It is clear that the four interventions considered here, target different sites within the complex

malaria dynamics.

The gametocytocide considered in this study is a single dose 0.25 mg base/kg of primaquine.
This WHO recommended drug, mainly targets the blood stage gametocytes. It kills the
gametocytes irrespective of their stages of development (Recht et al., 2014). This reduces
the probability of parasite transmission to the mosquito vector and hence disease morbidity.
The lower dose of 0.25mg base/kg of primaquine is considered by WHO as safer and as
effective as higher doses (see Figure 7.2) in reducing transmissibility (Eziefula et al., 2014;
White et al., 2012; WHO, 2012b). In Figure 7.3, a combination of quinine and the lower dose
of 0.25mg base/kg of primaquine is shown to be highly effective in timely eradication of
parasitaemia. However, pregnant women and infants aged 6 months or below are exempted
from this additinal dose in endemic regions. Moreover, higher doses of PQ could be harmful
to those with glucose-6-phosphate dehydrogenase (G6PD) deficiency (Graves et al., 2014).
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Figure 7.2: Mean duration of female gametocyte carriage in children with P. falciparum
malaria treated with artemether-lumefantrine (AL) and different doses of primaquine. The
dashed line indicates the set threshold for non-inferiority compared with the 0-75 mg/kg
reference group. Source: Eziefula et al. (2014).
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Figure 7.3: The comparison of durations of P. falciparum gametocytaemia following quinine
alone compared with quinine plus 0.25 mg base/kg of primaquine. Source: Pukrittayakamee
et al. (2004).

The Pontryagin’s maximum principle is used to minimise the population of infected hepato-
cytes X, infected erythrocytes 7', infective blood stage merozoites M and the gametocytes
G. RTS,S/AS01 and MSP3 reduces the rates of invasion of healthy hepatocytes and healthy
erythrocytes, respectively. The hepatocyte invasion rate 3; and the erythrocyte invasion rates
Br are hence, reduced to (1 —u;(7))Bs and (1 —uy(¢))PB,, respectively. The time dependent
controls u; and uy, therefore represent the efficacies of the pre-erythrocytic vaccine and the
blood stage vaccine, respectively. The use of primaquine reduces the burst size N of liver
schizonts to (1 —u3(t))N, where u3(t) is the normalised primaquine dosage efficacy as a
function of time. Similarly, the administration of AL, reduces the burst size P of infected
erythrocytes to (1 —uyg(t))P, where uy(t) is the normalised AL dosage efficacy as a function
of time. The in-host model of P. falciparum malaria subject to antimalarial drugs and malaria
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vaccines is hence presented as follows:

ds

o = A — ;S — BySH,
z_fj = A= tH — (1= 1 (1)) B,SH,
(B - px - B2
R 1— RM
T
i—f =T HeC = ﬁzefc’
(il_? = mtuC — (u3(t) + Ug)G,
%:lﬁz(liﬁx+1f£T+1iceczC>_“ZZ’ )

subject to the following initial conditions:

S(0) > 0,H(0) > 0,X(0) > 0,R(0) > 0,T(0) > 0,C(0) > 0,M(0) >0,G(0) >0,Z(0) > 0.

(7.2)

A brief description of model parameters are as presented in Table 7.1.

Table 7.1: Description of model parameters

Parameter Description
A The rate of injection of sporozoites into liver due to mosquito bites
Us Death rate of sporozoites
Bs Rate of invasion of hepatocytes by sporozoites
A Rate of supply of hepatocytes from the bone marrow
Ar Rate of supply of erythrocytes from the bone marrow
Ups Lty Death rate of susceptible hepatocyte and infected hepatocyte,
respectively
/4 Proportion of parasites that become gametocytes per bursting
blood schizont C
ki ke ke Immunosensitivity of X, T and C, respectively

Continued on next page
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Table 7.1 — Continued from previous page

Parameter Description

Oy, 0, O Immunogenecity of X, T and C, respectively
Uy Natural mortality rate of healthy RBC
Br Rate of infection of RBCs by merozoites
Uz, Ue Rate of decay of blood trophozoites and blood schizonts, respectively
M, Hg Rate of decay of merozoites and gametocytes, respectively
P Average number of merozoites released per bursting
blood schizont
N The average number of merozoites released per bursting infected
hepatocytes
Y Rate of progression from blood trophozoite to schizont stages
o Rate of inhibition of immune response
A Rate of production of CD8* T-cells
1/ey,1/€1,1/€, Half saturation constants for X, T and C, respectively
U Rate of decay of CD8" T-cells

7.4 Formulation of optimal control problem

We endeavor to reduce malaria disease severity within the human host by reducing parasite
invasion of the healthy hepatocytes and erythrocytes. To curtail further transmission, we
also aim to reduce the density of sexual gametocytes within the host’s blood stream. To
achieve these two, we set out to establish the most effective control strategy drawn from
a combination of malaria vaccine antigens and antimalarial drugs regimens. The policies
under consideration are u; (¢), u(t), u3(t) and us(t) described in Section 7.3. Therefore, the
objective function J defined over a feasible set of controls (uy,u;,u3,us) over a finite time
interval [0,/] is given by

' 1 2 2 2 2
J(ul,uz,u3,u4) = /0 (A1X +A,T +A3M+A4G) + E(Blul + Bou5 + B3uj +B4bt4), (7.3)

subject to system (7.1).

In system (7.3), A;,A,A3 and A4 are the costs associated with minimising the infected hepa-

tocyte, infected erythrocytes, the merozoites and gametocytes, respectively. The parameter

184



t¢ denotes the time period of intervention. The quantities By,B>,B3 and B4 represent the
weight constants for pre-erythrocytic vaccine, blood stage vaccine, blood schizontocide and
gametocytocide, respectively. The weight constants accounts for the relative importance
pre-assigned by the modeller to the contributing terms in the objective function (Lee et al.,
2010). Additionally, we endeavour to minimise the social costs related to resources needed
for pre-erythrocytic vaccines %Blu%, blood stage vaccine %Bzu%, blood schizontocide %B3 u%

and gametocytocide %Bwﬁ.

As in other epidemic models (Joshi et al., 2006; Okosun et al., 2011), the costs associated with
using antimalarial drugs and malaria vaccines are directly proportional to the rates at which
these controls are implemented. Therefore, the coefficients A;X,A>T,A3M and A4G are
linear functions. On the other hand, the cost of implementing the suggested control strategies,
%Blu%, %Bzu%, %B3u§ and %Bwﬁ are proportional to the square of the corresponding control

function. They are hence nonlinear and take quadratic forms.

Numerically, an optimal control set (u],u3,u3,u;) which minimises the objective function J
(7.3) is sought such that

J(u?u;?u;ujl) :nbin‘]<ulvu2;u3;u4)7 (74)

where U = {(uy,uy,us,us)such that {u;,us,us,us}is a Lebeque measurable control set with
0<u(t)<1,i=1,---,4, forr € [0,t7]}.

7.4.1 Existence of optimal solutions to the control problem

An optimal control solution is said to exist if the five necessary conditions that define the opti-
mal solutions J (u],u3,u3,uy) = Min(y, 4, 43 u,)ev J (U1,U42,u3,us) of problem in system (7.1)
are satisfied. The resulting optimality problem is solved based on Pontryagin’s Maximum
Principle (Pontryagin, 1987).

Theorem 7.1. Consider an optimal problem N (t,Y (t),u;(t)) of system (7.1), subject to
initial conditions of state variable Y (t) € RS, and boundary condition of control vari-
ables u;(t) € U for i = 1,--- 4. There exists an optimal solution J(uj,u,u3,u}) such
that J (uy, us, u3, uy) = ming, ., 4 u,)evJ (U1, u2,u3,us) if the following necessary conditions
are satisfied (Chuma et al., 2019):

(i) Control set U and the corresponding state variables are nonempty,

(i1) Control set U is convex and closed,
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(i11) The right hand side of the state system is bounded by the linear function in the state

and control variables,
(iv) The integrand of the objective function is convex,

(v) There exist constant numbers g1, g» > 0 and £ > 1 such that the integrand of the
objective function is bounded below by g (|u1 |+ |ua| + |uz| + |u4|)§/2 —q.

Proof: The existence of an optimal control is verified by conditions stated by Fleming and
Rishel (1975). From the optimal problem 4 (¢,Y (¢),u;(t)) of system (7.1), the set of all
state variables Y (¢) € R%. and the control variables {u;(t) € U|0 < u;(t) < 1},t € [0,2f] are
non-negative. The first condition is hence satisfied. By definition, the optimal solution u;(t)
is convex and bounded in U. Hence, the second condition is satisfied (Mlay et al., 2015;
Mpeshe et al., 2014).

The optimal system (7.1) is bounded which determines the compactness needed for the
existence of the optimal control (Athithan and Ghosh, 2015). The third condition therefore
holds. Moreover, the integrand in the objective function in equation (7.3) is clearly convex
on the control set U. This proves the fourth condition. It is clear that the state variables are
bounded in system (7.1). Following the work by Mlay et al. (2015), the integrand in (7.3) is
also bounded below by

4 4 §/2
AiX (1) + AT (1) +A3M (1) + AsG(1) +% (ZBm%) > q (Z |u,-<t>|> —q  (15)
i=1

i=1

fori=1,---,4. This proves condition five. The above five conditions are hence satisfied.

Therefore, there exist control variables uj(r), u5(t), u5(¢) and u}(t) such that

J(”T,Mﬁ,ug,”z) :I’l%}n.](btl,uz,b@,u;;). (7.6)

7.4.2 Characterisation of the optimal control

The Pontryagin’s Maximum Principle (Pontryagin, 1987) is used in solving the stated optimal
control problem. This principle converts the optimality system (7.1), (7.3) and (7.4) into a
problem of minimising a pointwise Hamiltonian H,, with respect to controls uy, u,, u3 and

uy. The Lagrangian of the optimal control problem is given by

1
L=AX+AT +A3M+AsG+ 5(Blu% + Bou3 + B3u3 + Byui?). (7.7)
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Clearly, the second derivative of L in equation (7.7) with respect to u;,i = 1,---,4, are

positive, indicating that the optimal control problem is a minimum at controls 7}, u5, u3 and

uy. The aim is to obtain the Lagrangian minimum value. This is accomplished by defining a

Hamiltonian function H, for the control problem as follows:

H, :L(X7T7M7G>u1>u2>u3au4>

+ Y18+ YoH +Y3X +Y4R+Ys5T +Y6C +Y7M + Y3G + YoZ

1
= A1X 4+ AT 4+ AsM +A4G + 5(B]u% + Bous + B3u3 + Bau?)

+Y1 [A_ .usS_ﬁsSH]
+ 12 (A — ppH — (1 —uy (1)) BsSH]

Y |- )RS - X~ 5]

T

[ 127

s :YT THC ﬁzsfc]

+Y7 :(1 —u3(t))NILX + = ”4(? )f((xlz_ UL _ LM — ﬁrRM]

+ s [_ﬂucC — (u3(t) + g) G

+ Yo _lﬁz(lixixﬂfzfrlfgc) —,LL2Z], (7.8)
where Y;, for i =1,2,3,---,9, are the adjoints or co-state variables.

Theorem 7.2. Let S*, H*, X", R*,T*,C*,M*,G* and Z* be the solutions of the correspond-

ing optimal control problem in system (7.1) and (7.4) associated with the optimal control
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solutions (uy,u3,uy,uy;). Then there exists adjoint variables Y;, i =1,2,--- 9 satisfying

dr \
d_tl = (Yz—T3)(l —ul)ﬁsH+Yl (!’LS+ﬁSH)7

dr

d_t2 = (Y1 + (Y2 —Y3)(1 —u1))Bs + Yai,

A3 (Y3ke—Yo8,)Z

—A+ (Y3 —Y7N(1 —u3)),ux,

d  (1+gX)?
dY4 o Br((l +OCZ)Y7+ (1 —Mz)(Y4—T5))M
o +T4uur7
dr (1+az)
dYS (TSkt - Yg St)Z
dr (1+&T)2 +Ys5(y+ 1) — (A2 + 7Te),
dYe kZ Y952 (1 —ug)(1 —7)PY7p1,
— =T 1 a2 c| — T~ — T c— ,
d 6((1+82C)2 ) @ 0 ¢ (14 az)
dI7 (Yg —T1s5)(1 —up) 3R
— =Y5(B,R m) —A 7
dr 7(B +au ) 3+ 1+(XZ
dYy

8
5 = Ts(us+g) — A,

dYg . T3kxX T6kCC Y4(1—u2)06ﬁrMR T7(1—7Z')P(1—M4)(X‘LLCC
dr ~ 14+&X  14+&C (1+az)? (1+az)?
_Tg( 5.X 5T 5.C _“> r( kT (1—u2)a[3MR)
I+eX  1+&aT 1+eC °) " \U+ar ™ (1+az)? )|

(7.9)
with transversality conditions (or boundary conditions)
Yi(ty) =0, for i=1,2,3,---.9, (7.10)
expressed as
0 lf uj < 07
wi =S u; if 0<u;<1, (7.11)
1 lf u; 2 1.
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Additionally, in the interior of the control set U, the control functions uj, u5, u; and uy are

given by

min ST3_Y2SH ,1},0} (7.12)

S (Ls —T4 )JR*M*
U, =m {mln{ (1 - az)B, ,l},O} (7.13)

Y”‘C PC ,1},0}. (7.15)

Proof: The form of the adjoint system and the transversality conditions therein are stan-
dard results from the Pontryagin’s Maximum Principle (Pontryagin, 1987). To obtain the
differential equations governing the adjoint or co-state variables, we first set S = S*, H = H*,
X=X"R=R*"T=T*,C=C*,M=M*,G=G" and Z = Z*, and differentiate (partially)
the Hamiltonian function H, in equation (7.8) with respect to each of the state variables
(S,H,X,R,T,C,M,G and Z). Thus,

dr;  9H, <
_dl‘ =L _aX S O (tf) =0, (7.16)
dY, . aHa. &
&~ o =0 (17
d¥y  OH,, —
_dt =i _82 4 Tg(l‘f) =0. (7.18)

To obtain the optimality equations (7.12)-(7.15), first carry out partial derivative of the
Hamiltonian H, with respect to the controls (u1,u2,u3,u4) and then solve for u; (optimal
control) where the derivative vanishes. Thus,

JdH,
8u1

:ﬁs(Yz—T3)S*H*—|—BluT =0. (7.19)

*

u
Making u] the subject of the formula in equation (7.19) gives

Bs(Y3—Y,)S*H*
By ‘

up(t) = (7.20)
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This procedure can be applied to the remaining three controls such that

B.(Ys — Y4)R*M*

. . 3G +TY7uNX* .«  Y7u.(l—m)PC*
uz = 5 M3 — 5 u4 -
(1 —l—OtZ)Bz B3 (1 +OCZ)B4
0 if WTB—TIZ)S*H* <0,
uj = § BRI e 0 <y <1,
1 if BS(Y3*BY;2)S*H* > 1.

The solution u] is therefore expressed as

T3 —Y)S*H*
u‘f:max{min{ﬁs( 1= 1)S ,1},0}.

By

Similarly, the optimal controls 3, u; and uy are given as

u; :max{min{ﬁr(YS = ,1} ,O}

(1 + (XZ)BZ

YsG* + Y7 NX*
u§:max{min{ 3G +B7Hx ,1},0}
3

Y7u.(1 —m)PC*
uZ:max{min{ 721110427234C ,1},0}.

(7.21)

(7.22)

(7.23)

(7.24)

(7.25)

(7.26)

Utilising the characteristic functions (7.12)-(7.15), the following optimality system (7.27)

(7.28) characterises the optimal control:

dS

dH

o =M b — (1 —max{mm{ﬁ (s _TZ)S*H*,I} }) BsSH,
dx

Y3 —Y,)S*H* zZX
Ez(l—max{min{ﬁs( S I ,1} })ﬁsSH X — i

% o <1 —max{mm{ﬁr Y15+§% I;;M*,l} ,O}) ﬁrRM

= R,
dr 1+ az K

. [ B(Ys—Y4)R*M*
ar (11— max{min { LR }a0}>/3rRM k2T
dt 1+az 1+&T’
dC k.ZC

14+&C’
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M YsG*+ Y X*
d—:(l—max{min{ 867+ I7 /N ,1},0})N,uxX
dr B3
. [ Yu.(1-m)PC*
+(1—max{mm{W,l},O})P(l—ﬂ:),uCC_ M_’BRM
1+aZ M r 5
dG YsG* + Y7 u NX*
_:nyCC—((max{min{ 3G+ L7k ,1},0})+ug)G,
dr B3
daz iz 0. X 6T o.C o
a = I+eX 1+eT 1tgc) H°
% = (Y2 —Y3) <1 —max{min{ﬁs(TS _BYZ)S H ,1} ,0}) BsH + Y1 (s + BsH ),
1
dYy Y3—1)S*H*
d_tz:(Y1+(T2—T3)(l—max{min{ﬁs( S 5 2)S ,1},0}))ﬁs+Y2,uh,
1
dY; (Y3kx — Y95X)Z . YsG* + Y7,uxNX*
= —A T3—T7N|1-— 17,0
dr (1+80X)2 1=+ 3 7 max § min B ) ’ Ly,
. (Y5—Y4)R*M*
ax,  BA(1+a2)Y7+ (1 —max {min { EQGZ9EM 1 0}) (G4 Y)M
ar 1+ 0z) 4Hrs
dYs (Ysk,—Yo0;)Z
= (1t+elr)t2 +Ys(y+ ) — (A2 +¥Xe),
. [ Y7u.(1—m)PC*
%_T kCZ N | <1—max{m1n{7(mT)B4,l},O}) (1—7T)PY7IJ,C
a O\ (rec)y H (1+0az)
Y90.Z
———— 7Y
(1+£2C) TlgUc,
. [ B(Ys—Y4)R*M*
&—T B +(T4—T5) (1—max{mln{W,l},0})ﬁrR
dr — 1L7(Pr HUm 3 1+0Z ’
T YgG*+ Y X*
E:T8(<max{min{ 8G7 + 17 MLV ,1},0}) —l-ug) — Ay,
dr B3
. [ B(Ys—Y4)R*M*
dYg _ TSkxX Y6kCC _T4 (1—max{mm{W,l},0}) (XﬁrMR
d  1+gX 1+&C (1+aZ)?
- [ Yu.(1-m)PC*
+Y7(1—7I)P(1—max{mm{W,l},O}) ouC
(1+azp
r 0 X oT o.C o
"\T+eX 1+&T  1+8C '~
. [ B(Ys—T4)R*M*
- kT <l—max{mm{w,l},0}> oBMR
N 1+eT (1+az)? ’

(7.28)
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where Y;(tf) =0, for i =1,2,3,---,9and S(0) > 0,H(0) > 0,X(0) > 0,R(0) >0,7(0) >
0,C(0) > 0,M(0) > 0,G(0) > 0,Z(0) > 0.

7.4.3 Uniqueness of the optimality system

Given that the state variables and the adjoint functions are bounded and satisfy Lipschitz
conditions, the uniqueness of the optimal controls can easily be derived using the technique
explained by Kim et al. (2012). Thus, the following theorem is stated.

Theorem 7.3. The bounded solutions to the optimality system are unique.

Proof: Suppose (S, H X R T C, M G Z Yl,Yz,Tg,T4,T5,T6,Y7,Yg,Y9) and

optlmahty system Let S — el v, H= eTtvz, X = el vz, R = el vy, T = el vs, C = el V6,
M= ey, G=elvg, Z=e"vg, Y1 = e Twy, Yo = e Twa, Y3 = e Tws, Yy =e Ty,

Ys=e Tws, Yo =e Tws, Y7 = Twy, Yg = e wg and Yo = e wy . Similarly, let
S=e¢l Vi, H=e¢" Vo, X =el V3, R=el V4, T = el Vs, C=e" v6,M—eTt177,G_—eT’Vg,
Z=e5, Y= Vw, Yao=e Ty, Y3=¢ g, Yu=e iy, Ts = e s, Yo =
e e, Y7 = e Typg, Yg = e Tywg and Yo = e~ Tywg. Further, we let
Xt
) W3 — wo)vive
u]k(t):max{mln{ﬁs( 3 Wa)vivs ,1},0},
B
-8 Ty
. W3 — wp ) Ve
ﬂf(t):max{mln{ﬁs( 3= W)V ,1},0} and
B
* _x eYzBs _ - \N- =
luj(t) —ay (1) < B, (w3 —wo)vivo — (W3 —=w2)v12)|; (7.29)

B (ws — wy)vsvaelt
uy(t) = max{mm{ I+ aeTve)By 10,00,

(
(
75() = max fonin {20 i;f?t)vf;;‘f 1o} ana

eTt Br
B,

(W5 — W4)V5V4(1 + OteYtﬁg) — (W5 — W4)\75174(1 + OCeTtV9)

; (7.30
(11 wevo)(1 + 0teTrri) (7.30)

uz (1) — > (1)] <
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N
u3(f) = max {min { Wavs+ Wrvsthy : 1} ,0} ,
B3
_x . wgvg + w73 U N
i3(t) = max < min 10,0
B3
and
* — l - = - =
|uz (1) —i3(1)| < B, (wgvg —wgvg) + N (W7v3 —W773)|; (7.31)
X . [wruc(1—m)Pvg
t = 71 ?O )
uy (1) = max {mm { (1 ae¥vo)B,
1) = 15,0
iy (t) = max {mm{ (1 ae¥9)B;
and
. » e (1 — )P | wyve(1 + ae¥' o) — w776 (1 + ate'vo)
— < .
u() = (0] < = (T aeTve)(1 3§ ae¥rog) (7.32)

Substituting S = e'"v; into the first equation of system (7.1), (dS/dt), the state equation
becomes
M (01 +Xv1) =Y — pvie™ — Bovi . (733)

Similarly, substituting Y1 = e~ wy into the first equation of system (7.9), (dY/dt), the
adjoint equation becomes

eiTI(Wl — TW]) = (W2 — W3)(1 — MT (t))BSVQ -+ ,uswle*h + BSWIV2~ (7.34)

Now, subtracting the equations for S and S in equation (7.33), Y1 and Y in equation (7.34)

gives

Y(vi —71)+ (0 — 1) = —pas(vi — 1) — B (viva — 71 72)  and (7.35)

Y(wi —w1) + (i — 1) = (1= i) Bse™ {va(wa —w3) — 92(2 = W3) } + s (w1 —w1)
+ Bye" (wivy — 1 7). (7.36)
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Then multiply each equation by the appropriate difference of functions ((v; —v;) and (w —

W1), respectively) and integrate from O to 7. This gives (for case of equation (7.35))
1 Iy
E(Vl —\71)2+T/ (Vl — \71)2dl
0
' 12 Yo [ - .
=— ,us/o (vi —v1)~dt — Bse /0 (vivo —V1vp)(v) — vy)dt. (7.37)

Following the same procedure for the remaining state variables and adjoint variables (for H
and H,X and X, Rand R, T and T, C and C, M and M, G and G, Z and Z), the following
equations are obtained:

1 1y
§<V2 —)? +T/0 (vo — p)2dt

Iy ig
S /0 (va—)2di — B, /O (1= i) (viva = 172) (va — Da)eVdt,  (7.38)

1 Iy
§<V3—\73)2+T/0 (V3—\73)2dl
' =\2 f * - = =\ Yt
:_“"/o @& 2 dt+Bs/0 (1= i) (viva — 7172) (v — 3)edt

Iy V3Vg V3Vg o\ Yt
—k / d —5)eldr, 7.39
*Jo ( 1 +gpelfvy 14 geltig (v3 = 73)e (7.39)

1 ty
§(V4 - \74)2 —|—T/0 (V4 — 174)2dt

Iy V4V7 VaV7 N
= — 1 —ul - - tdt
P ’/o (1=u3) (1 ety Tt aety ) e

t
— / " (va—wa)2dt, (7.40)
0

1 I

—(VS—Vs)Z-i—Y/ (V5—\75)2dt

2 0

Iy V4V7 VaV7 N
_ 1 — — — Tdt
r/o (1= u)) (1 +oeltvg 14 aeltig (vs—¥s)e
Iy V5Vg V59 T
—k / - —ps)eM di
"Jo (1 +eeltvs  1+¢gelvs (vs = 7s)e

t
(e +y) /0 "(vs —us)2dr, (7.41)
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1 Iy
E(Vs —76)° —i—T/O (ve — Vg )2 dt
tf _ _ lf v
:7’/0 (vs —¥s)(ve — Vo) dt — Hc/o (ve —V6)~dt

Iy VgVo9 \76\79 _ T
—k / - —Ve)e" dt, 7.42
<, (1+828Y’V6 [EnT (ve —Vg)e (7.42)

1 Iy
§(V7—\77)2—|—T/0 (V7—\77)2dl‘
Iy
:“xN/o (1= 1) (v3 — 73) (v — 7 ) di

—(1—7t)Puc/Otf(1—uj;)< S V6

1+oaelvg 1+ aelig

tf tf
_.um/o (V7_‘77)dt_ﬁr/0 (vavy —vav7)(v7 — V7) dt, (7.43)

) (v7—w7)dt

| Iy
E(VS —73)? +Y/0 (vg — vg)dt

tf tf ) ]
1 o o
E(V9—v9) —I—T/O (vo — 7o) 2dt
Iy V3 ‘73 ) .
=0 / v = Ldt
“Jo (1 +epeltvy 1+ goeYt‘j3> (vg —T9)e
v Vs Vs N
° / B - Ldt
" Jo (1+81evaS 1_1_61610‘75) (vg —¥g)e

Iy V6 V6 T
O / - — Ldt
“Jo ( 1+&ellvg 1+ 826“%) (v9=¥o)e

l‘f
- Hz/o (vo —v9)?dtr. (7.45)
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Note that

) ' V3V9 V3Vg T
ky / —y)eM dt
l ( 1+ SoeTtV3 1+ 806“\% (V3 V3)e
r V3V9 — V3Vg N T
:k/ vz —3)e'ldt
“Jo <(1+£0€TtV3)(1+8oeTt\73 ( 3 3)

1y V3V9V3 — V3V9V3 —\ Yt
&k / vy —Vv3)e” dt
+ &0k 0 ((1+€0€T’V3)(1+€0€T’\73 ( 3 3)

< (C1e™ + Cre™) /0 T v — 53)2 + (vo — 7o) dit (7.46)
and
1
(i) B [ (= u') o2 —m172) (3 = 73)ds
0
3
< Gyl /O o1 =502 4 (v — 32)2 + (v3 — 73)] dr. (7.47)

Upon combining the integrals in equations (7.37)-(7.45) gives

SO0 =52 + 5 (v2 = 52)21) 5 (v3 = 75)2(07) 5 (8 — 7a)2(07) + 5 05 — 75717
36— 0)2(17) + 5 (v7~ B)2(1) + 5 (08— 50)2) + 5 v0 — 70)2(0y)

+ 300 = 902(0)+ 5 002 = W22(0) + (3 — 53)2(0) + 5 (w4 — 4 )7(0)

43 (v = 85)2(0) 4 5 (006 =156)%(0) + 5 (w7 — 97)2(0) + 3 (ws = 55)2(0)
—|—%(W9—W9 —l—Y/ Vl—V1 2+(V2—V2)2—|-(V3—V3)2+(V4—V4)2

+(vs —vs)? + (v6 = v6) + (v —v7)* + (v8 = v8)* + (v — v9)* + (w1 — w1

+ (w2 —w2)” + (w3 —w3)® + (wa — wa)® + (w5 —ws)” + (we — we)

+ (w7 —w7)? 4 (wg —wg)? 4 (wg —wg)?]dr (7.48)
< (T—Dl —D2€3th)

X /Otf[(m -V )2 +(vp— v2)2 +(v3— VS)2 + (v4— V4)2 +(vs — V5)2 +(vs — V6)2

= = v+ o =021+ [ n =)+ (2 = w22

(
+(w3 —w3)2 + (wg —wa)? + (ws — ws)? + (w — we ) > + (w7 — w7)?
(

+(wg —wsg)* + (wo —wo)?}, (7.49)
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where Dy and D, depend on the coefficients and the bounds of v; and w;, i = 1,--- ,9. If Y
is chosen such that Y > (D +D,) and t < (1/3Y)In((XY —D;)/D,), then vi = ¥y, v = ¥,
V3 = V3, V4 = V4, V5 = V5, Vg = Vg, V7 = V7, Vg = V8, Vg = Vg, W| = W1, Wy = W3, W3 = W3,
Wq = Wyq, W5 = W5, Wg = Wg, W7 = W7, wg = Wg, Wg = Wg. Hence, the solution is unique for

small time ;.

The non-linear optimal controls are obtained by solving the optimality system (7.27)-(7.28),
which combines the state system (7.1), the adjoint system (7.9), the initial conditions (7.2),
boundary conditions (7.10) and the characteristics of the optimal functions (7.12)-(7.15).
In order to solve the optimality system, the initial and transversality conditions are used
alongside the characterisation of the optimal control (uy,us,us,us) given in equations (7.12)-
(7.15). We therefore obtain optimal control measures through numerical simulations, in the
next section. The optimal control set u;,i = 1,--- ,4 gives an optimal control strategy against

in-host P. falciparum malaria infection.

7.5 Numerical simulations

In this section, we study the numerical results obtained from the optimal control model
(7.1). The backward-forward sweep (BFS) algorithm (Lenhart and Workman, 2007) and the
fourth-order Runge-kutta scheme in Matlab (Ince, 1943) are applied to solve the optimality
system. The BFS algorithm has been implemented in several research studies (Joshi et al.,
2006; Nakakawa et al., 2017; Namawejje et al., 2014; Okosun et al., 2011; Omondi et al.,
2018). The optimal control code presented by Lenhart and Workman (2007) is modified
to solve the optimality system (7.27). The initial conditions So, Hy, Xo, Ro, To, Co, My, Go,
Zy, and #; are used to solve for the state variables X = (S,H,X,R,T,C,M,G,Z) forward in
time using Runge-kutta fourth-order scheme in Matlab. The adjoint system Y;,i =1,---,9 is
solved backward in time using the transversality condition Y;(¢¢) = 0 and the values of ¥ and
it. The control variables i are then updated in the second iteration by entering the new values

of the state and adjoint variables. This process is repeated until convergence is achieved.

The parameter values used in the simulations are obtained from existing literature on in-host
malaria modelling and control. These are as presented in Table 7.2. Other parameter values
are however assumed. The retail price of ACTs in sub-Saharan Africa is roughly 5-7 US
dollars ($) (Palafox et al., 2015). The median price of AL (the blood schizontocide) is $5.26
in Uganda, $6.03 in Benin, $4.58 in DRC, $5.36 in Nigeria and $5.36 in Zambia (Palafox

et al., 2015). A cross-sectional study on the availability and retail prices of antimalarial drugs
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in rural Western Kenya (Kioko et al., 2016), revealed that the mean price (range) of an adult
treatment course for AL was $4.5 ($0.35-5) while DHA-PPQ was $4.39 ($0.71-7.06). Penny
et al. (2016), estimated the cost per dose of RTS,S/AS01 to be $6.52 ($2.69 —-$12.9). In this
study, the average retail price of $5 for AL and PQ per dose are assumed. Additionally, the
pre-erythrocytic vaccine (RTS,S/ASO01) is considered highly cost-effective and is estimated
to assume a mid-range cost of $5 per dose under a four-dose schedule (Winskill et al., 2017b).
This implies a unit cost of $39.25 is incurred per fully vaccinated child (Penny et al., 2016;
Winskill et al., 2017b). It is further assumed that the blood-stage vaccine would bear a similar
cost of $5 (= Kshs. 500) per dose. Therefore, the costs A} = A, = $39.25 (= Kshs.3925).
Similarly, A3 = A4 = $5 (=~ Kshs.500).

Malaria treatment using ACTs have made a significant contribution to current success in
malaria control efforts. For the period 2014-2017, WHO spent about US $11.71, $13.70,
$12.53 and $14.18 per malaria cases averted, respectively. The 2015 World malaria report
showed that about 663 million malaria cases were averted for the period 2001-2015 (WHO,
2016b); of these cases, 21% (17%, 29%) were averted due to ACT use. Therefore, an average
of US $11.90 was spent per year on malaria cases averted by ACTs in the period 2014-2017.
Additionally, a report by the President’s Malaria Initiative (PMI), estimated that about US $94
(95% CI: $51, $166) was spent per disability adjusted life year (DALY) averted for the period
2005-2017 (Winskill et al., 2017a). This represents about US $7.80 per cases averted per
year. Unlike the efficacies of antimalarial drugs (95%), the vaccines considered in this study
have a moderate efficacy of 75%. The weight constants By, By, B3 and B, are hence assigned
a slighly lower average value of US $7.5 (=~ Kshs. 750). That is, B; = B, = B3 = B4 = 750.

In Figures 7.4 - 7.15, the coefficients A} = A = 3925, A3 = A4 = 500 and B; = 750,i =
1,---,4. The initial conditions S(0) = 3000, H(0) =3 x 10°, X(0) = 5 x 102, R(0) = 5 x 10°,
T(0) =5 x 10, C(0) = 5000, M (0) = 9000, G(0) = 5000, Z(0) = 3000 are used to illustrate
the effects of various control strategies against in-host P. falciparum malaria infections.
Arbitrary initial conditions were chosen because the presented model (with constant vaccine
control) exhibits global stability behaviour (see Chapter 4). Note that all the possible set of
control combinations were considered in this study. However, only those that gave substantial
decrease in the populations pre-defined in the objective function (7.4) are presented. To

simplify the analyses, the four controls are grouped into the following six categories:
 Strategy 1: A combination of two controls

— (1A) A combination of blood schizontocide and gametocytocide only: u; =
0,up =0,u3 # 0,uq # 0.
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— (1B) A combination of pre-erythrocytic and blood stage vaccine antigens only:
uj 7&0,”2 7£07M3 :O7I/t4 :07'

— (1C) A combination of pre-erythrocytic vaccine and blood schizontocide drugs
only: uj 75 O,uz = O,u3 75 0,1/!4 =0.

 Strategy 2: A combination of three controls

— (2A) Pre-erythrocytic vaccine antigen, blood stage vaccine antigen and blood
schizontocide only: u; # 0,up # 0,u3 # 0,ug = 0.

— (2B) Pre-erythrocytic vaccine antigen, blood schizontocide and gametocytocide
only: uy # 0,uy = 0,u3 # 0,us # 0.

 Strategy 3: A combination of all the four controls (pre-erythrocytic vaccine antigen,

blood stage vaccine antigen, blood schizontocide and gametocytocide) : u; #£ 0,uy #

0,u3 # 0,uy #0.

Table 7.2: Table showing parameter values used for model simulations

Parameter Value Range Units Source

P 16 (15-20) Unitless (Diebner et al., 2000)

ky 0.01 (0.001-0.9) /day (Chiyaka et al., 2008)

ky 0.02 (0.003-0.9) /day (Chiyaka et al., 2008)

k¢ 0.001 (0.001-0.9) /day (Chiyaka et al., 2008)

Uy 0.083 (0.05-0.1) /day (Anderson et al., 1989)

Br 0.02 (0.01-0.3) /mm3/day (Dondorp et al., 2000)

Bs 0.001 (0.0001-0.2) Imm?>/day (Selemani et al., 2016)

/4 0.2 (0.1-0.9) Unitless (Talman et al., 2004)

Uy 0.029 (0.01-0.5) /day Estimated

Ly 0.02 (0.01-1) /day (Selemani et al., 2016)

Ar 3000 (300 —3 x 10%) cells/ml/day (Lietal., 2011)

A 3000 (3x10° =3 x10%) cells/ul~'/day  (Tumwiine et al., 2008)

A 30 (10-40) /ul='/day (Chiyaka, 2010)

U 48 (46-50) /day (Liet al., 2011)

A 30 (18-35) sporozoites/day (Selemani et al., 2016)

Us 1.2 (1.0—2.4) /day (Selemani et al., 2016)

Uy 0.27 (0.01-0.8) /day (Magombedze et al., 2011a)
Ue 0.7 (0.1-0.9) /day (Magombedze et al., 2011a)

Continued on next page
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Table 7.2 — Continued from previous page

Parameter Value Range Units Source

[T 6.3x 107 (6.0—7.0)x 107> /day (Selemani et al., 2016)
U, 2 (0.5-3) /day (Chiyaka, 2010)

S, 1073 (1074-1077) mm 3 /day (Chiyaka, 2010)

S 1076 (1072-1077) mm~>/day (Chiyaka, 2010)

S 1074 (1073-1077) mm™3/day (Chiyaka, 2010)

Y 1.5 (0.1-2) /day (Selemani et al., 2016)
& 1E-5 (1E-6, 1E-4) /day (Tumwiine et al., 2008)
& 1E-4 (1E-6, 1E-4) /day (Tumwiine et al., 2008)
& 1E-6 (1E-7, 1E-4) /day (Tumwiine et al., 2008)
[0 5E-4 (5E-5-2E-2) Unitless (Magombedze et al., 2011a)
N 10* (8E+3-2E+5) Unitless (Tumwiine et al., 2008)

7.5.1 Simulation results

The impact of employing strategy (1A) (a combination of blood schizontocide and gameto-

cytocide only) in the control of P. falciparum infection in humans is as presented in Figure

7.4. It is evident that an antimalarial drug with such a combination is highly effective in

eradicating the merozoites and infected red blood cells as shown in Figures 7.4b and 7 .4c,

respectively. However, this combination strategy offers little effect on the population of

infected hepatocytes as shown in Figure 7.4d. This is because these drugs are not active

against the liver stage parasites or schizonts. Moreover, a moderate decrease in the population

of gametocytes is also observed (see Figure 7.4a). Besides effective antimalarial drugs, it is

clear that other therapeutic measures may be necessary to eradicate all parasites and infected

cells during P. falciparum malaria infections. The control profile of strategy (1A) is shown in

Figure 7.5.
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Figure 7.4: Simulations of system (7.1), showing the impact of a combination of blood
schizontocide u3 and a gametocitocide u4 only during clinical P. falciparum malaria infection.
Used parameter values are shown in Table 7.2.

Figure 7.5:

control profile
o ©o © © © o o o
v ® B o ® N ®» ©

4
T

o

(<)

10

20

30

L
40

L
50

60

70

80

90

100

Time (Days)

Profiles of blood schizontocide u3 and gametocytocide uy. Here, u; =0, uy = 0.

201



In Figure 7.6, a combination of malaria vaccine antigens is considered. This corresponds
to strategy (1B). The combination of pre-erythrocytic vaccine antigen u and blood-stage
vaccine antigen u, is shown to be very effective in decreasing the populations of infected
erythrocytes (Figure 7.6¢) and infected hepatocytes (Figure 7.6d). Although the merozoites
are eradicated, this takes a slightly longer time, due to low vaccine efficacies (see Figure 7.6b).
A 100% efficacy of PEV would, however, not require augmenting with BSV. Nevertheless,
the efficacies of PEV and BSV is still likely to drop over time as the antibodies decay
(Sherrard-Smith et al., 2018). The control profile under this strategy is presented in Figure
7.7. It is observed that the efficacies of the vaccines should be maintained high for the entire
period of intervention.
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Figure 7.6: Simulations of system (7.1), showing the impact of a combination of pre-
erythrocytic vaccine antigens u; with blood stage vaccine antigens u, only. Used parameter
values are shown in Table 7.2.
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Figure 7.8: Simulations of system (7.1), showing the impact of a combining pre-erythrocytic
malaria vaccine u; and blood schizontocides u3 only in the control of within-human P.
falciparum infection. Used parameter values are shown in Table 7.2.
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The combined use of pre-erythrocytic vaccine and blood schizontocide, strategy (1C), is
shown to greatly decrease the population of infected erythrocytes and infected hepatocytes in
Figures 7.8c and 7.8d, respectively. Unlike strategies (1A) and (1B), this third strategy (IC)
is slightly more effective; it eradicates the merozoites and gametocytes within 30 days of
infection (see Figures 7.8a and 7.8b). Additionally, this strategy has a maximum duration
of 11 days before it eradicates all infected erythrocytes from the host. To guarantee total
eradication of all infected cells and infective parasites, the used antimalarial drug should be
highly effective (efficacy > 95%). The moderate effect of this strategy on the gametocyte
population means that the treated malaria patients would facilitate parasite transmission to
the mosquito vector, increasing future malaria cases and mortality. Figure 7.9 shows the
profile of the control measures in this strategy. The efficacy of the pre-erythrocyte vaccine
(u1) should be maintained throughout the control period. Similarly, the effectiveness of blood
schizontocide (u#3) should remain high for at least half of the intervention period.
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Figure 7.9: Profiles of pre-erythrocytic vaccine antigen u; and blood schizontocide drug us.
Here, uy =0, us = 0.

If two or more vaccines and antimalarial drugs are combined, then different outcomes are
observed as presented in Figures 7.10-7.15. In Figure 7.10, blood schizontocide u3 is used to
treat malaria patients who have received a combination of pre-erythrocytic vaccine antigens
u; and blood stage vaccine antigens up. This defines strategy (2A). The control profiles of
u; # 0, up # 0 and u3 # 0 are presented in Figure 7.11. Although there is a general decrease
in the populations of infected cells and infective parasite, the rate of decline is moderate
and the clearance of gametocytes lasts longer than 20 days. A better result is however,
presented in Figure 7.12. In this strategy (2B), a combination of blood schizontocide
u3 and gametocytocides u4 is administered to a malaria patient who is already on a pre-

erythrocytic vaccine u;. A rapid rate of decline in populations of infected erythrocytes,
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infected hepatocytes, merozoites and gametocytes is observed. The density of gametocytes
fall exponentially; within 15 days of blood stage malaria. It is also noted that total eradication
of merozoite parasites from the human host occurs within two weeks of infection. The
profiles of the three control measures are displayed in Figure 7.13.
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Figure 7.10: Simulations of system (7.1), showing the impact of a combination of pre-
erythrocytic vaccine antigens u, blood stage vaccine antigens u; and blood schizontocide u3
only. Used parameter values are shown in Table 7.2.
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Figure 7.12: Simulations of system (7.1), showing the impact of a combination of pre-
erythrocytic vaccine u1, blood schizontocide u3 and gametocitocidal drug u4. Used parameter
values are shown in Table 7.2.
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Finally, in Figure 7.14, all the four control efforts are employed (strategy 3). Here, anti-
malarial drugs consisting of blood schizontocides and gametocytocides are administered to
malaria patients who are equally on a combined pre-erythrocytic and blood stage vaccine
antigens. Just like in strategy (2B), tremendous decline is observed in the populations of
gametocytes, merozoites, infected hepatocytes and infected erythrocytes when all the control
measures are employed. It takes a much shorter time to eradicate the malaria parasites from
the blood of the human host. Both the merozoites and infected red blood cells get eradicated
within 12 days of infection. It is clear that both strategy (2B) and strategy 3 offer the best
control options in controlling in-host P. falciparum malaria. Moreover, the simulations
results in Figures 7.12 and 7.14 reveal that the emergence of clinical malaria would be least
likely if either of these control strategies is implemented correctly. Nevertheless, strategy
(2B) only needs one highly efficacious malaria vaccine to achieve the same result as that
in strategy 3. Additionally, strategy (2B) is likely to be less costly compared to strategy 3,
which incorporates all the four control measures. In conclusion, the optimal control strategy
against P. falciparum malaria is strategy (2B): a combination of efficacious pre-erythrocytic

vaccine, effective blood schizontocide and a gametocytocide.

In Figure 7.15, the control profiles for each of the four controls employed in strategy 3
are presented. It is observed that the control profiles of the pre-erythrocytic vaccine (u;)
and blood stage vaccines antigens (u;) are maintained at highest levels of efficacy (75% in
our case) to ensure maximum eradication of asexual sporozoites and infected erythrocytes,
respectively. Similarly, the concentrations of blood schizontocides (u3) and gametocytocides
(u4) should be maintained at the highest levels to maximise eradication of asexual merozoites

and infected erythrocytes, respectively. Like in other control strategies already discussed, the
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effectiveness of the antimalarial drugs is likely to fall after day 45 and this remains lowest till
the end of the intervention period.
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Figure 7.14: Simulations of system (7.1), showing the impact of combining antigens of pre-
erythrocytic vaccine and blood stage vaccine together with the administration of combined

blood schizontocide and gametocitocidal drugs. Used parameter values are shown in Table
7.2. Here, u; # 0, up # 0, uz # 0, ug # 0.

The best control strategy of an in-host malaria infection should eradicate all infective mero-
zoites, infected hepatocytes and infected red blood cells within the shortest time possible at
a minimal cost. Epidemiologically, the best control strategy should ensure no gametocyte
parasites are available for transmission to the mosquito vector. Although strategy (2B) is the
optimal strategy in this study, it should be implemented alongside existing vector control
measures such as ITNs and IRS if malaria elimination goal is to be achieved (WHO, 2015b).
This result is crucial for malaria drug development and highlights the urgent need for a highly
efficacious pre-erythrocytic malaria vaccine to complement existing ACTs.
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Figure 7.15: Plots showing the profiles of pre-erythrocytic vaccine antigen u;, blood stage
vaccine antigen u, blood schizontocide u3 and gametocytocide uy.

7.6 Conclusion

In this chapter, optimal control theory has been applied to a deterministic in-host malaria
model. The model incorporates antimalarial drugs and malaria vaccines as control strategies
during clinical P. falciparum malaria. The objective was to establish the best combination
strategy involving (1) a blood schizontocide (2) a gametocytocide (3), a pre-erythrocytic
vaccine antigen and (4) blood stage vaccine antigen against P. falciparum malaria. The drug
and vaccine combinations are categorised into: (i) strategy (1A): a combination of a blood
schizontocide and gametocytocide, (ii) strategy (1B): a combination of pre-erythrocytic
and blood stage vaccine antigens, (iii) strategy (1C): a combination of pre-erythrocytic
vaccine and blood schizontocide drug, (iv) strategy (2A): a combination of pre-erythrocytic
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vaccine antigen, blood stage vaccine antigen and blood schizontocide, (v) strategy (2B): a
combination of pre-erythrocytic vaccine antigen, blood schizontocide and gametocytocide
and (vi) strategy 3: a combination of all the four control options (pre-erythrocytic vaccine
antigen, blood stage vaccine, blood schizontocide and gametocytocide).

The Pontryagin’s Maximum Principle was used to characterise and discuss control strategies
that substantially reduced the populations of infected erythrocytes, infected hepatocytes and
malaria parasites. The necessary conditions were derived and analysed for the existence of
the optimal control of malaria infection. For sufficiently small values of intervention time,
we proved the uniqueness of the optimality system. From the analysis, it was found out
that eradication of in-host malaria will be possible if highly efficacious vaccines are used in
combination with antimalaria drug therapy. Numerical results showed that a combination of
pre-erythrocytic vaccine, blood schizontocide and gametocytocide drugs would offer the best
control strategy against clinical P. falciparum malaria. A combination of all the four control
measures equally gave a comparatively good results, however, it may be too expensive.
Nonetheless, the synergy of malaria vaccine antigens and antimalarial drug regimens is

crucial for future malaria chemotherapy control.

It is important to note that the parameter values and weights used in this analysis are estimated
for illustration purposes. More realistic results would be feasible if data on the costs of
implementation of the four controls are available. However, the results presented in this
chapter give insights on the need to combine effective antimalarial drugs and to use them

alongside efficacious malaria vaccine antigens to control P. falciparum malaria infections.

This study is concluded in the next Chapter 8. It summarises the results of the study and list

some recommendations for future research activities.
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Chapter 8

Conclusion and Recommendations

8.1 Conclusion and discussion

Despite the renewed optimism regarding the achievement of malaria elimination goal, the
current antimalarial measures offer little in the way of novel strategies (Sinha, 2014). Malaria
cases are strangely on the rise in the top ten high burden African countries (Nigeria, Burkina
Faso, Ghana, Niger, Mali, Guinea, Benin, Cote d’Ivoire, Togo and Sierra Leone). It is on
record that 3.5 million more cases were reported in 2017 in these countries (WHO, 2018f).
The appearance of parasite resistance to currently recommended antimalarial drugs (ACTs) in
Thailand and Cambodia and the possible risk of spreading to other malaria endemic regions
has generated global concern for future malaria control and elimination measures. Progress
in malaria control is currently hampered with inadequate investment (WHO, 2018f). With
minimal progress in malaria vaccine development and the absence of alternative drugs in
the pipeline, the need to discover and develop newer malaria therapeutic strategies cannot
be overemphasised (WHO, 2018f). This study was aimed at formulating and analysing
mathematical models of in-host malaria dynamics with the goal of improving malaria vaccine

and therapeutic strategies.

In this study, the dynamics and interactions of malaria parasites, the erythrocytes (red blood
cells), the liver hepatocytes and the immune cells are represented using a system of nonlinear
ordinary differential equations. The extended models are subject to therapeutic conditions of
antimalarial drugs and malaria vaccines. The specific control efforts of the immune cells is
highlighted in all the formulated models. Parasite resistance and the effects of competition
between different parasite strains are also discussed. Based on the next generation matrix
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method, the basic/effective reproduction numbers are computed. Optimal control theory is
also applied to establish the best therapeutic combination strategy against in-host falciparum

malaria infection.

The first model in this study is a deterministic model of in-host malaria infection without
therapeutic interventions The model incorporates parasite and cell dynamics at the liver and
blood stages within the human host. Innate immune cells called macrophages are deployed
to eliminate infected red blood cells and malaria parasites from blood circulation. In addition,
the liver hepatocytes are assumed to be generated from the bone marrow and through a
process of self-regeneration from existing hepatocytes. The malaria-free equilibrium point
is shown to be locally asymptotically stable when the in-host reproduction number is less
than unity. The global stability of the malaria-free state is only guaranteed if the basic
reproduction number Ry is less than unity.

Results based on numerical simulation show that intervention during malaria infection should
target the merozoite invasion rate on healthy erythrocytes and the density of merozoites in
circulation that are responsible for secondary invasion at the blood stage. In the absence
of malaria treatment, the macrophages are shown to be vital in eliminating infected ery-
throcytes at the blood stage. The higher the rate of phagocytosis of infected erythrocytes
by macrophages, the lower the density of infected red blood cells and hence malaria par-
asitaemia. For quick and timely reduction of parasitaemia, an increased merozoite death
rate using antimalarial drugs such as ACT would be necessary. This would further ensure
reduced density of infected red blood cells and hence decreased recrudescence. Moreover,
erythrocyte invasion-avoidance vaccine would minimise the density of infected erythrocytes
and hence malaria disease severity. This intervention could help terminate the erythrocytic

schizony, leading to minimal parasite transmission to mosquito vector.

The potential role of efficacious malaria vaccines in in-host malaria control and eradication
is presented in the second model in this study. The in-host malaria model incorporates pre-
erythrocytic vaccine (PEV), blood stage vaccine (BSV) and transmission blocking vaccine
(TBV). The model is mathematically analysed to provide useful insights on individual and
combined vaccine impacts in reducing the severity of P. falciparum malaria. It was established
that a highly efficacious malaria vaccine (efficacy > 90%) is likely to offer the much needed
protection against P. falciparum malaria. This estimate should however be treated with
some discretion due to ‘not so accurate’ parameter values. Additionally,the critical vaccine
efficacy necessary in the development of future malaria vaccines was established. To achieve
a substantial reduction in mortality and morbidity due to malaria infections, the efficacy of

the malaria vaccines should be higher than the corresponding critical vaccine efficacies. For
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instance, when the efficacy of the blood stage vaccine is lower than the critical efficacy, the
rate of infection of susceptible erythrocytes is higher and clinical malaria persists. However,
the concentration of blood trophozoites and blood schizonts decreases drastically if the
efficacy of the blood stage vaccine is higher than the critical blood stage vaccine efficacy. A
combination of different malaria vaccine antigens yields better therapeutic results compared
to individual vaccine antigens. Vaccine combinations induce multiple immune responses
with the potential to prevent or eradicate malaria infection. Analysis of the model here shows
that a highly effective vaccine combination is critical for P. falciparum malaria elimination

goal.

Due to uncertainties that may accompany choices for parameter values, it is important to
correctly understand the possible effects of the parameter values to the model outcome. The
more sophisticated and efficient sensitivity analysis approach of LHS/PRCC is applied to the
third in-host malaria model subject to vaccine control measures. The model is shown to be
highly sensitive to variations in malaria vaccine efficacies. Only efficacious malaria vaccines
have a chance to eliminate P. falciparum malaria or to reduce its severity during infection.
Sensitivity indices based on the basic reproduction number indicates that the parasite invasion
rates are highly sensitive to disease progression. Licensed malaria vaccines must therefore be
efficacious enough for quick and rapid eradication of all infective parasites. Other parameters
such as the proportion of merozoites that become gametocytes per dying blood schizont and
the average number of merozoites released per bursting blood schizonts are also shown to
have a considerable impact on the severity of malaria infection.

A highly effectious blood stage vaccine is also effective in reducing the density of malaria
gametocytes. This is likely to reduce malaria transmission from the human host to the
mosquito vector. The protective capacity of liver stage- specific CD8" T cells is a motivation
for developing a blood stage vaccine that would boost the production of blood trophozoite-
specific CD8™ T cells. It is observed that the more efficient the pre-erythrocytic vaccine is,
the lower the density of released merozoites into the host’s blood stream. Moreover, a rapid
clearance of infected hepatocytes is likely to result into less infected erythrocytes at the blood
stage. An efficacious pre-erythrocytic vaccine has a potential to eliminate all infected liver
hepatocytes. Such vaccines may also reduce the overall burst size of an infected hepatocyte,

leading to reduced erythrocytic schizonogy.

The synergy of combining pre-erythrocytic vaccines, blood stage vaccines and transmission
blocking vaccines antigens induces multiple immune responses with the potential to prevent
malaria infection. Although efficacious malaria vaccines are shown to be effective in reducing

severity of clinical malaria, the results further confirm the need to combine malaria vaccines
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with existing antimalarial therapy to achieve a complete clearance of the parasites from the
human host. Moreover, from the LHS/PRCC analysis, it is observed that long term precise
predictions of the density of infected liver hepatocytes and infected erythrocytes would be
difficult until certain sensitive parameters are correctly determined.

The effects of parasite resistance under single and multiple-strain parasite infection is also
investigated in this study. The parasites are categorised as either drug-sensitive strain (dss)
or drug-resistant strain (drs). The immune cells are incorporated to reduce the invasive
characteristic of the malaria merozoites. The dynamics here are strictly limited to the blood
stage of malaria infection. Antimalarial therapy is applied to the model but only targets
erythrocytes infected with drug-sensitive merozoites. The results show that the success of
P. falciparum infection in the presence of multiple parasite strain is directly dependent on
the ability of the individual parasite strains to dominate the infection. The parasite strain
with a higher threshold value, Rg is likely to dominate the infection. Prescribed antimalarial
drugs should therefore be effective enough to eradicate both drug-sensitive and drug-resistant

parasite strains.

To assess the impacts of the different parasite strains to disease dynamics, the model is
simulated for different values of the threshold quantities R; and R,. It is observed that
when R, > 1 and R, > 1, then both parasite strains are persistent and the infection becomes
severe. If R, > 1 and R; < 1, then the drug-sensitive parasites would decline to zero as the
drug-resistant strain continue to multiply and remain persistent, increasing the severity of
infections. On the other hand, if R; > 1 and R, < 1, then the drug-resistant parasite strains
would be eradicated. Moreover, provided that the threshold quantities Ry and R, are less than
unity, the use of an efficacious antimalarial drug would help clear P. falciparum infection

from the human host.

The efficacy of antimalarial drug is shown to have direct negative impact on the density of
infected erythrocytes. The higher the efficacy of administered antimalarial drug, the lower
the population of infective merozoites and the smaller the density of infected erythrocytes.
This ensures prompt recovery from malaria infection. The efficacy of antimalarial drug is
however shown to have least effect on the population of drug-resistant infected erythrocytes.
Using contour plots and results from sensitivity analysis, it is observed that the efficacy
of antimalarial drug used, the density of blood floating merozoites produced per infected
erythrocyte, the rate of development of resistance and the rate of infection by merozoites are
the most important parameters in blood-stage P. falciparum malaria infection and control
efforts.

214



Although the drug-resistant strain is shown to be less fit, the presence of both strains in
the human host has a huge impact on the cost and success of antimalarial treatment. To
reduce the emergence of resistant strains, it is vital that only effective antimalarial drugs
are administered to patients in hospitals, especially in malaria endemic regions. Similarly,
to improve malaria therapy and reduce cases of parasite resistance to existing therapy, our
results call for regular and strict surveillance on antimalarial drug use in clinics and hospitals

in malaria-endemic countries.

The theory of optimal control is applied to the in-host malaria model in this study. The model
incorporates antimalarial drug regimens and malaria vaccine antigens as control strategies
against clinical P. falciparum malaria. The goal of using this model is to establish the best
combination strategy involving a pre-erythrocytic vaccine antigen, a blood stage vaccine
antigen, a blood schizontocide and a gametocytocide against in-host P. falciparum malaria
infection. The drug and vaccine combinations are categorised into: (i) a combination of blood
schizontocide and gametocytocide only (strategy 1A), (ii) a combination of pre-erythrocytic
and blood stage vaccine antigens only (strategy 1B), (ii1) a combination of pre-erythrocytic
vaccine antigen and blood schizontocide drug only (strategy 1C), (iv) a combination of
pre-erythrocytic vaccine antigen, blood stage vaccine antigen and blood schizontocide only
(strategy 2A), (v) a combination of pre-erythrocytic vaccine antigen, blood schizontocide
and gametocytocide only (strategy 2B) and (vi) a combination of all the four control options
(pre-erythrocytic vaccine antigen, blood stage vaccine antigen, blood schizontocide and
gametocytocide), (strategy 3).

The Pontryagin’s Maximum Principle was used to characterise and discuss control strategies
that substantially reduced the populations of infected erythrocytes, infected hepatocytes and
malaria parasites. The necessary conditions were derived and analysed for the existence of
the optimal control therapy for malaria infection. For sufficiently small values of intervention
time, the uniqueness of the optimality system was proved. Numerical results showed that a
combination of pre-erythrocytic vaccine antigen, blood schizontocide and gametocytocide

drugs offers the best control strategy against P. falciparum malaria infection.

8.2 Policy recommendations based on this study

Despite global and regional success in reducing morbidity and mortality due to malaria,
malaria still remains a major public health problem in Kenya. About 4 million malaria cases

are reported annually, with about 5.1% mortality rate among patients admitted with severe
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malaria. Over 99% of all reported cases are due to the deadly P. falciparum malaria. Research
findings from this study could be useful to malaria research organisations such as the Kenya
Medical Research Institute (KEMRI), Centers for Disease Control and Prevention (CDC-
Kenya) and the Ministry of Health in their effort to prevent and control malaria infections in

the country. Specific policy recommendations include the following:

1. For quick and timely treatment of uncomplicated P. falciparum malaria, treatment

using efficacious ACTs such as artemether-lumefantrine (AL) is necessary.

2. Malaria vaccine minimises the density of infected erythrocytes and hence malaria
disease severity. Vaccines such as RTS,S/ASO1, should be used alongside existing

antimalarial drugs to control P. falciparum malaria infections in the country.

3. Threats caused by parasite resistance offer a unique opportunity to closely monitor
use and misuse of antimalarial drugs. Regular and strict surveillance on quality and
standards of antimalarial drugs in medical facilities in the country is therefore very

critical.

4. To reduce mortality and morbidity, only qualified medical officers should be permitted

to diagnose and administer antimalarial treatment to malaria patients in the country.

5. Patients suffering from such infections as HIV/AIDS or tuberculosis which have
deleterous effect on the protective immune cells should seek immediate medical
treament when infected with malaria. Their compromised immune system exposes

them to severe malaria attacks and possible untimely death.

6. Individuals presenting malaria symptoms should also be tested for other infections
such as HIV/AIDS and tuberculosis.

8.3 Limitations and future work

This study uses mathematical modelling and analyses to provide useful and rich insights
necessary for understanding in-host malaria dynamics and for improving vaccine and thera-
peutic control measures against P. falciparum malaria. Like many other epidemic models,
the in-host malaria models presented here have numerous model assumptions. These assump-
tions help to minimise model complexities and maintain systems with manageable analytical
sizes. However, the malaria parasite life cycle is extremely complex with several biological
functions that are largely unknown. Some of the assumptions in this study could be dropped

to improve model outcome. For example, the presented model ignores the biology of CD8"
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T activation and assumes constant rate of production of the immune cells during malaria
parasite invasion. Secondly, the formation of gametocytes is another mystery in the malaria
parasite life cycle. The actual rate of commitment of merozoites to form gametocytes is
largely unknown and highly speculated. This process has been highlighted in some studies
(Bechtsi and Waters, 2017) as a random process that would best be captured using a stochastic
model. Nevertheless, the actual process is still unclear with only a small proportion of the

parasites per erythrocytic cycle committing to gametocytogenesis (Josling and Llinas, 2015).

It is important to note that the values of the parameters used in this study were either obtained
from existing literature or simply assumed. This is partly occasioned by lack of data and also
due to some unknown dynamics within the complex malaria parasite life cycle. Availability
of clinical data on P. falciparum malaria dynamics with and without vaccine and antimalarial
drugs could be very helpful in estimating model parameter values for even better results.
It would therefore be difficult to predict with higher accuracy, the optimal malaria vaccine
efficacy. Time delay from invasion to schizont rupture is not captured in this study. This
is another key area that could improve the results presented here. A time-dependent delay
parameter would be a plausible addition to future in-host malaria models. In addition,
this study acknowledges that the parasite invasion rates may not necessarily be constant

throughout the infection period.

Finally, model validation is a very powerful step in disease modelling. Another possible
extension of the models considered in this study can be implemented by carrying out model
validation based on valid data on in-host P. falciparum malaria dynamics and therapeutic
control. Note that the weights used in the optimal control analysis are estimated for illustration
purposes. More realistic results would be feasible if data on the costs of implementation of

the four controls are available.

In spite of the stated shortcomings, the presented models and analyses performed in this
study provide useful insights on in-host malaria dynamics and therapeutic control measures
against P. falciparum malaria. The results from this study call for continued investment in
malaria drug development and urgent drive to improve the efficacy of malaria vaccines such
as RTS,S/ASO1. The administration of effective antimalarial drugs alongside malaria vaccine
antigen combinations present a noble strategy with the potential to malaria eradication in

malaria endemic regions.
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Appendix A

Mathematical preliminaries

Definition A.1. Linearisation. In mathematics, linearisation refers to the process of finding

a linear approximation to a function at a given point.

The concept of linearisation is very important in the study of dynamical systems. It enables
us to assess the local stability of the equilibrium point(s) of a non-linear dynamical system.

The process of linearing such a system is presented as follows:

Consider a compartmental model of n state variables (populations): yi(¢),y2(), -+ ,yu(t).
The argument ¢ is the independent time variable. This system can be modelled using
autonomous 7 first order differential equations as follows.

\
Y

yll N Gl(yhyZ;"' 7yn)

y/2 = Gz()’h)’% T 7)’n)7
(A1)

Yo = Ga(y1,32,7++ )
Definition A.2. Equilibrium point. We define the equilibrium point (or critical or stationary
or rest point) of the system (A.1) as a solution (y],y5,- - ,y) such that

)

Gl ()ﬁa)ﬁ? e ay;kt>
GZ(yT;y;, e 7y;k1)

0,
0

)

(A.2)

Gn(yTJyzvay:;) O',
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A small perturbation € on the steady state (y},y3,--,y;) gives

)
Y

yi(t) =yi +€yi(t)
y2(t) = y> +€n(1),

Yu(t) =y, +€9n(t).

Substituting (A.3) into (A.1), the differential equations become

Vi =Gy + 51,55 + €92,y 4 €5), )
ylz = GZ()’T +8)71;)’3+8)727"‘ 7y;’kt+8yn)7

Yo = Gn(y] +€V1,¥5 + €72, .5+ EVn)- )

Using a Taylor’s expansion for several variables, we have

d}_71 aGl 8G1
e =@G *’ *7...’ i = B i e=8 v
i 171522, 5 9n) + I y1+ 7 V2 +
OF Y5 v8) OF Y% 9m)
0G
+Eem Fu+O0(.1),
n| oy
(y17y27'“7yn)
d)_’Z 8G2 an
e =@G *’ *7...7 * - Vi o—= Y
o 2(V15Y2, 5 ¥n) + I yi+ 7 V2 +
055 ) OF Y% 9m)
G
+em ut+O(1),
n| oy,
(y17y27"'7yn)
d}_]n n — aGn —
e =@ * *7 e * € € .
o n(V15Y25 5 ¥n) + o, yi+ 7 V2 +
055 ) OF Y% 9m)
G _ o _
e 5+ 071,52, 3all),
yn * * £
(y17y27"'7yn)
where O(||y1,¥2,- - ,Va||) represents the higher order terms of the expression.
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Since (y7,¥5,---,y;) is a steady state, then

Neglecting higher order terms of (A.5), the linearisation of system (A.1) is given by

dy, 020G _ 020G _ 0G _ )
et =es i+es— Fatete i
e oy L OV | v T P
(ylvyzv"'>yn) (ylvyz:"'vyn) (y17y27"'7yn)
dy, 2G> 2G> G,
et =g > yi+ear Fobooote T (A7)
dt |, .., . oIyl .. oyn | . .
(YIvyZa"'7yn) (ylayzv“'vYn) (ylvyzv"'vyn)
dy G G G
ﬁ:g n y1 + e— Fo 4 E—t V-
de oy Lo Oy2 | h T P
(YIvyzv"'>yn) (y17yzv"'7yn) (y17y27"'7yn) 7

In matrix form, system (A.7) can be written as

W @ @ S 9G, S
Y1 dyr Iy dyn Y1
);/ G, 9G, . 9G N
2
. - a?’l 3y2 ; 3y,, . (AS)
; G, Gy ... G ) \j
Yn dy; Iy IYn In
where
9G, 9G .. 9G
dy dy Iyn
G, 96, .. 9G»
8.y| dyr dyn (A9)
G, 3G, G,
dyr Iy IYn

is the Jacobian matrix of system (A.1), evaluated at the steady state (y],y5, - ,5)-

The equilibrium point y* = (y},y3,---,y;) is said to be stable if all the eigenvalues of the

Jacobian matrix (A.9) evaluated at y*, have negative real parts. The equilibrium point is
unstable if at least one of the eigenvalues has a positive real part.
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Appendix B

Samples of used simulation codes

B.1 (Python Code): Numerical simulations, model 3.1, section 3.6

??? Required packages’’’

import scipy

import numpy as np

import scipy.integrate

from pylab import * # for plotting commands
import pylab as pl

>?2 Declaring the fixed parameters ’’’
betar=2.0%10**(-5); betas=1.6%10%*(-6); mul=0.029
mu2=0.02; mu3=0.0083; mu4=0.025; deltam=48; zeta=0.726
lambdar=4*10*%*3; lambdah=3*10%*3

K=16; deltaz=1.5; deltas=1.2%10%*(-11)

eta=10**(-10); lambdaz=30; rhol1=2.5%10%x(-5)
rho2=2.5%10%*(-5); rho3=2.5%10**(-5)

kappal=1; kappa2=1; kappa3=1; Lambda=20; N=10000

# basic reproduction number RO
RNum=(betar*lambdar*K*zetax*deltaz*mu4) ;
RDen=((betar*lambdar+deltam*mu3) * (eta*lambdaz+deltaz*mud)) ;
Rnote= RNum/RDen;

print (Rnote)
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>?2 Initial conditions’’’
HO = 3*%10*xb5; HXO0 = 2%10%*4; RO = 5*%x10*%*x5; RX0 = 50;
Z0 = 3%10**5; SO = 2000; MO = 70

>?7 Numerical solution of the model’’’
def odesystem(X,t): # return derivatives of the array y
return scipy.array([
lambdah+(rho1*X[1])/(kappal+X[1]) - mul*X[0]-betas*X[5]*X[0],
betas*X [5]*X[0] -mu2*X[1],
lambdar+(rho2*X[3]) /(kappa2+X[3]) - mu3*X[2]-betar*X[2]*X[6],
betar*X[2]*X[6] -mud*X[3]-eta*X[3]*X[4],
lambdaz+(rho3+*X[3]) / (kappa3+X[3]) - deltaz*X[4],
Lambda-deltas*X[5]-betas*X[5]*X[0],
N*kmu2*X [1] -Kxzeta*mud*X [3] -deltam*X [6] -betar*X[2]*X[6]])

7 Time span over which the integration is done ’7°
time = scipy.linspace(0, 200, 150) # 1000 plotting points
X0 = scipy.array([HO, HXO, RO, RXO, Z0, SO, MO])

>?? The integration of the ODEs ’’’

Xs = scipy.integrate.odeint (odesystem,X0,time)
??2Plotting’?’

pl=pl.plot(time,Xs[:,0],’b’,lw = 2) #H
P2=pl.plot(time,Xs[:,1],’g--’,1lw = 2) #HX

>?7Plot labels’’’

pl.xlabel(’Time (Days)’)
pl.ylabel(’Hepatocytes’)

#x1im(0,200)

#°°’ The plot legend’’’

pl.legend((’H’, ’H_X’), loc="top left")
pl.show()
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B.2 (Matlab Code): Vaccine combinations, model 5.1, section 5.7

% Part A:
function y2dot=y2combineddot(t3,y2) %defining the function

% Parameter values

Lambda=2500000; mus=0.002; lambdah=3*%10"5; lambdar=3%10"5;
betar=2.0%10~(-4); betas=3.0*10"(-5); muh=0.2; mux=0.2;
pi=0.2; kx=0.01; kt=0.01; kc=0.0000001; dx= 0.00001;

dt= 0.00001; dc= 0.00001; mur=0.000083; mut=0.27; muc=0.7;
mum=48; mug=0.0000625; gamma=1.5; chi=0;e=0.75; v=0; d=0.0005;
lambdaw=30; tau=1.5; muw=2; b=0.2; a=0.2; P=16; N=10000;

% Basic reproduction number

% z(1)=H, z(2)=X, z(3)=S, z(4)=R, z(5)=T, z(6)=C, z(7)=M, z(8)=G,
z(9)=W

RO1 = ((1-v)* betas* lambdah)/(muh*mur)

%Model RO1 due to pre-erythrocytic infection

RO2 = (Px(1-pi)* (1-a)*(l-e)*betar* lambdar)/(betar* lambdar+mum*mur)
%Model RO1 due to erythrocytic infection

%Model system of equations

y2dot (1)=lambdah - muh * y2(1)-betas * (1-v) * y2(3) *

y2(1);

y2dot(2)=betas * (1-v) * y2(3) * y2(1)-mux * y2(2)-kx * (1-v)

* y2(9)x y2(2);

y2dot (3)=Lambda * (1-chi)-mus * y2(3)-betas * y2(3) * y2(1);

y2dot (4)=lambdar-((1-e) * betar * y2(4) * y2(7)) - mur * y2(4);
y2dot (56)=((1-e) * betar * y2(4) * y2(7)) - mut * y2(5)-gamma * y2(5)
-(kt * (1-e) * y2(9) * y2(5));

y2dot (6)=gamma * y2(5)-muc * y2(6)-(kc * (1-e) * y2(9) * y2(6));
y2dot (7)=(1-b) * N * mux * y2(2)+(P * (1-pi) * (1-a) * muc * y2(6))
-mum* y2(7)

-betar * y2(4) * y2(7);

y2dot (8)=pi * muc * y2(6)- mug * y2(8);

y2dot (9)=tau * lambdaw + y2(9)*(dx * y2(2) + dt * y2(5) + dc * y2(6))
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-muw * y2(9);
y2dot=[y2dot (1) y2dot(2) y2dot(3) y2dot(4)
y2dot (5) y2dot(6) y2dot(7) y2dot(8) y2dot(9)]1’;

% PART B

clear;
to = 0; %Initial time in years.

tf =80; %Final time in years.

%Initial conditions

yo = [3%10°5 4%10~3 1000 5%10~4 4x10~1 50000 1000 5000 20000];
% yo = [HO, X0, SO, RO, TO, CO, MO, GO, WOJl;

[t1 yl= ode45(’ycombineddot’, [to tf],yo); %

[t5 z4]= ode45(’z4combineddot’, [to tf],yo); %

[t2 z]= ode45(’zcombineddot’, [to tfl,yo); %

figure(1)

hold on

plot(tl,y(:,2),’--r’,’LineWidth’,2.2) % No vaccine at all
plot(t5,z4(:,2),?:b’,’LineWidth’,2.2) % 75% for v, v=chi=0
plot(t2,z(:,2),’g?,’LineWidth’,2.2) % perfect vaccine 75} efficacious
legend (’X(t) without vaccines’,’X(t) with v = e = 75} and

\chi = 0%’,°’X(t) with e = v = \chi = 75%’,’Location’, ’East’)
xlabel(’Time (Days)’)

ylabel (’Infected Hepatocytes, X(t)’)

B.3 (Mathematica Code): Reproduction number, model 3.2, section 3.4.4

f1 = B.SH
HSp
DIf1,S)/.{H->A,/up, Hx->0,R-> A,/ r, Rx->0,2Z->2, / 8,,5->0,M->0}

ﬁa‘ lh
i
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2= B.RM
RMB,
D[f2,M|/.{H->Ay/p, Hx->0,R->A, [ by, Rx->0,2Z->2,/ 8;,5->0,M->0}

B
us

vl = 1 Hy

Hx 1,

D|v1,Hx|/.{H->Ay/ up,Hx->0,R->A, [ 1, Rx->0,Z-> 1,/ 8,,5->0,M->0}
25)

v2 = Ry +NRxZ

Rx 4+ RxZn

D[v2,Rx|/.{H->An/up,Hx->0,R->A, [ 4y, Rx->0,Z->1,/8,,5->0,M->0}
Ha+MA; /8,

v3=(—A+8,S+B:SH)

—A+S8+HSBy

DI|v3,S)/.{H->A,/up, Hx->0,R->A, / ur, Rx->0,Z->2,/8,,5->0,M->0}
& + BsAn/ 1

v4 = —NpHy — K{ yRx + 8uM + BRM

—HxZ — RxKC s +MS, + MR,

D[v4,M|/.{H->Ap/up, Hx->0,R->A, /l1,,Rx->0,Z-> 4,/ §,,5->0,M->0}

6m + Brlr/ Hs
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mat = {{11,0,0,0},{0, 4y + (n4;/8&;),0,0},{0,0, &+ (BsAs/1),0},
{—Nu2,—KGp4,0,8n + (BrAr/13),0}}

v = MatrixForm|mat]

1% 0 0 0
0 ta+(nA;/6;) 0 0
0 0 Os + (BsAn/ 1) 0
—Nu —KCa 0 Om + (BrAr/13)

V = FullSimplify[Inverse[mat|]

MatrixForm[V]
1
m g) 0 0
0 ni, "‘ZSZ Hq 0 0
0 0 =N 0

&+

N3 KCuspy 0 e
BrAr+0mis  (BrAr+06miiz)(NA+0;14) 6m+B’:—§’

F= {{0,0,%,0},{0,0,0,%},{0,0,0,0},{0,0,0,0}}

MatrixForm[F]
B2
00 0
00 O T
00 O 0
00 O 0

G = FullSimplify[F.V]

Eigenvalues|G]

Kcﬁrlrsz‘u'él
{070’ 0, (BrAr+06mpt3) (N A:+6:14) }
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Human malaria remains a major killer disease worldwide, with nearly half (3.2 billion) of the world’s population at risk of malaria
infection. The infectious protozoan disease is endemic in tropical and subtropical regions, with an estimated 212 million new cases
and 429,000 malaria-related deaths in 2015. An in-host mathematical model of Plasmodium falciparum malaria that describes the
dynamics and interactions of malaria parasites with the host’s liver cells (hepatocytic stage), the red blood cells (erythrocytic stage),
and macrophages is reformulated. By a theoretical analysis, an in-host basic reproduction number R is derived. The disease-free
equilibrium is shown to be locally and globally asymptotically stable. Sensitivity analysis reveals that the erythrocyte invasion
rate f3,, the average number of merozoites released per bursting infected erythrocyte K, and the proportion of merozoites that
cause secondary invasions at the blood phase { are the most influential parameters in determining the malaria infection outcomes.
Numerical results show that macrophages have a considerable impact in clearing infected red blood cells through phagocytosis.
Moreover, the density of infected erythrocytes and hence the severity of malaria are shown to increase with increasing density
of merozoites in the blood. Concurrent use of antimalarial drugs and a potential erythrocyte invasion-avoidance vaccine would

minimize the density of infected erythrocytes and hence malaria disease severity.

1. Introduction

Human malaria remains a major killer disease worldwide,
with nearly half (3.2 billion) of the world’s population at risk
of malaria infection [1]. The infectious disease is endemic
in tropical and subtropical regions, with an estimated 212
million new cases (uncertainty range: 148-304 million) and
429,000 malaria-related deaths (range: 235,000-639,000) in
2015 [2]. 92% of the deaths and 90% of the cases occurred
in sub-Saharan Africa. 70% of the reported deaths occurred
among children below the age of five. Despite existing vector
control measures and tremendous progress in the develop-
ment of antimalarial therapy accompanied with worldwide
decline in incidence rate (fell by 21% in 2015) and mortality
rate (fell by 29% in 2015), malaria remains one of the greatest
global health challenges to date [2].

The protozoan disease is caused by parasites of the genus
Plasmodium which are transmitted to humans by the bite of
female Anopheles mosquito. Plasmodium falciparum, which

is predominant in sub-Saharan Africa, New Guinea, and
Haiti [3], is the major cause of malaria infections. The other
Plasmodium species that cause malaria are P. vivax, P. ovale,
P. malariae, and P. knowlesi [4]. P. vivax and P. ovale can hide
in the liver for prolonged periods as hypnozoites, causing
relapsing malaria months or even years after the initial
infection [5]. P. vivax has the greatest geographical range of
the disease and hence is the main contributor to worldwide
malaria morbidity [3]. Our study focuses on the dynamics of
Plasmodium falciparum in the human host.

During their obligatory blood meals, infected female
Anopheles mosquitoes inject sporozoites belonging to Plas-
modium falciparum species into the human dermis [6]. The
motile sporozoites travel through the blood vessels and
enter the host’s liver. Hepatocyte invasion is accompanied
by the formation of parasitophorous vacuole (PV) around
the sporozoite [7]. They form preerythrocytic schizonts and
multiply by schizogony, culminating in the production of
8-24 first generation merozoites that are released into the
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blood when the liver schizonts burst open [8]. The released
merozoites invade susceptible erythrocytes and undergo
another phase of schizogony, which is relatively faster com-
pared to that at the exoerythrocytic stage [9].

Within a period of two days, the infected red blood
cells rupture to release about 16 daughter merozoites [10].
Most of the released merozoites quickly invade susceptible
erythrocytes, leading to another cycle of infections. The
waves of bursting erythrocytes and the invasion of fresh
erythrocytes by the newly released merozoites increase par-
asitemia and produce malaria’s characteristic symptoms [11].
In the absence of adequate protective immune response
or antimalarial therapy, the host is likely to suffer severe
anaemia or even die [12]. The rest of the daughter merozoites
develop into sexual forms called gametocytes [10]. These
gametocytes are later taken up by other female Anopheles
mosquitoes during feeding [13]. This marks the beginning
of the sporogenic cycle that occurs within the mosquito
vector.

The presence of the malaria parasites in the human
body elicits response from numerous immune cells. The
innate immune system and the adaptive immune system form
the first and the second lines of defence, respectively [14].
Adaptive immune system further provides protection against
future exposures to malaria pathogens. Innate immune cells
such as the Plasmodium falciparum DNA, natural killer cells
(NK cells), dendritic cells (DCs), macrophages, natural killer
T (NKT) cells, and T cells are involved in the clearance
of circulating parasites, infected erythrocytes, and infected
hepatocytes [14]. Subject to parasite strain, the DCs and
NK cells may prompt or restrain inflammatory responses
[15]. The NKT cells also help regulate DCs and T cell
responses to Plasmodium [14]. Moreover, studies in [16] have
demonstrated that malaria infection induces activation of
Toll-like receptors (TLRs): TLRI, TLR2, TLR4 (which are
located on the cell surface), and TLR9 which is not expressed
on the cell surface. TLR2 and TLRY are also activated
by malarial glycosylphosphatidylinositol (GPI) anchors and
parasite-derived DNA bound to hemozoin [16].

Unlike the NK cells, the macrophages have been shown
to effectively phagocytose malaria-infected red blood cells
during the erythrocytic phase [17]. A part from its ability
to wholly ingest infected red blood cells, the macrophages
can also selectively extract malaria parasites from recently
infected erythrocytes [18]. The parasite-extraction capability
of macrophage therefore leaves the surviving erythrocytes to
continue circulating like the other healthy red blood cells.

The rest of the paper is organized as follows: in Sec-
tion 2, we formulate the in-host malaria model and state
the invariant region in which the model is defined. In
Section 3, we compute and describe the model in-host
reproduction number. The results on model equilibrium
points (disease-free equilibrium and endemic equilibrium
points) and the stability of the disease-free equilibrium point
are also considered in Section 3. Section 4 is devoted to
numerical solution of the in-host model under different
conditions of the threshold parameter (in-host reproduction
number). Parameter sensitivity analysis and the effects of
parameter variation on different populations are investigated

in Section 4. A conclusion and discussion complete the paper
in Section 5.

2. In-Host Malaria Model

Several studies on mathematical modelling of in-host malaria
and its dynamics within the human host have been done.
Nearly all the earlier mathematical models (see, e.g., [25-27])
focused on improving Plasmodium falciparum control while
focusing on the blood stage of parasite development. These
models have been found to be useful in explaining in-host
observations by means of biologically plausible assumptions
such as parasite diversity, predicting the impact of interven-
tions or the use of antimalarials [28], and estimating hidden
parameter values [29]. Although the models in [19, 21, 23,
30] have considered the impact of immune response and
treatment, the modelling is only limited to the blood stage
of Plasmodium falciparum development. In [20, 22, 31], the
liver stage is incorporated in the malaria model. However,
the contribution of immune system is ignored in [20, 31].
Moreover, all the immune cells are assumed to play an active
role during malaria infection in [22]. This may not be entirely
true. The specific impacts of immune responses to malaria
infection are well discussed in [32-36].

In the following sections, we extended the model in [21]
by incorporating the liver stage of parasite development. The
reformulated in-host malaria model focuses on the erythro-
cytic and hepatocytic stages and describes the dynamics of
interactions between the malaria parasites, the liver hepa-
tocytes, the red blood cells, and the macrophages (immune
system cells). Unlike the work in [20, 22], we ignored the
vector stage of parasite development and assumed a twofold
process in the generation of hepatocytes: from the bone
marrow and from self-replication of the existing hepatocytes.
Again, we have assumed that the generation of macrophages
and the susceptible red blood cells from the bone marrow
increase with increasing density of the infected erythrocytes.
However, whatever density of the infected erythrocytes, there
is a limit on the rate at which cells can be released from the
bone marrow.

2.1. Model Formulation. The hepatocytic-erythrocytic malar-
ia model describes the dynamics of Plasmodium falciparum
parasite during the hepatocytic and erythrocytic stages and
their interactions with the host’s red blood cells, liver hep-
atocytes, and the macrophages. The compartmental model
assumes seven interacting populations of sporozoites S(¢),
susceptible hepatocytes H(t), infected hepatocytes Hy(f),
susceptible red blood cells (RBCs) R(t), infected red blood
cells (IRBCs) Rx(t), merozoites M(t), and macrophages Z(t)
at any time ¢. The dynamics of malaria parasites and host-cell
populations in each compartment are described as follows.

Sporozoites (S). The female Anopheles mosquito is assumed to
inject sporozoites into the human system during blood meal
at a constant rate A. The sporozoites molt through the blood
stream and reach the liver in about 2 hours, where they invade
the hepatocytes at the rate ;. We assume that the sporozoites
can die naturally at a rate 6.



International Journal of Mathematics and Mathematical Sciences

Susceptible Hepatocytes (H). We consider the bone marrow
and self-replication as the main sources of the liver hepato-
cytes. The recruitment of hepatocytes from the bone marrow
is assumed to occur at a constant rate Aj. Just like during
liver transplant [37], we argue that, during severe malaria
infections, the rate of generation of healthy hepatocytes is
likely to increase tremendously and in proportion to the
concentrations of the infected liver cells [38]. This additional
increase is represented by the term p, Hy/(x, + Hy) =
v, (Hx), where Hy and p;, respectively, represent the concen-
tration of infected hepatocytes and their rates of generation.
The parameter «; represents the number/concentration of
the infected hepatocytes at which the recruitment of the
healthy hepatocytes is a half of the maximum rate. Owing to
invasion by sporozoites at the rate f3, susceptible hepatocytes
get infected and progress to subpopulation Hy. In addition,
hepatocytes in compartment H are assumed to have a natural
life expectancy and may hence die naturally at the rate ;.

Infected Hepatocytes (Hy). Infected hepatocytes mature into
liver-stage schizonts. These schizonts burst open releasing
2000-40000 uninucleate merozoites into the blood stream
[39]. The term Nu,Hy represents the total population of
merozoites released upon bursting of infected hepatocytes.
The parameter p, represents the death rate of the infected
hepatocytes.

Susceptible Red Blood Cells (R). Similar to malaria models
in [21, 23, 30], we have assumed that the susceptible RBCs
get recruited at a constant rate A, from the bone marrow.
We further assume that, during infection, the erythrocyte
production is accelerated owing to the presence of IRBCs at
the rate p,. This increase is denoted by the term p,Ry/(x, +
Ry) = y,(Ry), where k, represents number/concentration
of the infected red blood cells at which the recruitment of
susceptible red blood cells is a half of the maximum rate. The
particular mechanisms involved in this accelerated process
are, however, still poorly understood [40]. The susceptible
RBCs get infected by merozoites at a rate proportional to
the contact rate of their density, 3, MR. The positive constant
B, describes the rate of successful invasion by a malaria
merozoite. The susceptible RBCs die naturally at a rate y;.

Infected Red Blood Cells (Ry). Upon invasion by merozoites,
the healthy RBCs get infected, leading to the formation of
infected red blood cells Ry. Although the RBCs die at a
constant rate y, they can similarly be killed through phago-
cytosis by the macrophages at the rate #. At maturity, the
IRBCs burst open, releasing free merozoites into the blood
system, causing secondary invasion and disease progression.

Merozoites (M). After 2-15 days, the infected hepatocytes
burst open and release merozoites into the blood system.
This is represented by the term Nu,Hy, where N is the
average number of merozoites released per bursting infected
hepatocytes. An average of K merozoites is released per each
bursting IRBC. These free parasites suffer a natural death at a
rate §,, and invade susceptible RBCs at a rate 3,. Within the
red blood cells, the merozoites mature either into uninucleate

[ 9o
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FIGURE 1: Schematic diagram for hepatocytic-erythrocytic and
malaria parasite dynamics. The dotted lines without arrows indicate
cell-parasite interaction and the solid lines show progression from
one compartment to another.

gametocyte or into erythrocytic stage schizont containing
10-36 merozoites [39]. After about 48-72 hours, the erythro-
cytic stage schizont ruptures, releasing more merozoites into
blood stream to cause further invasion of healthy RBCs. We
assume that a proportion ( of the merozoites contribute to
secondary invasion of the susceptible RBCs. The rest of the
merozoites (1 — {) transform into gametocytes that are later
picked up by female Anopheles mosquitoes during feeding.

Macrophages (Z). Owing to their effectiveness in elimination
of infected erythrocytes and infective malaria parasites, we
have considered the innate macrophage cells as the main part
of the immune response in malaria infection. Consequently,
we have assumed that the macrophage cells are recruited
at a constant rate A, from the bone marrow. Moreover,
they proliferate at a rate p; in the sites of infection in
proportion to the density of IRBCs. This is represented by
the term p;Rx/(k; + Rx) = w3(Ry), where x5 denotes the
number/concentration of the infected red blood cells at which
the recruitment of the macrophages is a half of the maximum
rate. We further assume that they can die naturally at a
constant rate 8.

The variables and parameters that describe in-host
malaria dynamics are as in Tables 1 and 2, respectively.

The above transmission dynamics of malaria are sum-
marised in the compartmental diagram in Figure 1.

From the above description of the in-host dynamics of
malaria and the representation in Figure 1, we derive the
following system of ordinary differential equations:

dH

- Lt

-uH - B.SH,
K, +HX t ﬁs
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TaBLE 1: Symbols and definition of state variables considered in the model.

Variable Description
H(t) The population of susceptible hepatocytes at time ¢
H(t) The population of infected hepatocytes at time ¢
R(1) The population of susceptible red blood cells (erythrocytes) at time ¢
Ry (1) The population of infected red blood cells at time ¢
Z(t) The density of macrophages in the human body at time ¢
S(t) The population of sporozoites at time ¢
M(t) The population of merozoites at time ¢
TABLE 2: Symbols and description of parameters used in the model.
Parameter Description
A The total rate of injection of sporozoites into liver due to mosquito bites
S, The death rate of sporozoites
Ay Recruitment rate of susceptible hepatocytes from the bone marrow
[41 Natural death rate of susceptible hepatocytes
B The invasion rate of hepatocytes by sporozoites
78 Death rate of infected hepatocytes
A, Recruitment rate of susceptible RBCs by the bone marrow
Ys The natural death rate of RBCs
B, The invasion rate of RBCs by merozoites
a Death rates of IRBCs
S, The death rate of merozoites
A, Recruitment rate of macrophages from the bone marrow
S, The death rate of a macrophage
n Elimination rate of IRBCs by macrophages
P Production rate of hepatocytes due to presence of infected hepatocytes
P, Production rate of RBCs due to presence of IRBCs
Ps Immunogenicity of IRBCs
K Number of Hy at which the recruitment of H is a half of the maximum rate
K, Number of Ry at which the recruitment of R is a half of the maximum rate
K5 Number of Ry at which the recruitment of Z is a half of the maximum rate
4 The proportion of the merozoites that cause secondary infections
K The average number of merozoites released per bursting IRBCs
N The average number of merozoites released per bursting infected hepatocytes
dHy = B.SH — p,Hy, where H(0) > 0, Hyx(0) > 0, R(0) > 0, Rx(0) > 0, Z(0) > 0,
dt S(0) > 0, and M(0) > 0.
dR paRx
— =A,+ ——— - u3R- 5.RM, .
dt Ar K, + Ry HR=p: 3. Model Analysis
dRy RM — 1. Ro — nRoZ 3.1. Basic Properties. In this section, we study whether the
dr B Hallx = MRx 2> formulated model (1) is biologically and mathematically
4z R meaningful. We establish model equilibrium points and
==+ _Psrx 8.7, investigate their stability properties.
dt % ky+Ry °
ds 3.1.1. Well-Posedness of the Model. For the in-host malaria
a A -85 - BSH, model (1) to be mathematically and biologically meaningtul,
we need to prove that all the solutions of model system (1)
M _ Nu,Hy + K{u,Ry, - 8,,M — B,RM with nonnegative initial conditions would remain nonnega-
d t m r >

tive for all time ¢ > 0. Positivity in the model is shown by
proving the following theorem.

M)
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Theorem 1. Let the parameters in model (1) be positive
constants. A nonnegative solution (H(t), Hx(t), R(t), Rx(t),
Z(t),S(t), M(t)) exists for all the state variables with nonnega-
tive initial conditions {H(0) = Hy > 0, Hx(0) = Hy, > 0,
R(0) = Ry = 0, Ry(0) = Ry, > 0, Z(0) = Z, = 0,
S(0) = Sy > 0, M(0) = M, > 0}V > 0.

Proof. Considering the first equation in system (1), let y, (t) =
piHx/(x; + Hy), so that

dH
n =A,+o(t)-uH-BSH,

dH

E = _(Hl +/3$S)H’

)

which yields

H (t) = H (0) exp {— (Lt BS(s)ds + ylt)} >0. (3)

In a similar fashion, this procedure can be applied to all the
remaining six equations in model system (1), so that we have
the following solutions:

Hy (t) = Hy (0) exp {~p,t} > 0,

R(t) = R(0) exp {— <JtﬁrM (s)ds + p@t)} > 0,
0

Ry (t) = Ry (0) exp {— (Jt nZ(s)ds + mt)} > 0,

' @)
Z(t) = Z(0)exp {-8,t} > 0,

S(t) = S(0) exp {— <Lt BH (s) ds+63t)} >0,

M (t) = M (0) exp {— <Lt B.R(s)ds+ 6mt>} > 0.

Therefore, state variables (H, Hy, R, Ry, Z,S, M) of model
system (1) are nonnegative for all time ¢ > 0. O

3.1.2. Invariant Region. Let Ny (t) represent the total hepato-
cyte population, so that N (t) = H(t) + Hx(2).

On substituting the derivatives in system (1) and simpli-
tying, we have

ANy,

dt

where v, (t) = pyHx/(x; + Hyx) and g, = min{y,, u,}.
Using integrating factor e,

< Ay + vy () — Ny ®)

t
Ny (t) < % +e tt JO v, (t) e dr + ce ™, (6)
h

where ¢, is a constant of integration. By applying the initial
condition N (0) = Ny, > 0in (6), we obtain

= <NH(0)— %)—

) r v, (1) e ' dr. (7)

0

Substituting the value of ¢; into Ny (¢) in (6) and simplifying,
we get

Ny (t) < A et (NH (0) - ﬁ). (8)
Un HUn

There are two possible cases in analyzing the behaviour of
Ny (t) in (8). In the first case, we consider N (0) > A,/u,
so that, at time t = 0, the right-hand side (RHS) of (8)
experiences the largest possible value of N(0). That is,
Ny (t) < Ny(0) for all time ¢ > 0.

In the second case, we consider Ny(0) < A,/u;, so
that the largest possible value of the RHS of (8) approaches
A/, as time t goes to infinity. Thus, Ny(t) < A,/u,
vVt > 0. From these two cases, we conclude that Ny (¢) <
max{N(0),A,/w,} for all time ¢ > 0.

Using the above approach, let the total red blood cells
population be Ng(t), so that Ng(¢) = R(t) + Rx(t). From the
model equations in system (1), we have

dN
dtR <A 4y () - N (1), ©)
where y,(t) = p,Rx/(k, + Rx) and p, = min{y,, p,}. Upon
solving for Ny in (9), we have Np(t) < max{Ny(0),A,/u.},
vt > 0.
For the macrophage compartment Z(t), we have

dz R
=y () -8.2, forys () = Ki—;x. (10)
By integration, the solution of (10) is presented as
A s t( A )
Z({t) <= “Nzo)-F).
(t) 5, ¢ (0) 5. 1n

By inspection, Z(t) < max{Z(0),1,/8,} for all time ¢ > 0.

Finally, let N»(t) represent the total population of malaria
parasites at any time ¢. That is, Np(t) = S(t) + M () and, from
system (1),

dNp

5 = 0S8~ BSH + Ny Hy + KGRy
= 8,,M,< A+ (KCuRy + Ny, Hy) = 8,N,,, (12)

where &, = min {3,,5,,} .

Let (K{uyRx + Ny Hy) = y,(t), so that on solving for Np(#)
we get

N, (t) < 83 +e %t ( N, (0) - (%) (13)
p p

Clearly, the malaria parasite populations S(t) and M(¢) are
bounded above. That is,
Np(t) < max{NP(O),A/SP} for all time t > 0.



6 International Journal of Mathematics and Mathematical Sciences

Based on this discussion, we have shown the existence of
abounded positive invariant region for our model system (1).
Let us denote this region as Q € R”, where

Q= {(H,HX,R, Ry, Z,S,M) € R7 : Ny (t)

< max N, (0),

} Ny (£)
(14)

= >

3.1.4. In-Host Basic Reproduction Number. The in-host repro-
duction number of model (1) denoted by R, is computed
using the technique of the next-generation matrix approach
described in [41]. We consider Hy, Ry, S, and M as the par-
asite infested compartments. Adopting the notations in [41],
we generate a nonnegative matrix F of new infections and a
nonsingular matrix V, showing the transfer of infections from
one compartment to the other as follows:

Smax«NH(O),—h},NR(t) 00 & 0
Hn th
A
A A po| 00 o Bh (16)
<max 1Nz (0), —,Z () <max{Z(0), =t- Us
br o 00 0 0
Moreover, any solution of our system (1) which commences in 00 O 0
Qatanytimet > 0 will always remain confined in that region. and
We therefore deduce that the region Q is positively invariant
and attracting with respect to malaria model (1). Our in-host
malaria model (1) is hence well posed mathematically and A4
biologically.
Uy 0 0 0
3.1.3. Disease-Free Equilibrium Point. The disease-free equi- ni,
librium point, &), is the state in which the human host is free 0+ 5 0 0 (17)
of malaria infection. At &, the sporozoite recruitment rate, c ‘ B,
A = 0, and parasite and host-infected compartments have 0 0 o, + M_ 0
zero values; that is, S* = M™ = R}, = Hy = 0. Therefore, ! BA
-Np, —-Kluy, 0 S, +—=
&, = (H,Hy, R* R}, Z*,8*, M") s
A A A (15)
=<—,0,—r,0,—z,0,0>. . . . .
o us 6, The inverse of matrix V' is hence given by
1
— 0 0 0
U
02 0, 0 0
A, +6
V—l — . Az . M4 ] ) (18)
55 + ﬁs/\h/[’ll
Nus K36, sy 1
lgr/\r + 8m#3 (/')’rAr + 6m["3) (’7/\‘2 + 62#4) 8m + Brkr//ﬁ
The next-generation matrix G, which is the product of
matrices F and V™", works out to be
A
0 0 L 0
:BsAh + 65.“1
Nﬁr/\r Kcﬁréz)‘h"lél ﬁrAr
=1 B+ (B, +8p) (1) +O.11) BA+0,s |- ()
0 0 0 0
0 0 0 0
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The in-host basic reproduction number R, is the spectral
radius of the next-generation matrix G. It can clearly be seen
that three of the four eigenvalues of matrix G in (19) have
zero values; that is, A, = A, = A; = 0. The fourth and
largest nonnegative eigenvalue A, becomes the in-host model
reproduction number. We therefore have

— Kﬁr/\r . (621“4
(ﬁr)‘r + 6m."13) (n/\z + 82."‘4)

The terms in model R, can be interpreted as follows:

R,

(20)

(1) The term KpB,.A./(B,A, + O,,4;) represents the
expected number of infectious merozoite parasites
resulting from bursting blood schizonts at the blood
stage of malaria infection.

(2) The second term {6,u,/(nA, + 8,u,) represents the
expected proportion of merozoites that participate in
the cycle of erythrocytic schizogony.

- 0 0
“ ”
0 -4 O 0
o b ety 2
i
I, (&) = 0o 0o o0 -1
62
0 0 0 [}
K3
0 0 0 0
0 Nw, 0 Kiu,

It is clear from the first, third, and fifth columns of matrix
(21) that the Jacobian matrix has negative eigenvalues A, =
-, Ay = —ys, and A, = =8,. Upon deleting the first, third,
and fifth rows and columns, matrix (21) is reduced to the
following 4 x 4 matrix:

J> (&)
A
~1 0 ﬂs h 0
1 H 8
rl z rvr
0 - - 0
_ 82 4 A ‘u3 ' (22)
0 0 _BAn 5, 0
M g
N."‘Z KQ’% 0 = 6m
U3

From row threein (22),A, = —f,A;,/u;—6,. We further reduce
matrix (22) by deleting row three and column three. So,

(3) Observe that the terms (B,A,)/(B,A, + S,,13) < 1
and (8,uy)/(nA, + S,us) < 1. So our R, < K.
This implies that the number of secondary infections
during malaria infections is largely influenced by the
average number of merozoites released K, from a
bursting blood schizont, most of which are respon-
sible for secondary infections at the blood stage.

Despite the inclusion of the liver stage dynamics, it is
interesting to observe that the above in-host reproduction
number and hence the disease progression are heavily driven
by the dynamics at the erythrocytic stage.

In the sections that follow, we shall establish both the local
stability and global stability of disease-free equilibrium point
(15) of model system (1).

3.1.5. Local Stability of the Disease-Free Equilibrium Point, &,,.
The Jacobian matrix of model system (1) evaluated at the
disease-free equilibrium &, is given by

0 _ﬁs/\h 0
i
A
0 ﬁs h 0
H
A
O 0 _ﬁf’ r
U3
B.A
— 0 0 rr . (21)
Uy s
-5, 0 0
o Ph_s
M
0 0 _ﬂ?’AT (Sm
U3
—th 0 0
. B
J5 (&) = o - 5, ~H s . (23)
BA,
NP .30
U3

Note from row one of (23) that the fifth eigenvalue A5 = —p, <
0.

The remaining two eigenvalues can be obtained by reduc-
ing matrix (23) into the following 2 x 2 matrix:

A’Z r)‘r
e, A

q ! U3
z B . (24)
Ky, ———-0,

Jo (go) =

Using the variable A, the characteristic polynomial associated
with matrix (24) is

p(A)=A*+AL+B, (25)
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where
A=8m+@+@+y4and (26)
z #3
B= ﬂamkz + nﬁr)lr)lz + 8m .+ ﬁr"nuél
62 82.“3 U3
(27)
_ K(ﬁr/\r[’lAX
M3

The characteristic polynomial (25) has negative roots (eigen-
values) if A > 0 and B > 0. The coefficient A in (26) is
clearly positive. We now need to show that B in (27) is strictly
positive if R, < 1. This is done by expressing the coefficient
term B in terms of model R, as follows:

1
8z U3

- Kcﬁr(sz/\r/’%] >

B =

[(!’l462 + ”Az) (ﬁr/\r + 6m["3)

1
= ) u |:(M462 + 1’]/\2) (ﬁr)tr + 6m‘u3)

z(*3

(28)

. |:1 _ Kgﬁr(sz/\rfﬁ :| ]
(.”46z + nAz) (ﬁrAr + 6m[’13) ,

_ (/4482 + n/\z) (ﬁr/\r + 87;1!"3) [1 U

R,|.
6zt”3 0]

It can clearly be seen from (28) that the coefficient B s positive
if and only if R, < 1. We have thus established the following
result.

Theorem 2. The disease-free equilibrium & is locally asymp-
totically stable in Q) if Ry < 1. If Ry > 1, then &, is unstable.

Biologically, Theorem 2 implies that malaria infection
can be eliminated from the human host when R, < 1.
To ensure that elimination of malaria is independent of the
initial sizes of the subpopulations, it is necessary to show that
&, is globally asymptotically stable in Q, where the model is
mathematically and biologically sensible.

—H 0
0 - (’75_: + M4)
A3 (X) =
0 0
Nu, Ky,

It can clearly be seen that A;(X) is a Metzler matrix:
all the off-diagonal elements of A;(X) are nonnegative.
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3.1.6. Global Asymptotic Stability of the Disease-Free Equilib-
rium. Using the results obtained in [42], we show that the
malaria-free equilibrium state &, is globally asymptotically
stable when R, < 1. We begin by rewriting the model system
(1) in pseudotriangular form as follows:

X, =A, (X)X, - X))+ A, (X) X,,
] (29)
X, = A, (X)X,

where X, is the vector representing the state of different
compartment of liver and blood cells that are not infected and
do not transmit malaria infections. X, represents the states
of malaria parasites and host’s cells that are responsible for
disease transmission. Hence,

X =(X1,X,),
Xy =(H,R 2),
X, = (Hx, Ry, S, M) and (30)
X = (32085,
Wby 0,
From the subsystem X, we have
- 0 0
A (X) = 0 -u; O and
0 0 -9,
A
& 0 _Zh < 0 (31)
K1 “ A
Ay (X) = 0 lie} 0 -=IB,
K ts
0 P 0 0
K3

A direct computation indicates that the eigenvalue of matrix
A,(X) is real and negative. This shows that the system X, =
A (X)X - X7) + A, (X)X, is globally asymptotically stable
at the disease-free equilibrium, &. Similarly, the subsystem
X, gives rise to the following matrix A ;(X):

gl 0
i
0 g2
- <ﬁs_h + 6s> 0
th
0 - </5r& + 8m>
H3

In order to establish the global stability of the disease-
free equilibrium, we need to show that the matrix A;(X)
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is Metzler stable by providing a proof of the following
lemma.

Lemma 3. Let M be a square Metzler matrix that is block

decomposed:
A B
we(20). w
C D

where A and D are square matrices. The matrix M is Metzler
stable if and only if A and D — CA™' B are Metzler stable.

In our case, matrix M is represented by matrix A, in (32),
so that

—t 0
A= 0 < A, N > >
’762 Uy
A
Bt 0
B = “ 1 ,
0 B
H3 (34)
0 0
C= and
Ny, Ky,
- (/35& + 85) 0
D= th y
0 - <ﬁr_r + 8m>
U3
Upon computation in Mathematica software, we obtain
-1 —w 0
D-CA'B= , (35)
Wy——=W;

where w, = &, + B,(A, /1), w, = NB AL py, and w; =6, +
BiAr Ay + (1= KOO ) [ ps (A, +841,).

For the matrix D — CA™'B to be Metzler stable, w,
should be strictly nonnegative. Therefore, the expression in
the numerator

ﬁr"r (”Ah + (1 - KC) 87,‘“4) 2 0. (36)
Upon simplification of (36),
Kc/}rAr(Sz[’M < Br/\r (’1)‘/1 + 62!"4) > (37)
(ﬂr)‘r + 6m.“3 ) ( K(:Br/\r(sz{’lél )
BA, (BAy +8,3) (A, +6.41) ) (38)
<1,
A, +6,
(—/3 o “3)12031 (39)
Ro<— Pt 4 (40)
0 ﬁr/\r + 8m#3 '

Clearly, matrix A in (34) is Metzler stable. However, the
matrix D — CA™'B is Metzler stable if and only if R, < 1.
From Lemma 3, we deduce the following theorem.

Theorem 4. The malaria-free equilibrium &, of model system
(1) is globally asymptotically stable if the threshold quantity
R, <1

The above result is quite significant in malaria control.
The global stability of the disease-free status would be guaran-
teed ifand only if the in-host basic reproduction number R is
less than one. Malaria intervention should therefore focus on
eliminating infected erythrocytes and/or malaria merozoites
that are responsible for erythropoiesis cycle and invasions at
the blood stage.

3.2. The Endemic Equilibrium Analysis. When R, > 1, the
stability of the disease-free equilibrium (15) is violated. A
different equilibrium state termed the endemic equilibrium is
achieved. Equating to zero the RHS of system (1) and solving
for the state variables R, H, Z, S, and M in terms of the
infected states Hy and Ry, we obtain the endemic state &, =
(H*,Hy,R*,R%, Z",8",M"), where

H
H* - i {Ah+l)l—X_M2H;(}’

{/‘1 Kl +H)*(
(41)
g _ iy
Bs (A, + piHy/ (1, + H)*() - lf‘zH)*()
* 1 pZR;( *
R =—A4A + —=— —u,R\ ¢,
M3 { T+K2+R;( Hafx
(42)
* * WR;( (P3R;(/ (KS + R;() + Az) )
M =u (R Uy +
3| KxHa s
R*
A {/\Z + 2 } (43)
6, K3 + R

Substituting (41) into the 2™ equation in (1) and simplifying,
we obtain the following cubic equation:

o HY + aHY + ayHy + &g = 0, (44)
where
2
“3 = ”Zﬁs > 0’

o =ty (py (=0,) = B (A —rerpi + A+ py))

ay = B (A (A —wy) + Ay — K1115)) (45)
— Ky M0, and

oy = K AALBs > 0.

The number and nature of the roots of (44) are determined
by the following discriminant:

A = 18a;0,00, 00 — 40623060 + 06220412 - 40630613
(46)
- 27a32a02.
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So

(i) if A = 0, then (44) has multiple real roots and only
one endemic equilibrium would exist,

(ii) if A < 0, then (44) has 1 real root and a complex con-

jugate root and hence only one endemic equilibrium,

(iii) if A > 0, then (44) has 3 distinct real roots and so there

is more than one endemic equilibrium when R, > 1
for model system (1).

Analysis under (46) implies that, in the absence of external
interventions in the form of antimalarial treatment, there
will always be some infected hepatocytes during malaria
infection. We then evaluate the possible values of the state
variable Ry at equilibrium by substituting expressions in (42)

and (43) into the 4t equation in (1). After simplification
in Mathematica software, we obtain the following cubic
equation:

Ry (05R +6,RY + 6,R +6;) = 0, (47)
where
05 =~ B, (s + 11 (ps + 1)) <0,
0, = nps (B, (~#apas + po + 4,) = 1) + (g + 1))
(B (—(ky +13) pg + py+A,) - 1),

(48)
01 = nicaps (BA, = 1) = (pupy + 1)) (5
+165 (B, (5py — A,) + 1) + 15 (=B,) (py + 1)),
B = 13 (BeA, — 1) sty +11A,).
Clearly, Ry, = 0 or
0,R; +0,Ry. +0,Ry + 0, = 0. (49)

The state R, = 0 corresponds to a scenario in which there
are no parasite-infected red blood cells. This could signify
the liver stage of parasite development so that an endemic
state (H**, Hy",R"",0,0,5"", 0) exists. Alternatively, Ry = 0
could correspond to the disease-free equilibrium point (15)
for system (1).

The roots of the cubic equation (49) are given as

Ry, = (g +11s)
Nps + thihs + A,
(50)
R* _ (ﬂrlr B K2“4/5r + pZﬁr B 1) * \/@
X2,3 — 2 >
#4[37
where
0= 4."‘4[;7’ (KZﬁr/\r - KZ)
(51)

+ (ﬁr)‘r - K2#4ﬁr + p2/3r - 1)2 .

The root Ry, < 0 should be ignored, since all the model state
variables are nonnegative for all time ¢ > 0. This leaves Ry,
as the only two possible roots of (49).
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From the above discussion, model (1) could experience
a single endemic state or multiple endemic states subject to
the roots of (44) and (47). If R;‘Q,3 are real and positive,
then one or two endemic equilibrium points are possible
for model (1). It is thus evident that the explicit form of
the endemic equilibrium state for model (1) is cumbersome.
We shall therefore show its existence numerically based on
a certain choice of parameter values in Section 4. Note that
case (iii) of (46) indicates the possibility of having multiple
endemic equilibria and hence the likelihood of experiencing a
backward bifurcation phenomenon. This will be investigated
in another research paper.

4. Numerical Simulations and Discussions

In this section, we provide some numerical simulations to
illustrate the behaviour of model system (1). We carry out
model sensitivity analysis and investigate parameter influence
on the dynamics of red blood cells, macrophages, and
malaria parasites under different conditions on the in-host
reproduction number, R,,.

4.1. Sensitivity Analysis. In epidemic modelling, sensitivity
analysis is performed to investigate model parameters with
significant influence on R, and hence on the transmission and
the spread of the disease under study [43]. Following [44], the
normalised forward-sensitivity index of a variable, A, which
depends differentially on a parameter, «, is defined as

YmA = B_A x X (52)
oo A

Using the formulation in (52) and the parameter values in
Table 3, the local sensitivity indices (SI) of R, (see (20)) rel-
ative to the model parameters are calculated in Mathematica
software and the results summarised in Table 4. Note that, due
to limited data on in-host dynamics, all the parameter values
used in evaluating the sensitivity indices are obtained from
indicated past literature.

A positive sign on the SI indicates that an increase
(decrease) in the value of such a parameter increases
(decreases) the value of R, and hence the growth of malaria
infection. On the other hand, a negative sign is indicative of
a parameter that negatively affects R,,. In order to eliminate
in-host malaria infection, the in-host reproduction number
should be less than one, that is, R, < 1.

The average number of merozoites released per bursting
infected erythrocyte K and the proportion of merozoites that
cause secondary invasions at the blood phase { are the most
sensitive parameters in determining the disease outcomes.
They have the highest sensitivity indices of +1.0000. For
instance, a 10% increase (decrease) { or K generates a
10% increase (decrease) on R, and hence malaria infection
severity.

The parameters A,, 1, py, and §, occupy the second
rank in influencing the model outcomes. An increase in
the parameters y, and J, is likely to increase the model
Ry. On the other hand, an increase in A, and # has a
direct negative influence on R,. Macrophages are highly
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TABLE 3: Parameter values used in the numerical simulation and demonstration of the existence of endemic equilibrium point. See Table 2

for detailed parameter descriptions.

Symbol Interpretation Value Source
0, Death rate of macrophages 0.05/day [19]
O Death rate of sporozoites 12x 107" /day [20]
n Elimination rate of IRBCs by macrophages 10 cellsul ™"/ /day [19]
Ay Recruitment rate of H 2.5 x 10%cells/ul™" /day [21]
P Production rate of H due to Hy 2.5% 107 /day [19]
I Death rate of H 0.029 /day [20]
A Rate of injection of sporozoites 20 sporozoites/day [20]
P, Production rate of RBCs due to IRBCs 2.5x 107 /day [19]
B, Hepatocyte invasion rate 1.0 x 1078 /sporozoites/day [20]
Ps Immunogenicity of IRBCs 2.5x 107 /day [19]
Wy Death rate of infected hepatocytes 0.02/day [20]
K, Inhibition rate 1 cells/ul™ [22]
A, Recruitment rate of RBCs 2.5 x 10%cells/ul ™" /day [23]
¢ Merozoites that cause secondary infections 0.726 (unitless) [24]
Us Death rate of healthy RBCs 0.0083/day [23]
K, Inhibition rate 1 cells/ul™ [22]
B, Invasion rate of RBCs 20x107/ merozoites/day [23]
N Merozoites per liver schizont 10000/day (21]
Uy Death rate of infected RBCs 0.025/day [19]
1y Inhibition rate 1cells/ ptl'l [22]
S, Death rate of merozoites 48/day [23]
K Merozoites per blood schizont 16 [21]
A, Recruitment rate of macrophages 30/ul”" /day [19]
TABLE 4: Sensitivity indices of R, relative to the model parameters.

Parameter SI Parameter SI

K +1.0000 ¢ +1.0000
B, +0.920422 Ys -0.920422
A, +0.920422 A, -0.998585
iy +0.998585 n -0.998585
8 +0.998585 S -0.920422

z

m

instrumental in malaria parasite clearance and should be
preserved.

The rate of generation of macrophages from the bone
marrow, A, together with the rate of phagocytosis of infected
red blood cells, 7, is likely to decrease, proportionally, the
disease progression when they are increased. With increased
A,, there would be more macrophages to phagocytose
and clear the rapidly growing density of blood schizonts.
This would negatively affect the erythrocytic schizogony.
Decreased clearance rate by macrophages would only guar-
antee successful multiplication of the merozoites through
the erythrocytic schizogonic cycle. The subsequent result is
increased concentration of merozoites in the host blood and
disease progression to even deadly levels.

The parameters 3, and A, increase (or decrease) R,
when they are increased (or decreased). Epidemiologically, an
improved erythrocyte invasion rate, f3,, is likely to generate
even more new blood schizonts. This increases parasitemia

in the host. A 10% increase (decrease) in 3, would increase
(decrease) the threshold parameter R, by about +9.2%.

Any therapeutic effort that clears the blood schizonts and
the infectious merozoites at the blood stage would definitely
guarantee immense reduction in model R,. Therefore, an
increase in the death rate of the infected red blood cells
and that of the merozoites is likely to decrease significantly
the in-host reproduction number R,,. This can be achieved
through the use of effective antimalarials such as the use
of artemisinin based combination therapy (ACT) in malaria
treatment. Moreover, effective vaccines at the erythrocytic
stage could greatly help minimize erythrocyte infection rate

»

Since the local sensitivity indices are relatively close, we
carry out further investigation on parameter influence on
disease progression by generating the partial rank correlation
coefficients (PRCCs) for each parameter value in model R, in
the following section.
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4.1.1. Global Sensitivity Analysis. A global sensitivity analysis
(GSA) is performed to examine the response of an epi-
demic model to parameter variation within a wider range
of parameter space [45]. Applying the approach in [45], the
PRCCs between the in-host basic reproduction number R,
and each of the parameters in Table 2 are derived. Using
1000 simulations per run of the Latin Hypercube Sampling
(LHS) scheme [46], the established PRCCs are derived and
presented in Figure 2.

Unlike the results in Table 4, the model parameter with
the highest influence on R, according to the PRCCs results
shown in Figure 2 is the rate of invasion of red blood cells by
merozoites, 3,.. This is followed closely by the recruitment rate
of susceptible red blood cells A, from the bone marrow. The
second set of parameters that also increase (decrease) model
R, when they are increased (decreased) are {, K, y5, and §,,
respectively.

The merozoites” death rate J,,, the death rate of IRBCs
Uy, and the rate of elimination of IRBCs by macrophages
n are shown to have the highest negative influence on
disease progression. Although an increase in y, was shown
to decrease disease progression in Table 4, the results from
global sensitivity analysis are contradictory. An increase
in the death rate of parasitized erythrocytes y, decreases
parasitemia and hence disease progression.

Based on these results of sensitivity analysis, we make
the following remarks: (1) results of global sensitivity analysis
are robust and a lot more realistic for implementation,
(2) malaria control should target elimination of merozoites
and infected red blood cells, (3) an effective and efficient
malaria vaccine that deactivates infectious merozoites could
be helpful in limiting erythrocyte invasion rate, and (4) a
vaccine that is protective of susceptible erythrocytes could
further ensure reduced density of second and future gener-
ation of merozoites that are responsible for disease progres-
sion.

4.2. Numerical Results. Model system (1) is solved numer-
ically using the package scipy.integrate.odeint in Python
language. The simulations are performed to illustrate the
possible dynamics of the red blood cells, the malaria parasite,
and macrophages. For purposes of these simulations, the
initial conditions of the variables are hereby assumed. We
note that different dynamics could be achieved for a different
set of initial conditions.

For R, < 1 (see Figure 3), the density of suscepti-
ble hepatocyte initially declines as the density of infected
hepatocytes rises due to invasion from sporozoites. The
host’s immune system responds to sporozoite invasion by
increasing hepatocyte density that levels off at the disease-
free equilibrium point &, (see Figure 3(a)). As the sporozoites
decline to near zero (see Figure 3(b)), infected hepatocytes
decline and stabilize at &, in (15).

At the blood stage, the rising density of infected erythro-
cytes declines in a similar fashion to that of the infective
merozoites when R, < 1 (see Figure 3(c)). The densities
of the infected erythrocytes and merozoites approach &,
asymptotically. On the other hand, we observe that the
density of susceptible red blood cells initially diminishes due
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FiGURE 2: Tornado plots of PRCCs of parameters that influence
model R, generated using parameter values in Table 3. Parameters
with PRCC > 0 and PRCC < 0 increase and decrease model R,
respectively.

to infection by merozoites and later rises before it plateaus as
shown in Figure 3(c).

When R, > 1, a sharp fall in the density of susceptible
hepatocytes in the liver is observed (see Figure 4(a)). This
is due to rapid invasion of hepatocytes by the sporozoites.
An invasion on susceptible hepatocyte generates a corre-
sponding steady rise in the density of infected hepatocytes
(see Figure 4(b)). Owing to natural intervention by the
immune system cells, the respective decline and rising levels
of susceptible and infected hepatocytes level off and remain
relatively constant after the third month. More liver cells are
generated to replace infected ones. Figure 4(c) indicates a
steady decline in sporozoite density at the liver stage during
infections. Invaded hepatocytes burst open to produce mero-
zoites instead of sporozoites and hence the steady decline in
sporozoite levels.

Malaria infection dynamics are most rapid in the first 2
weeks within the host liver as illustrated in Figures 4(a), 4(b),
and 4(c). This is similar to results in [22, 31]. In the absence
of clinical intervention, some of the sporozoites may remain
dormant in the human liver and could cause future malaria
infections. As the liver schizonts release merozoites into host’s
blood stream, a rapid decline in the density of red blood cells
is observed (see Figure 5(a)). However, the density of infected
erythrocytes is noted to rise with equal proportion as shown
in Figure 5(b).

An early sharp rise in the density of merozoites in the
first one week of the blood stage is noted in Figure 5(c). The
density remains high for several weeks and does not decline
for the entire infection period of one month. A second-
generation merozoite invades other sets of healthy erythro-
cytes within minutes, leading to an exponential growth in
the density of blood schizonts and hence merozoites in
the human blood. Without therapeutic intervention, the
density of merozoites stabilizes several weeks after infection
at the endemic equilibrium point. This is consistent with the
findings in [19, 20, 23].
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FIGURE 3: Graphs showing the simulation of in-host malaria model (1) when the model R, = 0.22866 < 1. Figures (a) and (b) show model
dynamics at the liver stage. The chosen initial conditions are H0 = 300000, H,0 = 20000, RO = 500000, R, 0 = 50, Z0 = 300000, SO = 2000,

and M = 70. Used parameter values are given in Table 3.

The invasion of healthy erythrocytes prompts an immune
response from hosts macrophages. These macrophages
phagocyte on the generated blood schizonts. At the onset
of erythrocytic infection, several macrophages are generated.
The rise in the density of macrophages is proportional to that
of infected erythrocytes as shown in Figure 5(d). This rising
density is shown to level off after about 16 days at the endemic
equilibrium point. It remains high throughout the infection
period.

From these discussions, we make the following observa-
tions: (1) if R, < 1, low level malaria infection can easily be
contained by the host’s defence mechanism and loss of life
is less likely; (2) therapeutically, R, < 1 may be achieved

through quick interventions targeting the blood schizonts
and the merozoites responsible for secondary infections
during the erythrocytic cycle; (3) Figures 4 and 5 prove the
existence of malaria endemic equilibrium point.

Hematological parameters such as the density of healthy
and infected erythrocytes in malaria hosts have considerable
influence on malaria infection and possible impacts [47].
According to WHO [48], hyperparasitemia causes dras-
tic reduction in concentrations of erythrocytes, leading to
anaemia among malaria patients. The impacts of increasing
the model parameters §,, and 8, on healthy and infected
red blood cells are as shown in Figures 6 and 7, respec-
tively.
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S0 = 2000, and M = 20.

Observe that increased death rate of malaria merozoites
§,, decreases and increases the concentration of parasitized
red blood cells and healthy red blood cells, respectively (see
Figures 6(a) and 6(b)). Malaria control should thus target the
infectious merozoites at the blood stage.

Results in Figure 7(a) indicate that an improved invasion
rate by merozoites on susceptible red blood cells causes more
loss in healthy erythrocytes. The reverse effect is observed
in Figure 7(b), where an increase in the rate of infection of
healthy erythrocytes produces a corresponding increase in
the density of IRBCs. A keen look at Figure 7(b) reveals that
the infected red blood cells begin to appear after about 10-15
days of initial infection. This is consistent with the incubation
period of Plasmodium falciparum malaria [49].

The severity of malaria infection can easily increase if the
density or production of macrophages is compromised [19].
Figure 8(b) shows a near direct relationship on the density
of infected red blood cells Ry and the death rate of the
macrophages §,. An increase in the death of macrophages

would propel erythrocytic schizogony and hence increased
merozoite numbers in the human blood. A high merozoite
density increases the severity of malaria infection. This
result is quite vital in malaria intervention, especially with
respect to malaria patients who may be suffering from other
infections that are deleterious to immune cells. Diseases
such as HIV/AIDS greatly weaken the immune system of
the patient as crucial immune cells such as macrophages
are destroyed. Macrophages are important target cells for
HIV-1 virus [50]. During malaria infections, such patients
often suffer from severe malaria and should seek immediate
medical attention.

Like the senescent red blood cells, aberrant infected
erythrocytes formed during malaria infection are eliminated
phagocytically by the host’s macrophage cells in the red pulp
of the spleen [51]. The phagocytic potential of the spleen
is vital at the erythrocytic cycle. The higher the phagocytic
behaviour of the macrophage, the lower the density of
parasitized erythrocytes (see Figure 8(a)). The severity of
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FIGURE 5: Graphs showing population dynamics of red blood cells, macrophages, and malaria merozoites when R, = 1.58690 > 1. Simulation

parameter values are available in Table 3.

malaria infection increases with decreasing ability of the
host’s phagocytic merozoites to clear infected red blood cells
from circulation during the erythrocytic cycle.

5. Conclusion and Discussion

In this paper, a mathematical model of in-host malaria infec-
tion in [21] is extended to include the liver stage of parasite
development. Unlike the models in [19, 23, 30], we considered
the macrophages as the most effective innate immune cells
in eliminating malaria parasites from the human blood
circulation. In addition, the liver hepatocytes are assumed to
be generated from the bone marrow and through a process of
self-regeneration from existing hepatocytes.

We proved that the formulated model is biologically and
mathematically well posed in an invariant region Q. The
malaria-free equilibrium is shown to be locally asymptotically
stable when the in-host reproduction number is less than
unity. The global stability of the malaria-free state is only
guaranteed if the threshold quantity R, is less than unity.

Our numerical results show that intervention during
malaria infection should focus on minimizing merozoite
invasion rate on healthy erythrocytes and the density of
merozoites in circulation, which are responsible for sec-
ondary invasion at the blood stage. In the absence of malaria
treatment, the immune cells (macrophages) are shown to be
vital in eliminating infected red blood cells at the blood stage.
The higher the rate of phagocytosis of infected erythrocytes
by macrophages, the lower the density of infected red blood
cells and hence malaria parasitemia. Patients suffering from
such infections as HIV/AIDS and TB that have deleterious
effect on the protective immune cells should seek immediate
medical treatment when infected with malaria. Their com-
promised immune system exposes them to severe malaria
attacks and possible untimely death.

For quick and timely reduction of parasitemia, an
increased merozoite death rate using antimalarial drugs such
as ACT would be necessary. This would further ensure
reduced density of infected red blood cells and hence future
generation merozoites. By killing a single blood schizont,
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we are likely to avoid the production of sixteen merozoites
at maturity. Moreover, an appropriate vaccine that targets
erythrocyte invasion process may equally guarantee minimal
erythropoiesis. The erythrocyte invasion-avoidance vaccine
would minimize the density of infected erythrocytes and
hence malaria disease severity. This intervention could help
terminate the erythrocytic schizont, leading to minimal para-
site transmission to mosquito vector for further development
and sexual reproduction.

In this study, drug resistance was not analyzed; this
can be considered as a potential area for future investiga-
tion.
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ABSTRACT ARTICLE HISTORY
Despite the success of the existing malaria control strategies, Received 22 June 2018
reported malaria cases are still quite high. In 2016, the WHO reported Accepted 14 September 2018
about 216 million malaria cases; 90% of which occurred in the WHO KEYWORDS

African Region. In this paper, a mathematical model for the in-host Malaria vaccines; vaccine
Plasmodium falciparum malaria subject to malaria vaccines is formu- efficacy; hepatocytes; CD8-+
lated and analysed. An efficacious pre-erythrocytic vaccine is shown T cells; red blood cells;

to greatly reduce the severity of clinical malaria. Based on the nor- Plasmodium falciparum

malized forward sensitivity index technique, the average number
of merozoites released per bursting blood schizont is shown to be
the most sensitive parameter in the model. Numerical simulation
results further suggest that an efficacious blood stage vaccine has
the potential to reduce the burst size of the blood schizonts and
maximize the rate of activation of CD8+ T cells during malaria infec-
tion. Moreover, vaccine combinations that are efficacious might help
in achieving a malaria free population by the year 2030. This paper
provides useful insights in malaria vaccine control and a unique
opportunity to intensify support and funding for malaria vaccine
development.

1. Introduction

To date, the World Health Organization (WHO) considers effective vector control strate-
gies such as long-lasting insecticidal nets (ITNs) and indoor residual spraying (IRS) as
the main ways to prevent and reduce malaria transmission in communities with high
malaria prevalence (Homan, 2016; WHO, 2017a). In addition, chemoprophylaxis and anti-
malarial drugs such as chloroquine and artemisinin-based combination therapy (ACT)
are currently used to prevent and treat clinical malaria, respectively, in different parts of
the world (Bhatt et al., 2015; WHO, 2015). These strategies have contributed to the sub-
stantial global decline in malaria mortality and morbidity (Negal, Alemu, & Tasew, 2016).
However, despite the success of the existing malaria prevention and control strategies,
reported malaria cases are still quite high. In 2016, the WHO reported about 216 million
malaria cases; 90% of which occurred in the WHO African Region (WHO, 2017b). This
represented an increase of 5 million malaria cases from the year 2015.
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Malaria is a mosquito-borne infectious disease caused by an intracellular protozoan
parasite of the genus Plasmodium (Liehl et al., 2015; Risco-Castillo et al., 2015). Plas-
modium falciparum is the deadliest (Derbyshire, Mota, & Clardy, 2011) and predominant
malaria parasite in sub-Saharan African and was responsible for 99% of all malaria
cases in 2016 (WHO, 2017b). While probing for blood, female Anopheles mosquito
inoculates sporozoites into the human dermis. The deposited parasites rapidly migrate
to the liver, where they invade the hepatocytes with the formation of protective para-
sitophorous vacuole (Bertolino & Bowen, 2015; Ishino, Yano, Chinzei, & Yuda, 2004;
Mota et al., 2001). During this pre-erythrocytic stage, the sporozoites undergo rapid
asexual reproduction (White et al., 2014; White, 2017), develop and differentiate asymp-
tomatically into thousands of erythrocytic forms called merozoites (Sturm et al., 2006).
The cyclical erythrocytic stage begins when infected hepatocytes burst open, releasing
infective-merozoites into the blood stream (Haldar, Murphy, Milner, & Taylor, 2007).
The released merozoites quickly invade susceptible red blood cells leading to the for-
mation of infected red blood cells (IRB) cells. The waves of bursting erythrocytes and
invasions of fresh erythrocytes by secondary merozoites produce malaria characteristic
symptoms such as chills and headache (Derbyshire et al., 2011). Some merozoites develop
into sexual forms called gametocytes that are later sucked up by feeding mosquitoes
for sexual reproduction and development within the mosquito gut (sporogonic stage).
If left untreated, malaria patients may develop severe symptoms and progress to coma
or death.

Parasite resistance to current antimalarial drugs (Dondorp et al., 2010; Maude
et al,, 2009; Sidhu, Verdier-Pinard, & Fidock, 2002; Wellems & Plowe, 2001) and
vector insecticides (Alout, Labbé, Chandre, & Cohuet, 2017a; Alout, Roche, Dabiré,
& Cohuet, 2017b; Soko, Chimbari, & Mukaratirwa, 2015) poses a serious threat to malaria
control. To defeat the disease, many more tools with the potential to save lives today and
in the future are needed (Birkett, 2016; Greenwood & Targett, 2009; MVI, 2018). An efhi-
cacious, safe and affordable malaria vaccine would help to bridge the control gap left by
other intervention measures (MVI, 2018).

A malaria vaccination strategy is performed to either induce protective immune
responses prior to malaria infection or to provide protection in case of malaria attack
(Arama & Troye-Blomberg, 2014). Current malaria vaccines have shown minimal effi-
cacy (Birkett, 2016; Birkett, Moorthy, Loucq, Chitnis, & Kaslow, 2013; Miura, 2016). In
the completed phase III clinical testing, RTS,S/AS01 (which is the most advanced malaria
vaccine to date) showed 36.3% vaccine efficacy in children and 25.9% in infants (Bir-
kett, 2016; Miura, 2016). Although the results of phase 3 trials are promising, a more
efficacious malaria vaccine is crucial if the 2030 goal of malaria eradication by WHO is
to be accomplished (malERA Consultative Group on Vaccines et al., 2011).

Although there is no licensed vaccine against malaria today, many experts believe that
a malaria vaccine is a necessary tool for successful malaria elimination (MVFG, 2018;
Ouattara & Laurens, 2014). There are three categories of malaria vaccine candidates:
pre-erythrocytic vaccines (PEV), blood stage vaccines (BSV) and transmission blocking
vaccines (TBV) that target the parasite at different stages of its life cycle (see Figure 1). PEV
are designed to prevent malaria infections in humans by inducing antibodies that block
invasion of hepatocytes by sporozoites and/or cell-mediated immune responses that target
infected hepatocytes (Duffy, Sahu, Akue, Milman, & Anderson, 2012). In this respect, PEVs
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Figure 1. Target sites in the malaria life cycle that could be interrupted by pre-erythrocytic, blood-stage
and transmission-blocking vaccines. Source: Arama and Troye-Blomberg (2014).

target malaria sporozoites thereby interrupting the life cycle of malaria parasite at an early
stage (March et al., 2013). Several clinical trials (Abdulla et al., 2008; Alonso et al., 2004;
Bojang et al., 2001; Polhemus et al., 2009) and (RTS, S. C. T. P,, 2011) have shown the
potential of RTS,S to prevent malaria infection and clinical disease in infants and young
children living in sub-Saharan Africa (Birkett, 2016; Miura, 2016; RTS, S. C. T. P, 2012).
PEV may also induce protection against clinical malaria at the blood stage by temporar-
ily reducing the number of merozoites that emerge from the bursting infected liver cells
(Alonso et al., 2004).

BSV on the other hand elicits anti-invasion and anti-disease responses at the blood
stage (Moorthy, Good, & Hill, 2004). They, therefore, lower merozoites density and pre-
vent clinical manifestations and hence severity of malaria infection in humans. Due to
gene alteration and antigenic variation in malaria merozoites, BSV may not provide com-
plete immunity to the host (Pandey et al., 2013). At present, merozoite surface protein 3
(MSP3) (Audran et al., 2005) and merozoite surface protein 1 (MSP1) (Ogutu et al., 2009)
are the leading blood stage vaccine candidates for plasmodium malaria (Plowe, Alonso,
& Hoffman, 2009).

The aim of TBV is to stop subsequent generation of infectious malaria sporozoites
from the female anopheles mosquito vector. TBV induces antibodies against antigens on
gametes, zygote and ookinetes, blocking ookinete to oocyst transition and hence stopping
parasite development within the mosquito midgut (Carter, Mendis, Miller, Molineaux,
& Saul, 2000). Consequently, the density of malaria sporozoites in the mosquito salivary
glands is decreased. The leading malaria vaccine candidate in this category is the Plasmod-
ium falciparum ookinete surface antigens (Pfs25) (Arevalo-Herrera et al., 2005; Hisaeda
et al., 2000).

Due to intracellular infections, P. falciparum parasites are susceptible to immune-
mediated control by CD8+ T cells, which target intracellular pathogens (Villarino, 2013).
The CD8+ T cells have both direct and indirect effector pathways for parasite elimination
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at the liver stage. The indirect mechanism includes the production of IFN-y and TNE,
whereas the direct mechanism involves the release of perforin and granzymes (Nganou-
Makamdop, van Gemert, Arens, Hermsen, & Sauerwein, 2012). IFN-y suppresses par-
asite development through direct impairment of parasite differentiation in hepatocytes
(Mellouk et al., 1987). Moreover, IFN-y increases the expression of nitric oxide syn-
thase which leads to subsequent increase in nitric oxide that confers protection against
P falciparum (Seguin et al, 1994). Although CD8+ T cells are sufficiently primed
during blood stage malaria, they offer very minimal contribution to protective immu-
nity. It is thought in Villarino (2013) that vascular endothelial cells that acquire anti-
gen from IRBCs stimulate CD8+ T cells to release perforin and granzyme B during
blood stage malaria. The capacity of CD8+ T cells to eradicate malaria parasites and
infected cells both at the liver stage and at the blood stage is therefore considered in
this paper.

A lot of research has been carried on clinical malaria control (Austin, White, & Ander-
son, 1998; Hellriegel, 1992; Kamangira, Nyamugure, & Magombedze, 2014; Li, Ruan,
& Xiao, 2011; Tumwiine, Hove-Musekwa, & Nyabadza, 2014). Some of these models
have focussed on the role of the host’s immune cells (Malaguarnera & Musumeci, 2002;
Tumwiine et al., 2014) while others are based on the use of antimalarial drugs (Kamangira
et al., 2014; Magombedze, Chiyaka, & Mukandavire, 2011) in controlling clinical malaria.
In Chiyaka, Garira, and Dube (2008), both the immune cells and malaria chemotherapy
controls are considered. In Rouzine and McKenzie (2003), the role of innate immunity
in mediating synchronization between the replication cycles of parasites in different ery-
throcytes is explored. Kamangira et al. (2014) investigated erythrocytes—malaria parasite
dynamics in the presence of immune response and/or drug intervention at the erythro-
cytic stage. Results in Nannyonga, Mwanga, Haario, Mbalawata, and Heilio (2014) showed
that malaria merozoites can be absorbed in already IRB cells, leading to faster rapture
of IRB cells and hence causing anaemia. Tabo, Luboobi, and Ssebuliba (2017) incorpo-
rated the liver stage in their model and investigated treatment as a control strategy for
blood stage malaria. Results from their study showed that a treatment strategy using highly
effective drugs targeting specific parameters can reduce malaria progression and control
the disease in humans. The above research activities have been very insightful in under-
standing in-host malaria dynamics and control, however, none of these investigations has
attempted to evaluate the possible impacts of malaria vaccines in controlling clinical P
falciparum malaria both at the liver stage and at the blood stage. In this study, we for-
mulate a more detailed in-host malaria model that considers parasite-cell interactions at
the liver stage and the blood stage subject to malaria vaccines. Our goals are to study the
interacting cell-parasite populations through a mathematical model and to numerically
investigate the possible impacts of malaria vaccines on the severity of P. falciparum malaria
infection.

The rest of the paper is organized as follows. In the following section, we incorporate
vaccination control to a formulated in-host malaria model and describe the corresponding
model parameters and variables. The vaccine model is analysed and its vaccine repro-
ductive number together with parameter sensitivity analysis is computed in Section 3. In
Section 4, we investigate the effects of malaria vaccines and vaccine efficacy on malaria
dynamics and malaria severity. A discussion and conclusion complete the paper in Sec-
tions 5 and 6, respectively.
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2. Model formulation

We present a mathematical model of in-host P. falciparum malaria dynamics in the
presence of malaria vaccines. The compartmental model is an extension of the hep-
atocytic—erythrocytic in-host malaria model in Orwa, Mbogo, and Luboobi (2018) in
which two compartments of gametocytes G(¢) and CD8+ T cells W (t) are added to cap-
ture the effects of the transmission blocking vaccines and the general effects of CD8+
T cells on the density of the IRB cells and hence malaria infection dynamics. The rest
of the populations include susceptible liver hepatocytes H(t), infected liver hepatocytes
X(t), malaria sporozoites S(t), susceptible red blood cells R(¢), infected red blood cells
(blood trophozoites) T(t), infected red blood cells (blood schizonts) C(t) and malaria
merozoites M(t).

During feeding, infected mosquito injects A sporozoites into the human skin. These
sporozoites traverse Kupffer and endothelial cells and enter the liver hepatocytes. Suscep-
tible liver hepatocytes are recruited by self-replication at a rate Aj. Following invasion
by sporozoites at the rate f;, infected hepatocytes X progress to hepatic-schizont which
eventual burst open at the rate p, to release merozoites into the blood stream. The ini-
tial recruitment of the merozoites is hence represented by the term Ny, X, where N is
the number of merozoites released per bursting infected hepatocyte. The released mero-
zoites invade and infect the host’s red blood cells at a rate 8, and die naturally at the
rate y.

Based on their stage of infection, we classify IRB cells as either blood trophozoites
(early stage of infection) or blood schizonts (late stage of infection). Susceptible RBCs are
recruited at a constant rate A, from the bone marrow and their concentration decreases
through natural death at the rate u, or due to invasion by the merozoites at the rate
Br. Following merozoite invasion, susceptible RBCs move to the class of infected red
blood cells (blood trophozoites) T. The generated blood trophozoites decay naturally at
a rate (s or progress into blood schozonts C class at the rate y. Mature blood schizonts
burst open to release more merozoites into blood stream. This is represented by the term
(PucC/1 + dW), where P denotes the number of merozoites released per bursting blood
schizont and p . is the decay rate of the blood schizonts.

At the pre-erythrocytic stage, the malaria sporozoites are debilitated by vaccine-induced
anti-CSP antibodies (PEV) as they molt through the tissues (Mellouk et al., 1990; Schwenk
etal., 2003). This reduced invasion of hepatocytes by the malaria sporozoites is represented
by the term B,(1 — v)SH, where 0 < v < 1 is the efficacy of the pre-erythrocytic vaccine.
Sporozoites that successfully invade the hepatocytes are, however, targeted by vaccine-
induced CSP-specific CD8+ T cells (PEV). The CD8+ T cells kill the resulting infected
hepatocyte (Renia et al., 1991; Sun et al., 2003; White et al., 2013). The killing of infected
hepatocytes reduces the burst size N of the infected hepatocytes. This is represented by the
term (1 — b)N, where 0 < b < 1 is the probability with which the vaccine inhibits merozoite
emergence from infected hepatocyte.

An unbounded bilinear function rEI is considered in Anderson, May, and Gupta (1989),
Niger and Gumel (2011) and Hetzel and Anderson (1996) to model the killing of infected
cells I by the CD8+ T cells E. The simple mass-action term depends solely on the product
of the concentration of the immune cells and the density of the infected cells. However, if
we take into account the fact that cell proliferation can saturate then the nonlinear bounded



LETTERS IN BIOMATHEMATICS (&) 227

Michaelis-Menten-Monod function, presented in Equation (1) is most reasonable (Agur,
Abiri, & Van der Ploeg, 1989; Antia, Levin, & May, 1994).

B

. 1
[ (1)

= Vmax
where B is the concentration of substrate, V is the growth rate of the microorganisms
B, Vmax is the maximum specific growth rate of B and Kj, is the half-velocity constant,
V/Vimax.

In Pilyugin and Antia (2000), the nonlinear bounded Michaelis—-Menten-Monod func-
tion (1) is used to model the handling time in immune response and their targets and
how it affects the infection. In this paper, we adopt such a nonlinear bounded function
(p1IE/(1 + BI)) in Chiyaka et al. (2008), where it is used to describe the killing of infected
erythrocytes I by the immune cells E (CD8+ T cells, in our case). This formulation has also
been used in Cai, Tuncer, and Martcheva (2017) and Selemani, Luboobi, and Nkansah-
Gyekye (2017). The parameter p; describes the rate of removal of I by E and 1/8 is the
saturation constant that stimulates the proliferation of the CD8+ T cells to grow at half
their maximum rate.

The effects of the BSV on merozoite invasion of the red blood cells are represented
by the term (((1 — @)B-RM)/1 + dW), where 0 < o < 1 is the efficacy of the BSV and
1/d is a saturation constant that stimulates CD8+ T cells to grow at half their maximum
rate. In addition, BSV reduces the density of merozoites that are released per bursting
blood schizont, so that the burst size P becomes (1 — a)P, where 0 <a < 1 accounts for
the vaccine-induced reduction of merozoites released per bursting IRB cell. BSV is fur-
ther assumed to enhance the production of CD8+ T cells at a rate T, where T > 1. For
purposes of simulation, we assume 1 < 7 < 2. Administered TBV is assumed to reduce
the recruitment rate of the sporozoites A to (1 — x)A, where 0 < x < 1 is the efficacy
of the TBV. Moreover, the inoculated sporozoites are assumed to die naturally at the
rate (.

The immune cells (CD8+ T cells) are recruitment at a constant rate A, from
the thymus. Furthermore, the presence of infected cells such as infected hepatocytes,
blood trophozoites and blood schizonts stimulates the production of CD8+ T cells.
The increased production of W(t) due to X(t), T(f) and C(¢) is also modelled using
the nonlinear bounded Michaelis—-Menten-Monod function (1) and is represented by
the terms (5xWX/1 + 0X), (6:WT/1+ &1 T) and (. WC/1 + &,C), respectively. The
parameter §;|i = {x,t, c} represents the immunogenecity of infected hepatocytes, blood
trophozoites and blood schizonts respectively. On the other hand, the phagocytotic
effects of CD8+ T cells on infected cells (X, T and C) are represented by the terms
(ky(1 = V)WX/1 4+ £0X), (ke(1 —0)WT/1+ & T) and (k.(1 — o) WC/1 + &,C), where
kilj = {x.t, c} is the immunosensitivity of X,T and C, respectively.

The density of blood schizonts C decreases when they burst open to release merozoites
into blood stream or when they die naturally at the rate 1. A proportion 7 of the released
merozoites develops into gametocytes G(¢) whose natural decay rate is denoted by st Just
like the susceptible hepatocytes whose natural mortality is at the rate uj, we assume a
constant decay rates u; and u,, for blood trophozoites and the CD8+ T cells respectively.

The descriptions of the variables and parameters used in the model are summarized in
Tables 1 and 2 respectively.



228 (&) T.O.ORWAETAL.

Table 1. Description of variables.

Variable Description

H(t) Concentration of uninfected hepatocytes
X(t) Concentration of infected hepatocytes

R(t) Concentration of susceptible red blood cells
T(t) Concentration of blood trophozoites

C(t) Concentration of blood schizonts

S(t) Concentration of sporozoites

M(t) Concentration of merozoites in blood

G(t) Concentration of gametocytes in blood
W) Concentration of CD8+ T cells

Table 2. Description of parameters.

Parameter Description
A The rate of injection of sporozoites into liver due to mosquito bites
s The decay rate of sporozoites
A Rate of production of susceptible hepatocytes from the bone marrow
Ar Rate of production of susceptible RBC by the bone marrow
Mhs Pex Death rate of susceptible hepatocyte and infected hepatocyte
respectively
T Proportion of parasites that become gametocytes per dying
blood schizont
Ky, ke, ke Immunosensitivity of infected hepatocytes, blood trophozoites
and blood schizonts respectively
8y, 8¢, 8¢ Immunogenecity of infected hepatocytes, blood trophozoites
and blood schizonts respectively
Bs Infection rate of hepatocytes by sporozoites
e The natural mortality rate of RBC
Br Rate of infection of RBCs by merozoites
e, e The rate of decay of blood trophozoites and blood schizonts respectively
Hmi Hg Decay rate of merozoites and gametocytes respectively
y Progression rate of IRB cells from trophozoite
to schizont stage
X Efficacy of transmission blocking vaccine
0 Efficacy of blood stage vaccine.
d The rate of inhibition of immune response
Aw The rate of production of CD8+ T cells

1/e0,1/€1,1/€2

T

half saturation constants for infected hepatocytes, blood
trophozoites and blood schizonts respectively

A parameter that accounts for vaccine-induced enhanced production
of CD8+ T cells

Efficacy of pre-erythrocytic stage vaccine

Decay rate of CD8+ T cells

A parameter that accounts for PEV-induced reduction of merozoites
released per bursting infected hepatocyte

A parameter that accounts for BSV-induced reduction of merozoites
released per bursting blood schizont

The average number of merozoites released per bursting

blood schizont

The average number of merozoites released per bursting infected
hepatocytes

The in-host malaria dynamics subject to vaccination is represented in the compartmen-
tal flow diagram in Figure 2. Based on the above model description and assumptions, the
in-host malaria model that takes vaccines into account is formulated using a system of
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Figure 2. Schematic diagram for in-host malaria with vaccine therapy. The dotted lines without arrows
indicate cell-parasite interaction and the solid lines show progression from one compartment to another.

nonlinear ordinary differential equations and presented as follows:
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R _, _(-ofRrM

de — 77 1+ dw HrfS

dT (1 —0)B-RM ki1 —oWT

— = P T—yT -2

a T+dw MY 1+eT 2)
dc k(1 — 0)WC

S Ty ™

ar VT e 1+&C

dM P —-m)(1 —a)u.C
E_(l—b)NuxX+ T — umM — B,RM,
dG

E=7TH/CC_/~’LgG’

AW _ (X e e W
a 146X  1+4aT 14+ec) M
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We assume that all the parameters used in the model are positive and the initial conditions
for system (2) are: H(0) > 0,X(0) > 0,5(0) > 0,R(0) > 0, T(0) > 0,C(0) > 0, M(0) > 0,
G(0) > 0, W(0) > 0.

3. Model analysis
3.1. Well-posedness of the model

We aim to evaluate the effects of the different vaccines on the concentration of infected hep-
atocytes and infected red blood cells. Therefore, the model should be biologically coherent.
That is, all the state variables and their solutions must be non-negative and bounded,
respectively, in the region &, where

A
= {(H,X,R, T,C,S8,M,G, W) € RS : N,(t) < max {N,(O), —’} ,
231

(1—x)A}

"3

Nj,(f) < max {Nh(O), Z—h} ,N,(t) < max {NP(O), 3)
2

TAy
W(t) < max { w(0), —} },
w
and N;(t) = R(t) + T(t) + C(t), Ni(t) = H(t) + X(t), Np(t) = S(t) + M(t) + G(t), 111
= min{pr, e, i}, 2 = min{up, pxt and uz = min{us, wm, gl
For the in-host malaria model (2) to be biologically meaningful, we prove the following
theorem.

Theorem 3.1: The region ® is positively invariant with respect to the in-host malaria model
(2), and a non-negative solution (H(t),X(t),R(t), T(t), C(t), S(t), M(t), G(t), W(t)) exists
vVt > 0.

Proof: From the sporozoite compartment S(t) in system (2), we have

ds
a = (1= X)A — us§S— B:HS = —(us + B:H)S. (4)
Integrating (4) yields
t
S(t) = S(0) exp{—(ust + ﬁs/(; H(n)dn)}. ©)

This shows that in the absence of malaria interventions, S(¢) > 0 for all time ¢t > 0.
Using the same argument above, it is easy to see that

t
H(t) = H(0) exp{—(unt + Bs(1 — v)/o S(n)dn)}. (6)

This process can be repeated for all the state variables so that S(¢), H(¢), X(t), R(t), T(¢),
C(t), M(t), G(t), W(t) are all positive for all ¢ > 0. Thus the solutions of in-host malaria
model (2) remain positive in ® for all time ¢ > 0. A quick guide on proof for positivity and
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boundedness is available in Nyabadza, Njagarah, and Smith (2013) and Traoré, Sangaré,
and Traoré (2017).

To show that the solutions of model system (2) are bounded, we let N, be the total con-
centration of the red blood cells in the human host, that is N,(t) = R(t) + T(t) + C(¢t)
and

dN, k(1 —0)WT  ke(1 — 0)WC
=i — w;R— ;T — 1.C — 7
dr r— Mr Mt Mc ( 1+ 6.7 1+ 6,C (7)
< Ar— u1N; where w1 = min{ur, pts, (e} (8

Using the initial condition N;(0) = N,y > 0, Equation (8) is solved by integration into

A A
N;(t) < = + e Ht (Nr(o) — _r> .
1431 M1

This implies that at any time ¢, N;(¢) < max{N,(0), %}. This approach can similarly be
applied to the population of hepatocytes N, = H(t) + X(t), population of parasites N, =
S(t) + M(¢t) 4+ G(t) and to the concentration of CD8-+ T cells W (), so that we obtain

A
Np(t) < max 1 Ny(0), —h} » where uy = min{up, px}s
1%%)
1—x)A
Np(t) < max { Ny(0), %} . where 13 = min{te i, g} and
TA
W(t) < max { W(0), —W} .
w

The above analysis shows that the region ® is positively invariant and attracting for
system (2) and the model is hence well posed for study. |

3.2. Parasite free equilibrium and vaccination reproduction number

The parasite free equilibrium (PFE), E,, depicts the absence of malaria parasites from the
human host. The PFE of the in-host malaria model system (2) exists and is given by

AL A A
E, = (H°, X% R0, T°,C°, 8%, M°, G°, w°) = (—h,o,—’,o, 0,0,0,0, —W) )

h MHr Mw

The vaccination reproduction number (denoted by R, ), on the other hand, is a threshold
quantity which governs the spread of the infection. It represents on average the number of
new infected cells (RBCs or liver hepatocytes) generated by a single infectious merozoite
(or sporozoites) at the blood (or liver) stage in the presence of malaria vaccines. Using
the next generation matrix approach (Diekmann, Heesterbeek, & Metz, 1990; Van den
Driessche & Watmough, 2002), the matrix /) that represents the rate of appearance of new
infections and the matrix ) that denotes the transfer of infections from one compartment
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to the other are respectively given as

Bs(1 —v)SH
0
(1 —0)B:RM
JFi1= 14+ dw and
0
0
0
k(1 —v)WX
X - @
X + 1+ 80X
k(1 — 0)WT
T+ yT+ t(1—0)
V) = 14T
T+ uC+H+ RUE OWE
4 Al 14 &C
P —m)1 —a)uC
—(1 — b)Nu, X —
( ) Mx. 1+ dw
—ucC+ uG

+ umM + B,RM

(10)

Upon taking the partial derivatives of the terms in /7 and V; and evaluating at the parasite
free equilibrium E,, we obtain a non-negative matrix F; and a non-singular matrix V; as

follows.
1— A
0 ( V) Bshn
M“h
0 0
0 0
0 0
0 0
and
Va 0 0
A
0 Bshn T s 0
i
0 Vi
V= 0 0
—(1 — b)Npux 0 0
0 0 0

O OO WSROl O

0

0
(1 — e)Bririw

0
0
0

o _Silo IS © O

wr (AT Ay + fy)

OO0 o o o o

_ (1 - a)P(l - n)lch ﬁr)‘r +

dt iy

Mw
—T e

+1

iy

0
0
0
0

0

m

(11)

o O o O

Mg
(12)

where V; = (((1 — Q)ka)&w)/.uw) +uxand Vp =y + e + (1 — Q)Tktkw)/llwy
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The vaccination reproduction number is the spectral radius of (FlVl_l). That is,

R, = P(A —m)(1 —a)(1 — 0)¥Bririte C(13)

2
dthyw+tw e 1—0)tkchy 1—0)tkidy
s (%) (Mm—i_ﬁﬂ_r> (%"'ﬂc) (%‘FV‘F/M)

In the absence of malaria vaccines (y = 0 = v =a = b = 0,7 = 1), model (2) has a basic
reproduction number R,, given by

P —m)yBriritc

Rin = dhyt keh Brh ke ’ (14)
pp (Lt )2 (B g ) (g + B22) (3 4 e )
On comparing Equations (13) and (14), we deduce the following:
R, =R, x @, (15)
where
(= a)(1 = o) (L2 1) (i + ) (B2 4 ) (v + B 4+ 1)
®** — w w w )
L (d;iw n 1) 2 ((1—%&“ + MC) (y 4 (1—el>tkatxw + m)

We observe from Equation (15) that in the absence of vaccination, R, = R,,. However,
the introduction of malaria vaccines reduces the basic reproduction number by a factor
of 0 < ®** < 1. The use of efficacious malaria vaccines therefore has a great potential in
reducing mortality due to P. falciparum malaria disease.

3.3. Sensitivity analysis

The main concern in the control of infectious diseases is the capacity of the infection to
invade the population. The threshold quantity called the vaccine reproduction number
provides a reasonable measure of the ability of the infective malaria parasites to invade
the susceptible cell populations (Heesterbeek & Dietz, 1996). When R, < 1, the infective
parasites produce less than one new infection per infection period and the disease subse-
quently dies out. However, when R, > 1, an infective parasite generates several infections
leading to disease severity. In light of this, we carry out sensitivity analysis of model R,
in (13) so as to determine important parameters in the dynamics of P. falciparum malaria
in the presence of vaccine controls. Following Arriola and Hyman (2007), the normal-
ized forward sensitivity indices of R, with respect to input parameters a, denoted by I,
is given by
JR, a

—. 16
da XRU (16)

r,=

Based on the model R, and the parameter values in Table 4, we derive the following ana-
Iytical expressions for sensitivity indices of R, with respect to parameters o, P, 7w and 7. A
part from the parameter P, whose sensitivity index does not depend on other parameter
values, the rest of the expressions for the sensitivity indices are complex (see for instance
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(18)-(20)). We therefore evaluate the sensitivity indices of R, using the baseline parameter
values in Table 4.

Ip=+1 17)

k¢ ks > 1 )
r, = TAw | — — +
e=¢ ( " ( (0 — Dtkehy — peptw (0 — DThiAy — fly (¥ + ) o—1

(18)
A
Iy =—— 19
T A (19)
I <_ (0 — Dk, . 2d (@ = Dk )
i v (0 — Dtkchy — peptw Aty + [y (0 — Dtkihy — py (v + P‘t)( )
20

Using Mathematica software, the sensitivity results for the 17 parameters in R, are as
shown in Table 3. The rate of merozoite invasion S, the rate of progression of infected
red blood cells from the trophozoite state to blood schizonts y and the average number
of merozoites released per bursting blood schizont P increase (or decrease) the vaccine
reproduction number when they are increased (or decreased) as shown in Table 3. Malaria
vaccine development should target these parameters to reduce malaria disease progression
in humans. On the other hand, the higher the efficacy of blood stage vaccine o, the lower
the value of R,. A highly efficient erythrocytic vaccine has the potential to eradicate clin-
ical malaria. The proportions of merozoites that development into gametocytes 7 is also
shown to decrease the value of R, when they are increased. The higher the concentration of
gametocytes, the lower the density of merozoites in the host’s blood. Although this would
minimize secondary and subsequent erythrocytic invasions and hence malaria severity, it
has the potential to enhance parasite transmission to the mosquito vector. This is due to
increased concentration of gametocytes per blood sample per mosquito bite.

The density of merozoites released per bursting infected red blood cells and the efficacy
of the blood stage vaccine are shown to be the most sensitive parameters in influencing in-
host malaria progression. For example, a 10% increase (or decrease) on P will cause a 10%
increase (or decrease) in R,. These two parameters should hence be carefully estimated
(Mikucki, 2012) and clinical malaria control using antimalarial drugs and malaria vaccines
should target the two parameters. This is because a small variation in such a parameter will
lead to large quantitative changes in R, and hence on malaria disease progression.

Table 3. The sensitivity indices of R, with respect model parameters.

Parameter Sensitivity index Parameter Sensitivity index
P +1 b4 —0.25

a —0.25 o —0.770486

14 +0.293702 Br +-0.0000663956
Ar +0.0000664 e +-0.0000247494
Wr —0.000066396 d —0.0222497

T —0.080544 Aw —0.080544
Hw +0.080 Am —0.00006639
ke —0.0000247494 ke —0.0582696

e —0.235433
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3.4. Local stability of parasite free equilibrium

The local stability of E,, is investigated as follows. We begin by linearizing model system
(2) around E, so that we have the following Jacobian matrix J;.

—Uh 0 —Ap 0 0 0 0 0 0

0 —A; Ay 0 0 0 0 0 0

0 0 —A3 0 0 0 0 0 0

0 0 0 — Uy 0 0 —Ay 0 0

0 0 0 0 —A 0 A 0 0

I = 5 6 (21)

0 0 0 0 Y —Ay 0 0 0

0 Al 0 0 0 Ag —Ayg 0 0

0 0 0 0 0 7wue O g 0

T A T8
0 0 0 A LA 0 —fy
Hw Hw
where

1 —v)Bsh 1 —v)TkeA 1 —v)Bsh

A():( ),35 h,A1=( YThxdyw Mx;AZZ( )/35 h’
“h Hw Kh

Bshn (1 —0)Brin (I — o)tk
Az== +M5>A4=TT>A5=V+Mt+—w,

Hh (=5 + 1 Hw

(1= 0)Brn (1 —o)tkcr (1—a)P(1 —m)pn

As = dra - A7 = Ea Hhe, Ag = dty, C’

iy (M_er 1) Pow e 4

A Toh

Ag = Pr + lm A= —= and A =1 —b)Npy,.

Hh Hw

It is easy to see from matrix J; that the first eigenvalue, A.; = —uy, < 0. Upon deleting row

1 and column 1 from which A; is placed, a new sub-matrix J is produced.

—Aq A 0 0 0 0 0 0
0 —Aj 0 0 0 0 0 0
0 I ) 0 Ay 0 0
0 0 0 —As 0 Ag 0 0
b= 0 0 0 y —A7 0 0 0 (22)
A 0 0 0 Ag —Ag 0 0
0 0 0 0 mm 0 —pg O
L R P S
Mw Hw
On applying the above procedure to columns 3, 7 and 8 and their corresponding rows
in matrix (22), we obtain the next three eigenvalues: 1, = —u, < 0, A3 = —ug < 0 and
A4 = —y < 0. The resultant matrix J3 is as follows:
A A 0 0 0
0 —Aj 0 0 0
I3 = 0 0 —As 0 Ag | . (23)
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The rest of the eigenvalues are obtained by solving the characteristic equation of matrix J:
2+ BIAt + Bol® + Bsh? + Bk + B5 =0, (24)
where

Br=A1+A3+As+ A7+ Ag > 0, (25)

B2 = A1A3 + A1As + A3As + A1A7 + A3A7 + AsA7
+ A1Ag + A3Ag + AsAg + A7A9 > 0, (26)

B3 = A1A3As + A1A3A7 + A1AsA7 + A3A5A7 + A1A3Ag + A1 AsAg + A3AsAg  (27)

AZA;Ag
+ A1A7Ag + A3A7A9 + AsAgAg | (1 — Ry) - ) (28)
r
Bs = AsAg(A1Ag)[(1 — Ry)] + A1A3A5A7 + A1A3AsAg 4+ A1A3A7Ag + A1A5A7Ag
(29)
Ag
Bs = A1A3AsA7Ag | (1 — Rv))L_ ) (30)

Equation (24) has negative roots (eigenvalues) if all its coefficients terms are positive. That
is, B1 > 0, B2 > 0, B3 > 0, B4 > 0 and B5 > 0. We can clearly see from Equations (25)
and (26) that B, and B, are positive terms. However, the coefficients 83, B4 and B5 can only
be positive if the vaccine reproduction number R, is less than unity, R, < 1.

Thus, using Theorem 2 in Van den Driessche and Watmough (2002), the following
lemma is established.

Lemma 3.1: The disease free equilibrium E,, is locally asymptotically stable if R, < 1 and
unstable if R, > 1.

Lemma 3.1 shows that if we are to eliminate the malaria parasite following malaria
infection, then we have to administer a vaccine or combinations of vaccines that would
guarantee the existence of a stable disease free equilibrium. Epidemiologically, when R, <
1, we expect the parasites to decay off so that the severity of malaria infection is reduced
to near zero or totally eliminated. On the other hand, if R, > 1, the malaria infection
persists within the human host; that is, more red blood cells and susceptible hepatocytes
are infected. This implies that the vaccines may not be efficacious; their use do not erad-
icate malaria infection among infected individuals. The malaria parasites are therefore
likely to persist at the erythrocytic stage in an infected individual and subsequently can
be transmitted to other persons in close contact via the mosquito vector.

3.5. Critical efficacy of blood stage vaccine

Definition 1: Vaccine efficacy is interpreted as the proportionate reduction in malaria dis-
ease attack rate within a vaccinated person compared to an unvaccinated person (Small,
Cheng, & Ten, 2010).
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Generally, the vaccine efficacy Vg is expressed as follows (Orenstein, Wassilak, Strebel,
Bernier, & Blackwelder, 1990):

ARU — ARV
= ———— X

= 100, 31
E R0 (31)

where ARU is the parasite attack rate of unvaccinated individual and ARV is the attack rate
for vaccinated people. A critical vaccine efficacy therefore refers to the minimum efficacy
value beyond which the vaccine is capable of eradicating the infection from the human
host. To establish a critical malaria vaccine efficacy from the vaccine reproduction num-
ber (13), we assume that only the blood stage vaccine is administered to the individual.
Thatis, v =0, b=0, x = 0. We then solve for ¢ from the equation R, = 1 as follows:

P(1 —m)(1 —a)(1 — 0)yBriritc dthy + pw\ > B
(1—0)Tk,A (1—o)tkeh i e — Mm + . (32)
<—MWCW+Mc> (—MW”"-H/—HLt) Hw

r

By simplification, Equation (32) reduces to

e 2
(1 — o)y, — A (33)
(Ueptw + (1 = 0)Thkidw) (w(y + pe) + (1 — 0)TheAw)
where
dthy Brir
M | 522+ 1) (dTh + o) | m + 555
A= <“W ) W< ’”). (34)
(1 =) = @)y PucBriritw
Upon solving for (1 — o) in (33) using the quadratic formula, we obtain
—By £ VB2 = 4B,
(1-0) = 1 1 (B2Bo) (35)

2B, ’

where

By = —Apc(y + uoud, Bi = —iw(Atkehw(y + pe + i) — pw), and
By = —A(thky)>.

From Equation (35), the critical efficacy of the blood stage vaccine, 0 < o, < 1, is

2
1 (—Bl + B —4(3260)>’ 6

2B,

where I5;, i = {0, 1, 2}, are as defined in Equation (35).
Equation (36) implies that for any blood stage vaccine to effectively control clinical
malaria, then its efficacy must be higher than the stated critical vaccine efficacy.
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Differentiating R, with respect to vaccine efficacy o yields

IRy PQA —m)(1 = a)Briritcy
de Hr </Mn + %) <—(l_elikac)w + Mc) (% + 1) 2
n P —m)(1 = a)Brrpicy (1 —e)Thy ks
rAr - (37)
MHrAw (Mm + %) (‘O e,)LZ/kCAW + H«c) (% + 1) 2"1132

P(1 — 7)1 — a)Braritcy (1 — e)TAyk,

ot (pum + 220 ) (U0 4y )2 (422 4 1) 245

+

where W3 = (((1 — 0)tkedw)/1w) + v + 14e).

We further simplify the right-hand side (RHS) of (37) by making the following represen-
tations:let Wy = wr(itm + ((Brrr)/pr)), W2 = (1 — @) TheAw) /1iw) + 4c) and Wy =
(1 4+ ((dtAw)/1w)). This results in

& _ P(1 — )1 — a)Braricy (1 — @) TAykik, { 1 | | 1 _ F} (38)
do W0, s W} kW3 ke W2 ’

where I' = (1/(1 — 0)TAykck:). We observe that (9R,/d0) < 0 when pepty,>(y + pe) >
tkckirw?(1 — ). R, is therefore a decreasing function of the blood stage vaccine o. This
means that an efficacious BSV reduces the density of IRB cells within the human host.
Figure 4 shows the profiles of the density of blood trophozoites and blood schizonts as a
function of the efficacy of the BSV, o. The concentration of infected erythrocytes decreases
with increasing values of o.

4. Numerical simulation
4.1. Vaccine efficacy

Lemma 4.1: The vaccination threshold R, < 1 whenever o > o,

When the efficacy of the BSV is higher than the critical vaccine efficacy o, the mero-
zoites are eradicated from the blood stream. Under this setting, the capacity of the blood
stage vaccine to eradicate malaria parasites in the host’s blood stream is guaranteed by
Lemma 4.1. The results of Lemma 4.1 is shown numerically in Figure 3(a) and (b) using
different values of o. In Figure 3, a blood stage vaccine with a minimum efficacy of
94% is needed to control the blood stage parasites. Using the provided parameter values
and expression (13), we observe that under this condition, R, is less that unity. That is
R, =058 < 1.

Lemma 4.2: The vaccination threshold R, > 1 whenever ¢ < o,

When the efficacy of the blood stage vaccine is lower than the critical efficacy (0 < o),
the rate of infection of susceptible infected red blood cells is higher. This leads to increased
density of infected red blood cells (blood trophozoites and blood schizonts) as shown in
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Figure 3. Graphs showing the density of (a) blood trophozoites T(t) and (b) blood schizonts C(t) when
the blood stage vaccine efficacy, o = 0.94 > g, = 0.86 and R, = 0.58 < 1. The parameter values are
available in Table 4.
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Figure 4. Graphs showing the density of (a) blood trophozoites T(t) and (b) blood schizonts C(t) when
the efficacy of blood stage vaccine, o = 0.5 < o = 0.86 and R, = 1.27 > 1. The used parameters
values are available in Table 4.

Figure 4. Using the parameter values in Table 4 and the expression for the vaccine repro-
duction number, we observe that the above condition is only guaranteed when R, is greater
than unity. That is, R, = 1.27 > 1.

Only a highly efficacious blood stage vaccine, (0 > 90%) would guarantee the achieve-
ment of a malaria free equilibrium as shown in Figure 5. A blood stage vaccine with
lower efficacy, (0 < 50%) is likely to be less effective in clearing the malaria parasites.
A malaria persistent steady state is hence probable (see Figure 5). The concentration
of gametocytes in the blood stream is indirectly influenced by the blood stage vac-
cine. Higher vaccine efficacy minimizes the concentration of gametocytes that are later
sucked up by feeding anopheles mosquitoes. As the efficacy of blood stage vaccine dimin-
ishes, higher concentration of gametocytes is observed in the blood stream as shown is
Figure 6.
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Table 4. Parameter values used in the numerical simulations and sensitivity analysis.

Parameter Value Range Units Source

P 16 (15-20) /erythrocytes/day Diebner et al. (2000)

kx 0.01 (0.001-0.9) /day Chiyaka et al. (2008)

ke 0.01 (0.001-0.9) /day Chiyaka et al. (2008)

ke 0.000001 (0.001-0.9) /day Chiyaka et al. (2008)

Iy 0.083 (0.05-0.1) /day Anderson et al. (1989)

By 2.0 x 1077 (0.07-0.3) /mm?3/day Dondorp, Kager, Vreeken, and
White (2000)

Bs 1.0 x 1073 (0.001-0.2) /mm3/day Selemani, Luboobi, and Nkansah-
Gyekye (2016)

T 0.2 (0.1-0.9) unitless Talman, Domarle, McKenzie, Ariey,
and Robert (2004)

Lh 0.029 (0.01-0.5) /day Estimated

I 0.02 (0.01-1) /day Selemani et al. (2016)

Ar 3 %103 (3x10° —3x 108 cells/ml/day Lietal. (2011)

Xn 3 x 10° (3 x10° =3 x 108) cells/ul~"/day Tumwiine, Mugisha, and
Luboobi (2008)

Aw 30 (10-40) /ul~"/day Chiyaka, Garira, and Dube (2010)

Um 48 (46-50) /day Lietal. (2011)

A 30 (18-35) sporozoites/day Selemani et al. (2016)

s 1.2 (1.0 —24) /day Selemani et al. (2016)

It 0.5 (0.01-0.8) /day Magombedze et al. (2011)

e 0.5 (0.01-0.9) /day Magombedze et al. (2011)

Kg 0.0000625 (6.0 x107° —7.0 x 107%) /day Selemani et al. (2016)

I 2 (0.05-3) /day Chiyaka et al. (2010)

Sx 1e-5 (1e-5-1e-7) mm~3/day Chiyaka et al. (2010)

St 0.05 (0.01-0.08) mm’3/day Chiyaka et al. (2010)

8¢ 0.05 (0.01-0.08) mm~3/day Chiyaka et al. (2010)

y 1.5 (0.1-2) /day Selemani et al. (2016)

X 0.2 (0-1) unitless Assumed

0 0.45 (0-1) unitless Birkett (2016)

v 03 (0-1) unitless Assumed

T 1.5 (1-2) unitless Niger and Gumel (2011)

b 0.2 (0-1) unitless Niger and Gumel (2011)

a 0.2 (0-1) unitless Niger and Gumel (2011)

d 0.0005 (0.00005-0.02) unitless Magombedze et al. (2011)

N 10,000 (8000-20,000) /day Tumwiine et al. (2014)
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Figure 5. Simulations showing the effect varying the parameter o on the density of infected red blood
cells. All other parameter values are in Table 4.
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Figure 6. Simulations showing the effect varying the parameter o on the concentration of gametocytes
in blood. All other parameter values are in Table 4.

The effect of BSV-induced reduction of merozoites released per bursting blood schizont
is monitored by differentiating R,, with respect to a. This gives

oRy (I —m)y ([ — 0)Puchirrs
- _ <0,

0 21—
Tty (o 22 (14 ) (ORI g ) g

where W3 = (((1 — 0)tkedw)/1w) + v + o).

We make the following observations: the vaccine reproduction number R, decreases
with increasing value of a. As less blood schizonts burst, less merozoites are released and
hence less secondary infections that increase the severity of the disease as displayed in
Figure 7. This leads to the reduction in the vaccine reproduction number and hence the
density of infected red blood cells in the blood stream.
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Figure 7. Simulations showing the effect varying the parameter a on the density of (a) blood tropho-
zoites T(t) and (b) blood schizonts C(t). All other parameter values are in Table 4.
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The effect of the BSV-induced enhanced production of CD8+ T cells is monitored by
the partial derivatives of R, with respect to t.

Ry (1 —m) A — @)y (1 — e)*PkejtcPrrriw
or My (% + 1) 2 (Hm + %) <(1_2;kCAW + Nc) 2\.1/3

B (1—m)(1 —a)y (1 — e)*PkptcBrhriy
ot (B2 1) 2 (s + 220 ) (928K ) w2

B 2(1 — )1 — a)yd(l — e)Pucfrrriw
Mrw (% + 1) 3 (/Lm + %) ((172:,]{5)% + /Lc) “II3,

where W3 = ((((1 — @)thkihw)/w) + ¥ + 1e).

By applying the algebraic substitutions used in Equations (38) and (39) simplifies to

R, e* ( 1 a 1 I 2 ) 0 (40)
= - ) <V,
ot \111\1-’2\113\112 dkt‘l’z dkcq/_?, (1 s e)kckt\Il4

(39)

where
O* = (1 — 1)(1 — @)y P( — e)*dkckeitcPrirhw.

We observe from (40) that R, decreases with increasing t. As more CD8+ T cells are acti-
vated, more trophozoites and blood schizonts are killed through phagocytosis, leading to
reduction in the severity of malaria infection as shown in Figure 8.

The effect of the BSV-induced reduction in the burst size P of infected red blood cells is

shown by the following formula:
Ry (1 —m)A =@y —e)pchrirpte

S (% + 1) (dthw + pw) (Mm + "l—*) (—“‘Tw"‘*w + uc) VA

where W3 = ((((1 — @)tkihw)/1w) + ¥ + 1e).
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Figure 8. Simulation showing the density of (a) blood trophozoites T(t) and (b) blood schizonts C(t) for
varying values of blood stage vaccine-induced enhanced production parameter t. All other parameter
values are in Table 4.
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Figure 9. Simulations showing how the infected red blood cell burst size P affects the density of (a)
blood trophozoites T(t) and (b) blood schizonts C(t). All other parameter values are in Table 4.

Note that (dR,/dP) > 0 and R, decreases (increases) with decreasing (increasing)
value of P. The higher the density of released merozoites from bursting blood schizonts,
the higher the rate of secondary invasions at the blood stage. The concentration of infected
red blood cells in blood is observed to increase with increasing value of P as shown in
Figure 9. An efficacious malaria vaccine would be necessary in minimizing secondary and
future invasions that occur at the blood stage of malaria infection.

4.2. Threshold analysis and vaccine impacts

The Malaria Vaccine Technology Road map updated in November 2013 has two key strate-
gic goals targeting P. falciparum and P. vivax malaria by the year 2030: (1) to develop
vaccines with over 75% protective efficacy against clinical malaria and (2) to develop
transmission blocking vaccines thereby reducing new cases of human malaria infec-
tions (MVFG, 2018). A combination of malaria vaccines (pre-erythrocytic, blood stage
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Figure 10. Time profile of the total concentration of infected red blood cells (a) and the concentration of
infected liver hepatocytes (b) in the absence of malaria vaccines (¢ = x = v = 0). All parameter values
are in Table 4.
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and transmission blocking vaccines) could help in achieving the over 75% strategic goal
(Miura, 2016).

A highly efficacious blood stage vaccine has a potential to significantly reduce the num-
bers of gametocytes in the blood stream, thereby minimizing parasite transmission to
mosquitoes and subsequently to other human beings. In the following section, we investi-
gate the possible impacts of different malaria vaccine combinations with varying degrees
of efficacy.

In the absence of malaria vaccines, 0 = x = v = 0, we observe from Figure 13 that
the concentration of infected red blood cells increases rapidly and settles at the parasite
persistent equilibrium point. This trend is also observed with the infected liver hepatocytes
(see Figure 10b). The concentration of infected liver hepatocytes rises due to invasion by

— 0=x=045,v=01 KX — 0=x=045,v=01

0=x=0.45,v=03 259 1%,

= 0=x=0.45v=045
- g=x=045yv=1

W\

204

=
n
L

I
[

Iy
o
L

Blood Schizonts

I
o

Blood trophozoites

o
o
L

054
0.0 0.0
0 10 20 30 40 50 0 10 20 30 40 50 60 70 80
Time(Days) Time(Days)
(a) (b)

Figure 11. Time profile of the total concentration of (a) blood trophozoites and blood schizonts (b) for
o = x = 0.45 with varying efficacy of pre-erythrocytic vaccine v. The set of parameter values is given
in Table 4.
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o = x = 0.9 with varying efficacy of pre-erythrocytic vaccine v. The set of parameter values is given in
Table 4.
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Figure 13. Simulation showing the profile of infected liver hepatocytes in the presence of perfect
malaria vaccines (o = x = 0.9). The efficacy of the pre-erythrocytic vaccine v is varied from 0 to 1. The
set of parameter values is given in Table 4.

sporozoites for about a week. This is followed by a slight decline in density and subsequent
persistent concentration at the liver stage.

A malaria vaccine with an efficacy of 45% may not be adequate in eliciting sufficient
immune response to reduce and clear infections as shown in Figure 11. More plasmodium
parasites are likely to persist in the blood stream, raising the severity of infections.

A combination of an imperfect blood stage vaccine (efficiency > 90%) and an imperfect
transmission blocking vaccine (efficiency > 90%) is likely to result in rapid eradication of
the infected infected red blood from the human host as displayed in Figure 12. Observe
that the parasite free equilibrium is highly probable irrespective of the efficacy of the pre-
erythrocytic vaccine in this context.

Similarly, the concentration of gametocytes in the blood stream is observed to diminish
quickly in the presence of efficacious malaria vaccine combinations (see Figure 13).

5. Discussion

Using numerical simulation, we observe that the activated CD8+ T cells and malaria
vaccines have a considerable effects on malaria control. Vaccination reduces the basic
reproduction number by a constant factor. An imperfect blood stage vaccine with an
efficacy of at least 90% is shown to be very effective in controlling in-host P. falciparum
malaria.

We further observe that malaria vaccines that minimize the total number of merozoites
released per bursting infected liver hepatocytes, reduce the concentrations of blood tropho-
zoites and blood schizonts. Similarly, a highly efficacious vaccine greatly reduces the burst
size of the blood schizonts, so that less merozoites are released from the infected red blood
cells. This has the potential to reduce malaria severity and hence malaria transmission to
the mosquito vector.
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An efficacious blood stage vaccine should maximize the rate of activation of CD8+ T
cells. We notice that the higher the vaccine potential to activate these immune cells, the
lower the concentration of infected red blood cells in the host.

Our analysis further shows that different vaccine combinations yield different results.
In the absence of vaccine therapy, the concentration of infected red blood cells (blood
trophozoites and blood schizonts) is shown to increase and stabilize at the parasite per-
sistent equilibrium. An imperfect pre-erythrocytic vaccine with an efficacy of at least 90%
is also shown to guarantee the attainment of a parasite free equilibrium.

Like many other epidemic models, the presented in-host malaria model is formulated
based on several model assumptions. The parameter values used in the study are also
obtained from past literature. The results of our study should therefore be approached
with some discretion. The presented model ignores the biology of CD8+ T activation and
assumes constant parameter values. It would therefore be difficult to predict with higher
accuracy, the optimal malaria vaccine efficacy. In spite of the stated shortcomings, the pre-
sented in-host malaria model provides useful insights on the need to improve the efficacy
of current malaria vaccines in development and the need to try vaccine combinations in
controlling clinical P. falciparum malaria infection.

Although the normalized forward sensitivity approach is helpful in identifying impor-
tant parameters in the dynamics of the disease, it fails to explain the considerable uncer-
tainties in estimating parameter values and hence parameter influences on specific output
variables/states in the model. For future improvement of the above model, we recom-
mend the inclusion uncertainty and sensitivity analysis with respect to infected cells
of the in-host malaria model based on Latin Hypercube Sampling and Partial Rank
Correlation Coefficient.

6. Conclusion

We have presented a mathematical model for in-host malaria dynamics subject to malaria
vaccines. The analysed model provides useful insights in individual and combined vaccine
impacts in reducing the severity of clinical malaria. The notion of critical vaccine efficacy
is key in the development of malaria vaccines with the potential to eliminate or eradicate
P, falciparum malaria in individuals infected with the disease.

In order to achieve a substantial reduction in malaria mortality and morbidity, the
efficacy of the malaria vaccine should be higher than the corresponding critical vaccine
efficacy. For instance, when the efficacy of the blood stage vaccine is lower than the criti-
cal efficacy (0 < o), the rate of infection of susceptible infected red blood cells is higher
and clinical malaria persists. However, the concentration of blood trophozoites and blood
schizonts decreases drastically if the efficacy of the blood stage vaccine is higher than the
critical blood stage vaccine efficacy.

The combined administration of malaria vaccines (Miura, 2016) and antimalarial drugs
is likely to provide the much needed therapeutic control against P. falciparum malaria. The
general and specific impacts generated by vaccine-WHO-antimalarial drugs combination
will also form part of our future investigation.
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Abstract

Results of uncertainty and sensitivity analysis have significant epidemiological importance in
malaria control. In this paper, the efficient technique of latin hypercube sampling (LHS) and
partial rank correlation coefficient is applied to an in-host Plasmodium falciparum malaria
model. Sensitivity indices of the basic reproduction number are derived using the normalised
forward approach. By a theoretical analysis, we show the existence and stability of the
model steady states based on threshold value Rj. Our results show that the in-host model is
sensitive to variations in the efficacy of malaria vaccines. The rates of parasite to cell invasions,
the density of merozoites released per bursting infected erythrocyte and the proportions of
merozoites that become gametocytes are highly significant in determining the severity of
malaria infection. Moreover, a highly effective vaccine combination is critical for malaria
disease elimination goal. This study further shows that the long term precise predictions of
the concentrations of infected cells during malaria infection would be difficult until these key
parameters are correctly determined. These results are vital in the on-going malaria vaccine
development.

Keywords Sensitivity analysis - Hepatocytes - Erythrocytes - P. falciparum - Vaccine
combination

Introduction

During disease model formulation, we are bound to make simplifications and assumptions
on the model itself and on the parameters that represent the different transitions and inter-
actions in the model. Owing to uncertainty on parameter values, it is important to correctly
understand the possible effects of the such parameter values to the anticipated model out-
put [21,52]. Uncertainty in the set of parameter values generates variability in the model’s
predictive capabilities. The lower the number of uncertain parameters in a model, the lower
the significance of variability introduced into a model. On the other hand, a higher number
of uncertain parameters result into a higher significance of variability introduced [21].
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In-host malaria transmission models have become very complex. Unlike simple models,
complex models may best be understood by numerical analysis [8]. Uncertainty and sensitiv-
ity analysis are instrumental in analyzing the dynamics of such structurally complex models
that experiences high levels of uncertainty in the estimation of their input parameter values.
The concept of uncertainty analysis enables us to evaluate the variability in the output [30].
Conversely, a sensitivity analysis helps us to discern important parameters in the dynamics of
infection under study. There are three techniques of uncertainty and sensitivity analysis [30].
These include: (i) latin hypercube sampling/partial rank correlation coefficient (LHS/PRCC),
(i1) response surface methodology, and (3) differential analysis. The more sophisticated and
efficient approach of LHS/PRCC [9,30] that permits synchronous variation of all input vari-
ables is considered in this study.

LHS/PRCC sensitivity analysis is a synergy of Latin Hypercube Sampling [38] and the
Partial Rank Correlation Coefficient [26]. It aims to identify and rank pivotal model parame-
ters whose uncertainties contribute to prediction imprecision [21]. In this paper, uncertainty
and sensitivity analysis is applied to an in-host malaria model subject to malaria vaccines. We
endevour to identify influential parameters in determining malaria disease progression and
control within the human host. See [2,50] for a rigorous description of the different malaria
vaccines.

Malaria is a mosquito-borne infectious disease caused by Plasmodium parasite. The dis-
ease is typically transmitted through the bite of an infected mosquito vector [20]. The injected
sporozoites traverse host dermis and enter the liver hepatocytes for further asexual develop-
ment. Hepatocite—invading sporozoites, grow, divide mitotically and differentiate into liver
merozoites [12]. The release of these merozoites into blood stream marks the beginning of
the blood stage cycle. The merozoites invade susceptible erythrocytes to feed on hemoglobin.
Like the liver stage, the merozoites also differentiate, causing infected erythrocytes to burst
open, releasing more merozoites into blood stream. Higher densities of blood merozoites
increases the severity of clinical malaria. The daughter merozoites quickly invade other red
blood cells to renew the cycle or develop into male or female gametocytes [13]. This cycle is
associated with malaria characteristics symptoms [17,69]. See [6,49] for a detailed discus-
sion on stages of malaria infection. Although malaria is both preventable and curable, severe
malaria may lead to seizures, coma and death [22].

Currently, there are more than 30 malaria vaccine candidates under development [68].
These vaccines are generally categorised into: (1) pre-erythrocytic vaccines (PEV), (2) blood
stage vaccines (BSV) and (3) transmission blocking vaccines (TBV) [6]. RTS,S/ASO1 (also
known as Mosquirix) is the only malaria vaccine that has received a positive scientific opinion
from the European Medicines Agency (EMA) [18]. This pre-erythrocytic vaccine has been
evaluated in large phase 3 trial in sub-Saharan Africa. The vaccine showed a 45.7% (95%
CI, 41.7-49.5) efficacy against all episodes of clinical P. falciparum malaria across all sites
in the 5—17 month age category [54]. Despite positive assessment from EMA, the World
Health Organization (WHO) recomments further evaluation of RTS,S/ASO1 in a series of pilot
implementations before it can be introduced on a wide scale [70]. Nonetheless, an efficacious
malaria vaccine forms a crucial component of future malaria control and elimination tool.

Several research studies [1,13,14,23,25,27,29,39-41,55] have focused on understanding
the dynamics and control of P. falciparum infections. Although most of these models have
investigated parameter importance in driving malaria infection, this is mainly based on the
basic reproduction number of the model, which often do not have all the model parameters.
Sensitivity analysis for the entire parameter space provides the right rigour for parameter eval-
uation in driving the disease progression. Previous studies [44,71], used parameter-driven
LHS/PRCC procedure to ascertain important parameters and their relative importance in
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the disease model output. In [21], LHS/PRCC procedure is coupled with the optimal control
numerical procedure to simultaneously examine the effects parameters on the objective func-
tional value. In this paper, the LHS/PRCC uncertainty and sensitivity analysis applied to an
in-host P. falciparum malaria model with vaccine controls. Moreover, multi-component and
multi-stage vaccine combinations is evaluated to establish optimal vaccine combinations.

This paper is organised as follows: we provide details of the in-host malaria transmis-
sion model and its properties such as non-negativity and boundedness of solutions in “The
Model” section. We carry out model analysis including model steady states and their stability
conditions in “Model Analysis” section. In “Uncertainty and Sensitivity Analysis” section,
we derive sensitivity indices of the basic reproduction number relative to model parameters.
We also perform uncertainty and sensitivity analysis of model parameters subject to infec-
tive and infected state variables. The existence of model equilibrium points is numerically
demonstrated in “Numerical Simulation” section. Numerical evaluation of multi-component
and multi-stage vaccine cocktail completes “Numerical Simulation” section. A discussion on
epidemiological implications of uncertainty, sensitivity analysis and vaccine combinations
completes the paper in “Epidemiological Implications and Conclusion” section.

The Model

We consider an in-host P. falciparum malaria model. The model anayses the dynamics of
interactions between the human red blood cells (erythrocytes), the liver hepatocytes, the
malaria parasite (P. falciparum) and the cytotoxic CD8" T-cells in the presence of multi-
component and multi-stage vaccine antigens. The compartmental deterministic model is an
extension of in-most malaria model by the authors in [49]. The model is thus composed
of nine compartments: the malaria sporozoites S(z), the susceptible hepatocytes H (t), the
infected hepatocytes X (¢), the susceptible erythrocytes R(7), the infected red blood cells
T (t), the malaria gametocytes G(¢), the malaria merozoites M (t), unactivated CD8" T-cells
W, (t) and activated CD8™ T-cells W, ().

The activation of CD8" T-cells is caused by the presence of infected hepatocytes and
infected erythrocytes only. This activation is further assumed to occur at a constant rate A,
for both X and 7. Unactivated CD8™ T-cells are produced at a fixed rate 2 from the thymus.
Unlike the model in [49], we have assumed that a proportion ¢g of infected erythrocytes and a
proportion p of infected hepatocytes get eradicated by the CD8" T-cells before they develop
to the bursting stage. The rest of infected hepatocytes develop asexually and burst open to
release blood stage merozoites. We assume that some of the newly generated merozoites
develop into gametocytes. This proportion is denoted by the parameter 7. The commitment
to gametocytogenesis is presumably made during the immediately preceding cycle of blood
schizogony [13]. These blood floating gametocytes are transmitted to the mosquito vector
during feeding, marking the onset of the sporogonic cycle (not considered in this study).

During blood meal, infected mosquito injects A sporozoites into the skin of the human
host. The sporozoites traverse the skin and invade the hepatocytes H at the rate S to
generate infected hepatocytes X at the liver stage (see [64] for detailed description of the
pre-erythrocytic stage infection). We assume a natural death rate of u, for malaria sporo-
zoites. Although hepatocytes are generated at a rate A;, from the bone marrow, we assume
that both the infected and uninfected hepatocytes experience natural death at the rates
and pup, respectively.

Three malaria vaccines are considered in this model to reduce the severity of P. falciparum
malaria infection. These are: pre-erythrocytic vaccine (PEV) (see, [6,7,46]), blood stage
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Table 1 Description of the state Variable

variables Description
W (1) Concentration unactivated CD8 T T-cells
Wa (1) Concentration activated CD81 T-cells
H(t) Concentration of susceptible (uninfected) liver
hepatocytes
X(t) Concentration of infected hepatocytes
S(t) Population of malaria sporozoites
R(1) Concentration of susceptible (healthy) erythrocytes
T(t) Concentration of infected erythrocytes
M(t) Population of merozoites in blood
G(1) Concentration of gemetocytes in blood

vaccine (BSV) (see [5,42,47]), and transmission blocking vaccines (TBV) (see [3,28]). The
leading PEV, BSV and TBV considered in this study are RTS,S/ASO1, merozoite surface
protein 3 (MSP3), P. falciparum ookinete surface antigens (Pfs25), respectively. The PEV,
BSV and TBV vaccines are assumed to posses efficacies denoted by v, ¢ and yx, respectively,
where0 <v < 1,0<p<land0 < x < 1.

A summary of the descriptions of the state variables and model parameters is as shown
in Tables 1 and 2 , respectively. Furthermore, the compartmental flow diagram for the in-
host malaria model is provided in Fig. 1. We are motivated by the structural complexity
of the in-host malaria model to apply LHS/PRCC technique for uncertainty and sensitivity
analysis. The structural complexity in the model could lead to high levels of uncertainty in
approximating the initial values of the input parameters.

Based on the dynamics described in Fig. 1, the following deterministic system describe
the dynamics of the in-host malaria infections with multi-stage malaria vaccines:

ds

E == x)A—usS— B;SH,

dH Bs(1 —v)SH

— =i —pupyH - —

dr T M 1+dW,

dt 144w, g 14+80X’

dR 1— RM

— = — i — R,

dt 1+dWw,

dr (1 B Q),BrRM qTWa

a7 _d—opfRM . aTWa (1)
dt 14+dW, 14+ T

dM  P(1—-q¢)(1 —m)(I —a)u;T

= 1— 1—b)Nu X — M — B8,RM,

dr 1 +dW, + ( P)( )N iy Mm Br
dG¢ P —-g)( —a)mru,T

R _MgG»

dr 1+dWw,

dr =Q—-1hpy(X +T)Wy — £y Wy,
dw,

dr =TAp(X +T)Wy, — uaWa,
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Table 2 Table showing model

. . Parameter symbol
parameters and their descriptions

Parameter description

P

N

Aw

/g0

1/¢e1

Mns Ha

Number of merozoites released per bursting
erythrocyte

Number of merozoites released per bursting
hepatocytes

Injection rate for sporozoites
Death rate of susceptible liver hepatocytes
Death rate of susceptible erythrocytes

Death rates of sporozoites and merozoites
respectively

The recruitment rate of hepatocytes

The recruitment rate of erythrocytes from the
bone marrow

A proportion of merozoites that develop into
gametocytes per dying infected red blood cell.

Immunosensitivity of infected hepatocytes
Immunosensitivity of infected erythrocytes

Rate of infection of hepatocytes and
erythrocytes, respectively

A rate accounting for PEV-induced reduction of
merozoites released per bursting infected
hepatocyte

Death rate of susceptible erythrocytes
Mortality rate of infected erythrocytes

Mortality rate of gametocytes and merozoites,
respectively

Vaccine efficacies
Inhibition rate of CD8™ T-cells response

Recruitment rate of unactivated CD81 T-cells
from the thymus

Immunogenicity of IRBCs and infected
hepatocytes

A saturation (half) constant for infected
hepatocytes

A saturation (half) constant for infected red
blood cells

A rate accounting for vaccine-induced increased
generation of activated CD8 T T-cells

Death rates of unactivated and activated CD81
T-cells respectively

A rate accounting for BSV-induced reduction of
merozoites released per bursting erythrocyte

with the general initial conditions:

S0)>0, HO) >0, X©O) >0, RO)>0, TO)>0, MO >0,

G©O) >0, W,0) >0, W,0) >0.

2)
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BHS ln (1 — v)BHS pPXW,
(1-x)A _1+dW, -ﬂ
bugX

e o o o

1 b)Np,X
r
—. ‘ HaWa
uanj
(1 QA -mu, T
1+ dw,
(1-0)BRM
1+ dw,
P(1— qﬁh‘
1+ dw,
G

Fig.1 A compartmental representation of the dynamics of in-host malaria infection with vaccine controls

Properties of the Model
Positivity of Solutions

The long term behaviour of any dynamical system is instrumental in the understanding of
the system. The model system (1) monitors changes in the concentrations of blood cells,
hepatocytes, malaria parasite and CD8" T-cells. To warrant biological sense, the state vari-
ables of system (1) should be non-negative. Specifically, we show that all solutions of model
system (1) with non-negative initial conditions will remain non-negative for all time # > 0.

Theorem 1 Given non-negative initial conditions in Eq. (2), the in-host model (1) has a
non-negative solution (S(t), H(t), X(t), R(t), T(t), M(t), G(t), W, (t), W, (1)), for all time
t>0.

Proof From the first equation in system (1), we can clearly see that

ds
o > — (s + BsH)S. 3)
Upon integrating equation (3), we get
t
S(r) = So exp {— /o (s + ,BSH(S))ds} . “4)
Therefore, S(¢t) > 0 for all ¢t > 0. O

Similarly, from the last equation in system (1), we have

dw,
dr

> —uaWy. (5)
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Upon integrating the separable equation in (5), we obtain
Wa (1) = Wa(0) exp(—pat) = 0.

Using the same argument, the rest of the state variables can similarly be shown to be
non-negative for all time r > 0. Thatis, H(t) > 0, X(#) > 0, R(t) > 0,T(¢t) > 0, M(t) > 0,
G(t) > 0and W, (¢) > 0Vt > 0. This completes the proof.

Boundedness of Solutions

The non-negative solutions to model system (1) must be well posed in regions of biological
sense. We therefore prove that the solutions are bounded.

Let N, be the sum of the density of susceptible and infected erythrocytes in the host. We
thus have N, (r) = R(t) + T (t). Therefore,

dN,
dt

:)\,r—/,LrR—/,L[T—qTWa, (6)
< Ay — AN, where i = min{u;, i}. (7)

Using the initial condition N,(0) = N,o > 0, Eq. (7) is solved by integration factor
method to obtain

A - A
Ny (1) < Tr +e M (Nr(o) = Tr> .
M “

This implies that at any time 7, N, (f) < max {Nr (0), % }
Again, let N, (1) = S(¢) + M(t) + G (1), be the sum of malaria parasites at any time ¢
during clinical P. falciparum infection. So that,

dN, P —q¢)(1 — 7)1 —a)u, T
—= =(1— A 1 — 1—b)Nu, X
L= (1= A+ — +(1—p)(1 - b)Npuy
P(1 - q)(1 — a)rp,T
T — wsS — M — G — BsSH — B, RM,
< (1—x)A +W(t) — iN, where fi =min{js, ftm. b}, and 8)
P —q¢)1 —m)(1 —a)u,T
W (1) = 1 T B (1= p)(1 = B)NpcX
a
P(l—q)(1 —a)ru,T ©)
1+dW,

Upon solving (8), we obtain:
1 —x)A L -
Np(t) < % + e_’”/ e MWy (t)dt + Cre M,
0

where the constant of integration C is given by,

C| = <Np(0) - (I_TX)A) — / U, (0)ds.

0

Observe that N,(f) < max {N »(0), (I_TX)A} The above procedure can similarly be

applied to the total concentrations of the liver hepatocytes N;(1) = H(t) + X(¢) and that of
CDS8™ T-cells Ny, () = W, (t) + W, (¢) so that we arrive at:
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dnN; " dNy
o SN and =< Q =y N, (10)

where p* = min{uy, iy} and py = min{u,, Uy}
Upon integrating and simplifying the equations in (10), we get,

A Q
N;(t) < max {N;(O), —Z} and N, () < max {Nw(O), —} for all time ¢ > 0.
7

w

Therefore, all feasible solutions of in-host malaria model (1) enter the region:

A
D :{(S, H,X,R,T,C,M,G, W) e€R% : Ni(t) < max {Nr(O), T’}
"

(1 —X)A}
i

N, () < max {NP(O), : (11)

Ah Q
N;(t) < max {N;(O), E} , Ny (1) < max {Nw(O), —} }

w

which is a positively invariant set of model system (1). This implies that all solutions in D
remain in D V¢ > 0. It thus suffices to study the dynamics of model system (1) in D.

Model Analysis
Existence and Stability Analysis of Disease-Free Equilibrium Point (DFE)

The disease-free equilibrium E( occurs when there is no P. falciparum infection within the
human host. At Eg, A = 0 and there are no activated CD8T-T cells; that is, W, = 0.
By setting the right hand-side of system (1) to zero, we obtain the following disease free
equilibrium:

A A Q
Eo= (8%, HY x° R, 7% M°, G° w0, w0) = (o, 2h 0, 22,0,0,0, -2, 0) .
“h Hr HUn

(12)

The disease-free steady state is very crucial in the understanding of in-host malaria
infection dynamics. In order to eradicate in-host malaria, we have to identify and estab-
lish necessary conditions for Eq to be stable. This stability could be achieved through the
use of effective anti-malarial drugs such as ACT or by using highly efficacious Plasmodium
falciparum malaria vaccines.

Next, we apply the next generation matrix (NGM) approach (see [14,63] for detailed
explanation of this technique) to compute the basic reproduction number R of the in-host
model (1). The NGM method presumes the local stability of E for Ry < 1 and instability for
Ry > 1. Ry is the spectral radius of the next generation matrix (FV~1) of system (1); that is,
Ro = p(FV~1). Adopting the matrix notations in [63], the matrices F and V are respectively
given by:
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/0 0 0 0 0 0 0\
0 U=Bh g 0 00 0
0 0 o (=@ o o ¢
Mr
F=1o0 0 0 0 0 0 0 (13)
0 0 0 0 0 0 O
0 0 0 0 0 0 O
\0 0 0 0 0 0 0
and
Brn 4y 0 0 0 0 0 0
0 [ 0 0 0 0 0
0 0 iy 0 0 0 0
ve| 0 —0-pd-bNu A Pt 000
0 0 —Pr(1—a)(1 — @) 0 pe 0 0
TQhy TRy
0 T T 0 0 pa 0O
TQAy TQAy
0 T T i 0 0 K
(14)
where A = —P(1 —m)(1 —g)(1 —a)u;.
Thus, the basic reproduction number Ry is given by
Ro = p(FV~') = max{Ro1, Roo}
where
1— A
ROl 74 ( V),Bs h (15)
MnLx
and
P — 1—a)(l— 1— A
Roy — (1-m)1—-a)—-0)(1—q)p r (16)

BrAr + mhr

Observe that R is the contribution of new cell invasions at the liver stage due to mortile
sporozoites and R, is the contributions of new cell invasions at the blood stage due to
merozoite parasites. From Eqs. (15) and (16), it is evident that new cell invasions occur both
at the liver stage (as depicted by Rpp) and at the blood stage (as depicted by Ro>). This
implies that clinical control of P. falciparum malaria should target the parasite at both stages
of its life cycle within the human host. An anti-malarial drug with the capacity to eradicate
the sporozoites at the pre-erythrocytic stage and merozoites at the erythrocytic stage is most
recommended. Furthermore, malaria vaccine development should equally focus on both
stages of parasite development. A novel malaria vaccine should begin parasite eradication
from the pre-erythrocytic stage and this should continue to the blood stage. This result is
very important to the ongoing research and development of malaria vaccines.

The global stability of the disease-free equilibrium is established using a suitable Lyapunov
candidate function [34,35,48]. We thus have the following theorem.

Theorem 2 The disease-free equilibrium E is globally asymptotically stable in R?r if Ro <
1.

Proof LetV(X,T,S,M,G) = Y1 X+YoT + 38+ vaM + ¥5G be a candidate Lyapunov
function for some non-negative coefficients ¥y, ¥2, V3, ¥4 and 5. The derivative of V with
respect to time is by
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dv_‘/f WdT'FWdS'FWdM"‘WdG
: 2dr S ar Sar
1—-—v)SH XW, 1 — RM TW,
= ¥ IBS( ) X — 1Y a ) ( 0)Br T — q a
14+dW, 14+ 60X 14+dWwW, 14+&T

+ Y3 (1= ))A — S — BsSH)

+W4< : Q)(l-i-cjl;[;v( s +(1_'O)(1_b)NMxX_MmM—,BrRM)

P(l — 1 — T
—I—Ws( ( ;])JEdWa)nM —MgG),

Q
= (—px (NYs(b(=p) + b+ p =D +¥1) — — (p¥1 +q¥2) X

n

+ (= ((@a = DP(g = 1) ((r = Dy = ys) +2)T

A
+ (3 (=pts) — M—Z (v =Dy +¥3) Bs)S

by
() = 5 (e = D2+ 9) )M

+ (=g ¥s)G.

Setting the coefficients of X, 7', S, M and G to zero and solving, we get

gy = N0 = pua(l - 0)Brhrd — qQ(Brdr + mir) s
(1 — 0)Brrrita(P + pxtta) ’

An

i = V)Bs [Na — D)1 — p)px (1 — Q) Bt — qQ(Brir + umu,ma} v
LB+ s (I = )Brrrita (P2 + phxita) ’
A 1 _ MmMr
EBr+ m 15— PU-—a) =m)(1 —q) + z557=

V2= | ——— | Y4 and Y5 = —*2 b0y,
1 - Q) ~Br mP(1—a)(l—=q)
Using these coefficients, the time derivatives of the Lyapunov function is given as

av (g +A=b)A=0)NU = p)p)Brir + qitmtr)(ha + tn)lx

Y3 =

- _ X
ds (I =) Brirmn(p2 + papix)
s a7
M i e (1 + (1 — 0)7A;) T Mg (1 — 0) Ay thm hr G
_ — (I = Ro).
(1 —e)Bra, nBr(1 —a)(1 —q)

If RO < 1in (17) then [ /Lg(l — O)Arpmitr ]/l Br(1 —a)(1 —q)](1 — Rg) > 0. We thus
obtain ¢ dt < 0. Furthermore, ¢ dt = 0ifand only if T = X = G = 0. Therefore, V is a
Lyapunov function in D. Given that D is positively invariant and attracting, it follows that the
maximum invariant set in {(S, H, X, R, T,M,G, W,, W,) € D : vV = 0} 1s the singleton
Ey. By LaSalle’s Invariant principle [33], Ey is globally asymptotically stable in D provided
that Ry < 1.

The Malaria Persistent Steady State
We establish the malaria persistent equilibrium E,, for model system (1) in the presence

of CD8™ T-cells by equating the right hand side of system (1) to zero. Using Mathematica
software [31], model system (1), exhibits a malaria-persistent equilibrium point
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E, = (8", H* X* R*, T*, M*, G*, W}, W}"),

where
. (1 +dWHr, | (18)
(I =v)BsS* + (1 +dW;)up
P (1 +dWHa, | (19)
(I—=9)BM*+ A +dWru,
W = 2 , (20)
TAw(X* +T7%) +
W = TAw(X*+T )Wn’ o
Ha
GF P(l—q)(1 —a)ru, T , 22)
g (1 +dWr)
. (L+dWHIA =b)*(A = NX*Brpimpty — (1 +dWHp,1 £ VA
M* = ,  where
2(1 - )(1 +dW)p,
Ap=A4+dW){(=(e— DB (=41 —m)(1 —a)P(1 — )T 11
+(1 =D’ NX* (1 +dWH B ux (A1 +dWHA, + (1 — b)* (1 — e)NX* 12 1))
—2(1 = b)*(1 — )N X*(1 + dW,) By pir st + (L +dW) 7} (23)
1
* _ 2 == _ *
S TTRmY { A £ /A2 441 = v)Bup) (1 — A +dWa>uh>},
where Ay = Bs(A(1 — )1 —v) — (1 +dWHrp) — (1 +dW)) un s, (24)
T* = ! {—A, £ A;},
—2e1((1 =) M* + (1 +dWy) i) ius

where A, = B (AL — ) (1 —v) — (1 +dW)kn) — (1 +dW)
Ay = A2+ dert (1= ) M* + (L+dWHp)(Bray (1~ )M*) and  (25)

o A £ VAZ+4ep((1—v)BeS* + (1 +dWHup)i) (1 — v) By S*
X" = ,  Wwhere
2¢0((1 = v)BsS* + (1 +d W) pun) px

Ay = (1= v)(eohn — po)BsS* — dp Wi i — pn i
— WE((1 = v)pBsS* + np + dpi)). (26)

Based on the formulated model in Eq. (1), the activated CD8™" T-cells only exists due to
the presence of infected erythrocytes and infected liver hepatocytes. Hence, in the absence of
malaria infection (X = T = 0), W, = 0. Moreover, non of the malaria parasites exists; that
is $* = M* = G* = 0. We further observe that when §* = M* = X* =T* = W} =0, the
susceptible erythrocytes, susceptible hepatocytes and the unactivated CD8" T-cells become
H* = ﬁ—f;’, R* = % and W) = % respectively. We thus arrive at an equilibrium point
called the disease free equilibrium point of model (1) illustrated in Eq. (12). From the above
computations, it is evident that the analytical expressions of E, is too complex. We shall
therefore provide a numerical illustration of the model equilibrium points in “Numerical
Simulation” section.

Theorem 3 The malaria persistent steady state E, is locally asymptotically stable if Ry > 1
in the interior of the biologically feasible region D.
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Proof The stability of the malaria persistent equilibrium £, (when Ry > 1 but close to 1)
is proved using the center manifold theory (CMT) presented by Castillo-Chavez and Song
in [11]. Adopting the notations used in [11] and without re-stating the theorem, we calculate
the values of arguments a and b. The signs (+ or —) of a and b determine the local dynamics
of system (1) around E, [66].

Suppose we consider B to be our bifurcation parameter, then at Ry = 1, we have B, =
max{fB}, ¥}, where

Mm Ar
*: d *:
b= ra—pi-mi-ol—a—1p P

Mhtx

—(1 o 27)

In applying the CMT, we begin by transforming the state variables (S, H, X, R, T, M, G,
Wy, Wy) into (x1, x2, X3, X4, X5, X6, X7, X8, X9) respectively. The model system (1), is hence
represented as Z—t = g(x), where x = (x1, X2, X3, X4, X5, X6, X7, X8, X9). The model sys-
tem (1) thus becomes

x1 =10 =)A= psx1 — Bsx1x2,
o = A — s — Bs(1 —v)xix2
1 +dxg
Bs(1 —v)x1x2 pX3X9
- 1+ dxg S i 1+ eox3’
X4 =Ap — 4 —0)frxaxs MrX4,
14+ dxg
is = (I —0)Brxaxs prs — A% ’
14+ dxg I+ e1xs
3p = 20— DU = OUE B85 55— 3y N s — Brxars,
1 +dxg
i = PA-q)( —a)mpuxs Jo,
1 + dxg
xXg = Q2 — TAy(x3 + X5)X8 — iUpXs,
X9 = TAy (X3 + X5)X8 — MaX9,

(28)

such that;
x1(0) = 0, x2(0) = 0, x3(0) > 0, x4(0) > 0, x5(0) = 0, x6(0) > 0, x7(0) > 0, x3(0) > 0,
x9(0) = 0.

The new model system (28) with the bifurcation point B, has a simple zero eigenvalue.
This attribute enables us to use the CMT to analyze the stability of system (28) near S, =
max (B}, B} = max{By. ).

Therefore, a right eigenvector w = [wy, w2, w3, w4, ws, We, W7, WS, wo]! associated
with the simple zero eigenvalue is obtained from the linearization matrix corresponding to
the zero eigenvector as follows:
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(—A2 0 0 0 0 0 0 0 0 /wl\ (0)
—A3  —up 0 0 0 0 0 0 W 0
Ay 0 — 0 0 0 0 0 0 w3 0
0 0 0 — Uy 0 —Ay 0 0 0 wy 0
0 0 0 0 —wi Ay 0 0 0 ws | =10
0 0 0 0 Ay —As 0 0 0 we 0
0 0 0 0 Ay 0 —ug 0 0 W 0
0 0 X o I 0 —pmy O ws 0

M“n MAn
\ 0 0 o o a9 0 0 —pg \wg) \0/
(29)

where 4g = (1 = @) P(1 = m)(1 = s, A1 = (1 =) Px(l = s, Az = (522 + ),

A3 (- V)/gv)\h A (1 Q)/Br)tr and A5 (/3;::\;' +I/Lm) )
Solvmg for the right elgenvectors we obtain
_ (B
( w T Mm) —(1—a)Pr(l =)
w5 = s w7 =
(I-a)yP( —m)(1 — g g

(50

+ )

(I =a)P(I —m)(1 —q)us

(1= 0)Brhs Ty (ﬁrkr N ) 1
W =——7""">75"—", W= Hm |, we =1,

2 A—aPU-m( - \ g "

QA A
U)9=—T w<,3r r_+_,um>’ w; = wy = w3 =0.

Halbn Hr

Similarly, upon solving for the left eigenvector v = [v1, v2, v3, V4, V5, Vg, V7, Vg, v9]T
associated with the zero eigenvalue in system (28), we obtain

vp=vn=v3=uu=0, vs=P(l—-a)l—-n)(1—gq),ve="1,0v7,v8 v9=0.

Next, we calculate the values of a and b as described in [11]. That is,

9%g1(0, 0) (0, 0)
Z VEW; W {;g 5 and b= Z Vi W; ég 5 . (30)
i,j,k=1 XioXj i,k=1 Yi '3*

The non-zero partial derivatives of g(x) in system (28) associated with the argument a
are given as

9% 3%g 39%g> An
= By, —2 (1= 1)fy, —2Z —d( - g,
0x10x2 Ps 0x10x2 ( V)P 0x10x9 ( V) i Ps
3%g4
= - 1 - T
Txadre (1-0p
e _dA—frke e o P8 g
dx60X9 r " x50x9 T 9x40x6 "
0%gs _ —d(1—0)Bs
dx60x9 Ir ’
3% g6 3786
=B, ———=P(—-a)—-m)(—q)du,
0Xx40Xx¢ dx50Xx9
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32 32 92
S _Prl—a)(—q), = 8
0Xx50X9 0x30Xx8 0Xx50Xxg
3% g9 3%g9
= = TAy.
0Xx30Xx3 0Xx50X8
Thus, the expression for a is:
d%gs n 3%gs n 3%gs n 3% g6
a = vswWsw VsWaw V5WeW VeWaW
S 98)658)69 ST 68)643)66 STe 93)668)69 64 63)643)66
3% g6
+
votswo 0x50Xx9
A d(l — A P(l—a)(l—m)(1 — TQA
- _ (ﬂr r +le> ( ( Q),Br r) ( ( )( )( Q)Ml‘ w) - 0' (31)
Wr wr Malrn

We repeat the above procedure in computing the values of b. The non-zero partial deriva-
tives of g(x) associated with b are given by

3% A %8> = =v)Ap 39%g3 (=)
0x19B.  pn’ 9¥0Be mn 0 0xiBe
0’gs _ —(1—0)
0x60Bx B Mr ,
Ogs  (L—oh g =
Ix60Br W 0x6dBr My
Upon substituting these derivatives into Eq. (30), it follows that
b = vswg 32g5 + vewe 82g6
9x60+ 9x60B+
= %(P(l—a)(l—ﬂ)(l—q)(l—Q)-I—l) > 0. (32)

Thus, a is positive (@ > 0) and b is negative (b < 0). Based on item (iv) of theorem 2
in [11], the malaria persistent equilibrium E, is locally asymptotically stable for Ry > 1,
but close to 1.

Uncertainty and Sensitivity Analysis
Sensitivity Analysis of Infected and Infective States of the In-Host Malaria Model

The in-host malaria model in this paper has numerous unknown parameters, coupled with
limited data. Therefore, there is a considerable uncertainty [9] in estimating the values of the
30 transmission parameters in model system (1). The uncertainty in the input values allows
significant variability in the model predictions of the future malaria parasite density within
the human host and the concentrations of the infected red blood cells and hence the severity of
clinical P. falciparum malaria. Consequently, we perform the LHS/PRCC sensitivity analysis
to evaluate variabilities in model predictions. With LHS/PRCC technique, we are able to
explore the entire parameter space of model (1), with minimal computer simulation.

We simultaneously examine the effects of the LHS parameters on the two infected state
variables: the infected liver hepatocytes X (¢) and the infected erythrocytes 7'(¢) and the
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three infective parasite states: sporozoite S(¢), merozoites M (t) and Gametocytes G () in
model system (1). The PRCCs are used to identify the key parameters contributing to the
imprecision in predicting the future density of infected liver hepatocytes and infected red
blood cells [9].

The process of performing LHS on disease models is described elsewhere [8,38] and
references cited therein. Following PRCC methodology described in [52], we rank the LHS
parameters in the LHS matrix together with the outcome measures: 7'(t), X (t), M(t), G(t)
and S(z). Two linear regression models are generated in response to each parameter and
outcome measure. A Pearson rank correlation coefficient for the residuals from the two
regression models gives the PRCC values for that specific parameter. Due to lack of data
on the distribution function, we consider a uniform distribution for all model parameters in
Table 3.

Results of Analyzing the LHS/PRCC for the In-Host Malaria Model

Using 1000 runs of Latin hypercube sampling, the PRCC and p value data from the 30
parameters in model system (1) are summarized in Appendices A, B, C, D and E. The
PRCC and p values are computed based on the regression coefficient for outcome measures
(T(t), X(t), M(t), S(t) and G(¢) and displayed in Tables 5, 6, 7 8 and 9 , respectively.
The size of PRCC shows the importance of the uncertainty in estimating the value of the
specific variable in contributing to the prediction imprecision [9]. The PRCC sign (+ or
—), however, shows the qualitative relationship between the input parameter and the output
variables. Parameters with large PRCC values (PRCC from 0.5 to 1 or PRCC from —1 to
—0.5) coupled with a corresponding small p value (p value < 0.05) are considered as the
most influential [21].

A slight change in a highly influential parameter is likely to produce a significant change
in the outcome variable. The symbol (x) indicates less influential parameters with p values
< 0.05 and PRCC values in the range (—0.1 to —0.49 or 0.1 to 0.49). Further, the symbol
(xx) 1s used to indicate moderately critical parameters in prediction imprecision, and have
p value < 0.05 and PRCC values in the range (—0.5 to —0.79 or 0.5 to 0.79). Lastly, the
symbol (x * *) indicates the most critical and likely contributors to uncertainty, with PRCC
values in the range (— 0.8 to —0.99 or 4+ 0.8 to +0.99).

Results in Appendices A, B, C, D and E indicate that the rate of invasion by merozoites f;,
the rate of invasion of liver hepatocytes S, malaria vaccine efficacies (o, v, and x) and the
recruitment rates for the hepatocyte and erythrocytes A, and A, respectively are statistically
significant in determining the variation of concentrations of erythrocytes, infected hepatocytes
and the density of malaria parasites (sporozoites, merozoites and gametocytes). The infected
erythocyte burst size P and the number of merozoites released per bursting sporozoite N is
shown to significantly increase the the density of the merozoites and the concentration of
infected red blood cells 7" in blood. Clinical malaria controls should thus target these infected
cells for eradication before they mature to bursting stage.

Moreover, from Appendices A and D, the proportion of merozoites that develop into game-
tocytes per dying infected erythrocyte 7 and immunosensitivity of infected erythrocytes ¢
are shown to have significant influence in determining the concentrations of gametocytes and
merozoites, respectively, during clinical P. falciparum infection. An efficacious blood stage
vaccine coupled with a transmission blocking vaccine antigens has the potential of reducing
the density of gametocytes during clinical malaria. This reduces parasite transmission to
mosquito vector.
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Table 3 Table showing the numerical values of model parameter values used in sensitivity analysis and

numerical simulations

Symbol Value Min Max Unit Source

A 30 20 35 Sporozoites/day [56]

Ws 1.2 0.8 1.5 /day [56]

Ar 3E5 3E3 3E6 cells/ml/day [36]

An 3E5 3E3 3E6 cells/pl ! /day [61]

Br 8E—5 S8E—7 S8E—3 /mm3/day [15]

Bs 5E—4 5E—5 5E—3 /mm?3/day [56]

Wh 0.029 0.01 0.03 /day [49]

Wx 0.02 0.01 0.05 /day [56]

T 0.2 0.1 09 Unitless [59]

Wr 8.3E-5 8.3E—6 0.0001 /day [1]

Wm 48 46 49 /day [36]

e 0.7 0.5 0.8 /day [37]

Mg 0.0625 0.5 0.78 /day [56]

X 0.6 0 1 Unitless Assumed

0 0.45 0 1 Unitless [6]

v 0.7 0 1 Unitless Assumed

d SE—4 1E—4 0.001 Unitless Assumed

T 1.5 1.2 1.9 Unitless [45]

Aw 30 25 85 /unitless/day [45]

b 0.17 0.2 0.5 Unitless [45]

a 0.16 0.2 04 Unitless [45]

P 16 13 20 /erythrocytes/day [13]

N 10,000 8000 11,000 /day [60]

€0 1E-5 1E—6 1E—4 /day [60]

€] 1E-5 1E—6 1E—4 /day [60]

q 0.01 0.001 0.02 Unitless [45]
0.3 0.2 0.45 Unitless [45]

Un 0.4 0.3 0.72 /day [1]

Ha 0.4 0.3 0.72 /day [36]

Q 30 24 33 Unitless [37]

Figures 2 and 3 illustrates Monte Carlo simulations for some of the parameters with the

greatest PRCC values against model Ry.

It is evident that a highly efficacious pre-erythrocytic vaccine such as RTS,S/SAO01 (with
efficacy v) and blood stage vaccine such as MSP3 (with efficacy ¢) could effectively help in
reducing parasitemia and malaria severity during clinical P. falciparum infections. Sporozoite
invasion rate 8y and the merozoite invasion parameter 3, are also shown to increase the model
Ro and hence the severity of the disease within the human host.

Although the LHS/PRCC technique is useful in identifying significant parameters in the
in-host malaria model, it fails to rank the parameters in order of their contribution to variations
and disease progression. This ranking is very crucial in the design of clinical interventions
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Fig. 2 The Monte Carlo simulations for some of the parameters with the greatest PRCC magnitudes, using
values in Table 3 and 1000 simulations per run. The parameters are: a sporozoite invasion rate S and b efficacy

of pre-erythrocytic vaccine v
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Fig. 3 The Monte Carlo simulations for some of the parameters with the greatest PRCC magnitudes, using
values in Table 3 and 1000 simulations per run. They are: a proportion of parasites that become gametocytes
7, b merozoite invasion rate B, ¢ efficacy of blood stage vaccine e and d the number of merozoites produced

per bursting blood schizont P
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Table 4 The sensitivity results

Parameter S.I Parameter S.I

P +1 a —0.785714

Bs +1 g —0.785714

Al +1 Br +0.62402

wh -1 Ar +0.62402

I —1 Um —0.62406
—0.785714 Wr —0.62406
—0.785714 q —0.428571

and in the development of malaria vaccines. In response, we consider the normalized forward
sensitivity index of the model reproduction number in (15) and (16) against LHS parameters
in Table 3 in the next section.

Sensitivity Analysis Based on Model Ry

We adopt the normalized forward sensitivity (NFS) index technique described in [4]
to compute the sensitivity indices of the model Ry with respect to input parameters
P, B, Bss Ans Ary Wiy Ury Hxs Um» O, @, T, V are presented in Table 4. The sensitivity indices
(S.I) are evaluated in Mathematica software based on the baseline parameter values in Table 3.

From Table 4, we observe that the population of malaria merozoites that are released
per bursting infected erythrocyte P, the rates of invasions of healthy erythrocytes g, and
hepatocytes By, the rate of recruitment of susceptible hepatocytes A, and erythrocytes A,
have a direct effects on the severity of clinical malaria. A 10% increase (or decrease) in the
magnitude of P, increase (or decrease) model Ry by 10%. Clinical malaria control should
aim at eradicating or reducing these parameters. On the other hand, malaria vaccines (¢ and
v) are shown to reduce Ry when their efficacies are improved. An increase (or decrease) in the
immunosensitivity of infected red blood cells ¢ is similarly shown to reduce (or increase) the
model Ry. By rank, the parameters P, f3s, Aj, are the most influential in model (1), followed
by the vaccine efficacies o and v. Clinical considerations should thus favour these parameters
in the development of malaria vaccines.

In conclusion, the LHS/PRCC technique is robust and considers the entire parameter
space in determining significant parameters in a disease model. However, it fails the ranking
test. On the other hand, although the NFS index technique is beneficial in discerning and
ranking significant parameters in a model, it does not explain the considerable uncertainties
in estimating parameter values. It therefore fails to uncover parameter effects on particular
variables or populations in the model. Due to the importance attached to the significance
and rank of each parameter in the model, we advise that both approaches be used in future
analysis of parameter uncertainty and sensitivity analysis in disease models.

Numerical Simulation

In this section, we illustrate numerically the dynamics of the in-host model system (1).
When the basic reproduction number Ry is less than unity, clinical P. falciparum malaria is
observed to die out (see Figs. 4, 5) and the malaria-free state Eg = (0,5 X 10°,0,0,5 x
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Fig. 4 The dynamics of model (1) when the basic reproduction number Ry = 0.8881 < 1, the malaria-free
equilibrium Ej is globally asymptotically stable

10%,0,0, 0,0, 0) is globally asymptotically stable. Additionally, only an efficacious BSV
has the chance to totally eradicate the merozoites from the blood stream of the human host.
Notice that even if Ry is less than unity, some activated CD8" T-cells W, (¢) still exists (see
Fig. 4e). This shows that individual-level acquired immunity against malaria is maintained for
some period of time even if all malaria parasites are eradicated from the host. All simulations
are performed using parameter values in Table 3.
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Fig.5 Polulation dynamics of the liver hepatocytes and the sporozoites when the reproduction number Ry =
0.8881 < 1. Parameter values are available in Table 3

Similarly, the density of sporozoites decline rapidly when Ry = Rp; < 1, leading to a
corresponding decrease in the density of infected hepatocytes as shown in Fig. 5.

The persistent steady state, £, = (S*, H*, X*, R*, T*, M*, G*, W5, W}) = (103, 3 x
10°,3 x 103,5 x 10%,5 x 103, 103,5 x 10%,5 x 103, 5 x 103) is shown to be stable when
Ry is greater than unity, Rp = 1.3364 > 1 (See Figs. 6, 7). We observe that the densities of
sporozoites, merozoites, gametocytes, infected hepatocytes and infected erythrocytes grow
and persists both at the pre-erythrocytic and blood stages of parasite development.

Multi-component and Multi-stage Vaccine Cocktail

Here, we illustrate the need to develop a multi-component and multi-stage P. falciparum
malaria vaccines with sufficient prospect to minimize the severity of malaria infection
from human host. Several strategies have been considered in the development of efficient
multi-component and multi-stage P. falciparum vaccine formulations [16,51,53,57,58,67].
A synthetic peptide (SPf66) that combines antigens from the blood stages of malaria linked
together with an antigen from the sporozoite stage reduced the number of first attacks with P.
falciparum by 28% in South America [24]. High level of sterile efficacy and safety of com-
bining pre-erythrocytic vaccine, RTS,S/AS01B with vectored vaccines are reported in [53].
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Fig.6 When the reproduction number Ry = 1.3364 > 1, the malaria-persistent equilibrium point £, is stable
for the chosen set of parameter values. The model parameter values are available in Table 3

Plasmodium falciparum chimeric protein 2.9 which is a combination of the C-terminal
regions of domain III of AMA-1 and 19-kDa of MSP1 induced both anti-MSP1-19 and anti-
AMA-1(IIT) Abs at levels 11- and 18-fold higher, respectively, than individual components
did [51]. Studies in [19] have also shown that a combination of multiple vaccine candidates
in fusion proteins may lead to improved characteristics of the vaccine.
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Fig.7 When the reproduction number Ry = 1.3364 > 1, the malaria-persistent equilibrium E, is stable

Synergism from combination of transmission blocking vaccines is shown in [67] to confer
protection by simultaneously inducing multiple, independent immune responses directed
towards P. falciparum sporozoites. This ensures high levels of vaccine efficacy against the
parasite. The need for multi-stage malaria vaccine is also emphasised in [16] where DNA
vaccines are shown to have high capacity to induce CD8(+) cytotoxic T lymphocytes and
interferon-gamma responses in humans during P. falciparum infection [62].

From these studies, it is evident that a multi-stage specific vaccine cocktail has the potential
to prevent initial malaria infection at the pre-erythrocytic stage, reduce or eradicate clinical
manifestation and prevent the transmission of gametocytes from infected human hosts to
susceptible feeding female anopheles mosquito [10]. We therefore evaluate numerically the
effects of malaria vaccine combinations on the severity of P. falciparum malaria infection.
The vaccines are broadly categorized as: pre-erythrocytic vaccines, blood stage vaccines and
transmission blocking vaccines. The vaccines are assumed to have an optimal efficacy of
75%. We chose this figure in consistency with the WHO strategic goal of developing a P.
falciparum vaccine with atleast 75% efficacy [43].

Results in Fig. 8, shows the effects of all the three vaccines combined with a constant
optimal efficacy of 75%. The density of infected erythrocytes 7" and infected hepatocytes X
is shown to fall significantly. The severity of malaria infection is therefore highly reduced
when the three vaccine antigens are combined.
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Fig.8 Impact of a 75% efficacious combined malaria vaccines on the dynamics of infected red blood cells T’
and infected hepatocytes X. The simulations are performed when Ry; = 2.564 > 1, and Rypp = 5.564 > 1
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Fig. 9 Impact of a 75% efficacious transmission blocking vaccine on the dynamics of infected red blood cells
and infected hepatocytes. The simulations are performed when Ry; = 2.564 > 1, and Rpp = 5.564 > 1

The use of only one vaccine is shown in Figs. 9, 10 and 11 to have minimal effects on the
severity of malaria infection.

Finally, a combination of any two vaccines (with different antigens) is likely to moderately
reduce the severity of malaria infection. The effects of paired—vaccine combinations are as
shown in Figs. 12, 13 and 14. Unlike infected hepatocytes, transmission blocking vaccines
are shown to have minimal effects on the density of infected red blood cells (see Fig. 10).

A combination of an efficacious pre-erythrocytic vaccine and an effective blood stage
vaccine antigens has the potential to significantly reduce malaria severity as shown in Fig. 14.
Moreover, a combination of antigens from transmission blocking vaccine and those of pre-
erythrocytic vaccine at the liver stage, as shown in Fig. 12b, are very effective in suppressing
the density of infected hepatocytes in the liver.
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Fig. 14 The effect of combining a PEV and a BSV that are both 75% efficacious on the dynamics of infected
red blood cells and infected hepatocytes. The simulations are performed when Ry; = 2.564 > 1, and
Ryp =5.564 > 1

Epidemiological Implications and Conclusion

Results of uncertainty and sensitivity analysis have significant epidemiological importance
in malaria control. The presented model is shown to be sensitive to variations in vaccine effi-
cacies x, o and v. Only efficacious malaria vaccines have a chance to eradicate P. falciparum
malaria or to reduce its severity, significantly, during clinical infection. Sensitivity indices
based on the model reproduction number indicates that the rate of invasion of susceptible
erythrocytes by merozoite parasites f, and the rate of invasion of liver hepatocytes by the
sporozoites B, are highly sensitive to malaria disease progression. Malaria vaccines must
therefore target and eradicate the infective parasites and infected cells. Other parameters
such as the proportions of merozoites that become gametocytes per dying blood schizont
7 and the average number of merozoites released per bursting blood schizonts P are also
shown to have a considerable impact on the model R\ and hence the severity of infection.
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A highly efficacious blood stage vaccine is necessary to lower the rate 7. A reduction in the
density of blood gametocytes has the potential of lowering malaria transmission from the
human host to the mosquito vector.

Given the protective capacity of liver stage-specific CD8™ T-cells [65], a lot more research
that focuses on developing an efficacious blood stage vaccine that would prime blood
trophozoite-specific CD8 " T-cells is called for. The parameter T which accounts for vaccine-
induced production of CD8™ T-cells is shown to have significant negative effects on the
concentration of infected hepatocytes. The more efficient the pre-erythrocytic vaccine is, the
lower the density of released merozoites into the host’s blood. Moreover, a rapid eradication
of parasitized liver hepatocytes is likely to result into less infected erythrocytes at the blood
stage. An efficacious pre-erythrocytic vaccines has a potential to eradicate infected liver hep-
atocytes. Such efficacious liver stage vaccines may also reduce the overall burst size of an
infected hepatocyte, leading to reduced erythrocytic schizonogy and hence the severity of
clinical P. falciparum malaria.

Multiple combination of malaria vaccine antigen has a great potential in reducing the
severity of malaria infections due to P. falciparum parasite. The synergy of combining pre-
erythrocytic vaccines, blood stage vaccines and transmission blocking vaccines antigens
induces multiple immune responses with the potential to prevent or eradicate malaria infec-
tion. As highlighted in [32], our study shows that a highly effective vaccine combination is
critical for P. falciparum malaria disease elimination goal.

Although efficacious malaria vaccines are shown to be very effective in reducing severity
of clinical malaria, our results further confirm the need to combine vaccine with existing anti-
malarial therapy to achieve a complete eradication of the parasites from the host. Finally, the
LHS/PRCC analysis revealed that the prediction imprecision was mainly due to certain key
parameters. Long term precise predictions of the concentrations of infected liver hepatocytes
and infected red blood cells would be difficult until these key parameters are correctly deter-
mined. A great understanding of parameter uncertainty and sensitivity analysis of in-host
malaria in humans is necessary in order to develop effective vaccines against P. falciparum
pathogen.
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Appendix A: PRCC Between Infected Red Blood Cells T and Each Param-
eter

See Table 5.
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Table 5 PRCC between infected red blood cells T and each parameter

Parameter PRCC p value Parameter PRCC p value

A 0.040124 0.69185 v —0.35423* 0.0001255
s 0.092654 0.35921 d —0.021968 0.82825
An 0.16815 0.094459 Aw 0.02639 0.79438
Ar 0.99993+* 1.2467E—191 T 0.028815 0.77596
Br 0.60394** 0.0030343 a —0.033076 0.7439

Bs —0.072861 0.47128 b —0.037844 0.70854
Wi 0.045043 0.65633 P 0.28652* 0.0038515
Hx 0.022164 0.82674 N 0.50348** 0.0003056
b4 0.24376 0.14528 €0 —0.050167 0.62012
Hr —0.54174** 5.8708E—9 €] 0.0092028 0.92759
e —0.043585 0.66677 0.087162 0.38852
Wm —0.08574 0.39634 q —0.261905* 0.00154063
Mg —0.13006 0.19715 Mn —0.093091 0.35694

X —0.13607 0.17706 Ha —0.054864 0.58771

o} —0.30701 0.0018909 Q 0.041721 0.68024

The results are significant at the 0.05 level

Appendix B: PRCC Between Infected Hepatocytes X and Each Parameter

See Table 6.

Table 6 PRCC between infected hepatocytes X and each parameter

Parameter PRCC p value Parameter PRCC p value

A —0.034437 0.73375 v —0.307831* 0.00093836
s 0.071002 0.48269 d —0.1442 0.15231

A 0.9749*** 9.5419E—-66 Aw —0.094174 0.35135

Ar 0.06407 0.52654 T —0.20137* 0.000044531
Br —0.080809 0.42415 a —0.075135 0.45751

Bs 0.53926™* 0.00016701 b 0.061933 0.54045

Wh —0.87273%** 2.7908E—-23 P 0.076347 0.45026

Hx 0.14762 0.14273 N 0.10516 0.29776

b4 —0.045846 0.6506 €0 0.21125 0.034877
Wr 0.094998 0.34713 €1 —0.16583 0.09918

e 0.12588 0.21205 0.033235 0.74272
Hm 0.13493 0.18073 q 0.095106 0.34658

Mg 0.0330064 0.74399 n 0.039223 0.69843

X —0.28902 0.0035417 Ha —0.052237 0.60575

0 —0.061742 0.5417 Q 0.10411 0.30264

The results are significant at the 0.05 level
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Appendix C: PRCC Between Merozoites M and Each Parameter

See Table 7.

Table 7 PRCC between merozoites M and each parameter

Parameter PRCC p value Parameter PRCC p value

A 0.013086 0.89718 v —0.61866** 6.9194E—12
s 0.12012 0.23389 d 0.12239 0.22509
An — 0.005884 0.95367 Aw —0.30208 0.0022545
Ar —0.78852** 2.0731E-22 T —0.11155 0.26918
Br —0.77199** 5.3565E-21 a 0.14416 0.15243
Bs 0.10834 0.28328 b —0.18907 0.059575
Hh 0.080773 0.42436 P 0.28652* 0.0038515
Hx 0.46617* 1.0183E—06 N —0.50348** 0.0003056
b4 —0.29849 0.0025577 €0 —0.23892 0.01667
Hr 0.060227 0.55168 €1 —0.057548 0.56955
e —0.05975 0.55485 o —0.25708 0.0098207
Um —0.090522 0.37042 q —0.047855 0.63635
Mg 0.18256 0.069072 Un —0.0015737 0.9876

X —0.67251** 1.8298E—14 Ha 0.1363 0.17632

o} —0.024582 0.80818 Q —-0.12172 0.22769

The results are significant at the 0.05 level

Appendix D: PRCC Between Gametocytes G and Each Parameter

See Table 8.
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Table 8 PRCC between gametocytes G and each parameter

Parameter PRCC p value Parameter PRCC p value

A 0.09861 0.32902 v —0.54919** 3.2858E—09
s —0.18356 0.067537 d —0.33627 0.00062476
A 0.16929 0.092216 Aw —0.14215 0.15831

Ar —0.79454%** 5.8878E—23 T —0.080527 0.42578

Br —0.76958** 8.4228E—-21 a —0.16499 0.10092

Bs —0.021251 0.83378 b —0.31287 0.0015279
Wi 0.060337 0.55095 P 0.059063 0.55941

Hx 0.40198* 3.3899E—-05 N 0.24601 0.013619

b4 0.698883** 0.0032768 €0 —0.28727 0.0037563
Hr —0.022582 0.82353 €] 0.075806 0.45349

e 0.075502 0.45531 —0.047433 0.63933

Wm 0.067991 0.50149 0.12264 0.22416

Mg —0.084857 0.40124 Hn —0.12368 0.22021

X —0.55186** 2.6601E—09 Ha 0.17443 0.082611

0 —0.55799** 1.6273E—09 Q 0.15261 0.12956

The results are significant at the 0.05 level

Appendix E: PRCC Between Sporozoites S and Each Parameter

See Table 9.

Table 9 PRCC between sporozoites S and each parameter

Parameter PRCC p value Parameter PRCC p value
A 0.31314* 0.00097533 v 0.0067811 0.94661
s —0.68707** 0.0094591 d 0.010905 0.91425
A —0.012635 0.90071 Aw 0.0043436 0.96579
Ar 0.03593 0.72266 T 0.023508 0.81642
Br 0.025432 0.80168 a 0.0065303 0.94859
Bs —0.0091069 0.92835 b —0.017604 0.86199
Wh 0.022838 0.82156 P —0.019561 0.84683
Hx 0.0056574 0.95545 N —0.015923 0.87505
b4 —0.0047473 0.96261 €0 —0.00027845 0.99781
Wr 0.00025243 0.99801 €1 —0.0003386 0.99733
e —0.011016 0.91338 —0.031317 0.75709
Hm 0.0096995 0.9237 q —0.0037326 0.9706
Wg —0.023075 0.81974 Un 0.030253 0.7651
X —0.699368* 0.0001184 Ha —0.0042258 0.96672
0 0.01863 0.85403 Q —0.0052564 0.95861

The results are significant at the 0.05 level
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The emergence of parasite resistance to antimalarial drugs has contributed significantly to global human mortality and morbidity
due to malaria infection. The impacts of multiple-strain malarial parasite infection have further generated a lot of scientific
interest. In this paper, we demonstrate, using the epidemiological model, the effects of parasite resistance and competition
between the strains on the dynamics and control of Plasmodium falciparum malaria. The analysed model has a trivial equilibrium
point which is locally asymptotically stable when the parasite’s effective reproduction number is less than unity. Using contour
plots, we observed that the efficacy of antimalarial drugs used, the rate of development of resistance, and the rate of infection by
merozoites are the most important parameters in the multiple-strain P. falciparum infection and control model. Although the
drug-resistant strain is shown to be less fit, the presence of both strains in the human host has a huge impact on the cost and
success of antimalarial treatment. To reduce the emergence of resistant strains, it is vital that only effective antimalarial drugs are
administered to patients in hospitals, especially in malaria-endemic regions. Our results emphasize the call for regular and strict

surveillance on the use and distribution of antimalarial drugs in health facilities in malaria-endemic countries.

1. Introduction

The emergence of parasite resistance [1-4] to antimalarial
drugs has contributed significantly to human mortality and
morbidity due to malaria infection, worldwide [5-7]. A
global malaria control strategy of 1992 [8] that advocated for
early diagnosis and prompt treatment has been heavily
compromised by the emergence of parasite resistance to
antimalarial drugs. The evolution of parasite resistance has
been described in [9] as an example of a Darwinian evo-
lution. Parasites undergo mutations in their genome in
response to the drug-treated human host. These mutations
reduce the rate of parasite elimination from the host and
increase their survival chances [9]. The most extensively
used antimalarial drugs against the deadly Plasmodium
falciparum malaria are chloroquine (CQ) and sulfadoxine-
pyrimethamine (SP) [10, 11]. These drugs are cheap, easily
available, and slowly eliminated from the human body [11].
However, the extensive use of CQ and SP has resulted in

P. falciparum resistance. This has led to global increase in
malaria cases and mortality [12]. In response, the World
Health Organization (WHO) in 2006 recommended the use
of artemisinin-based combination therapies (ACTs) as
a first-line treatment for uncomplicated P. falciparum
malaria [13]. Resistance to ACTs which are currently the
standard treatment for P. falciparum is likely to cause global
health crisis especially in African regions where P. falcipa-
rum malaria is endemic [11].

The emergence of parasite resistance to malaria therapy
dates back to the 19th century. Quinine (1963) was the first-
line antimalarial drug against P. falciparum [14]. High
mortality cases coupled with high parasite resistance led to
the introduction of a second drug, chloroquine (CQ), in
1934 [15]. A decade later, CQ was considered the first-line
antimalarial drug by several countries until 1957, when the
first focus of P. falciparum resistance was detected along the
Thai-Cambodia border [16]. In Africa, P. falciparum re-
sistance to CQ was first discovered among travelers from



Kenya to Tanzania [17]. By 1983, CQ resistance had spread
to Sudan, Uganda [18], Zambia [19], and Malawi [20].
Unlike Africa, CQ was replaced for the first time with
sulfadoxine-pyrimethamine (SP) as a first-line antimalarial
drug in Thailand in 1967. Several other countries in Asia and
South America followed thereafter [10]. Resistance to SP
was, however, reported the same year [21] in the region. In
1988, CQ was replaced for the first time in Africa. KwaZulu-
Natal Province of South Africa replaced CQ with SP [22]. In
1993, the Malawian government changed the treatment
policy from CQ to SP. Other African countries followed
thereafter: Kenya, South Africa, and Botswana (in 1998);
Cameroon and Tanzania (in 2001); and Zimbabwe (in 2000)
[23]. The effectiveness of SP was equally undermined by
resistance. Unlike CQ, P. falciparum resistance to SP was
mainly attributed to the long half-life of the drug [24].
Confirmed resistance to the artemisinin derivatives was first
reported in Cambodia and Mekong regions in 2008 [25].
To leverage on parasite resistance, cost of treatment,
and burden of malaria infection to communities and
governments, the WHO recommends the use of artemi-
sinin-based combination therapies (ACTs) as the first- and
second-line treatment drugs for uncomplicated P. falci-
parum malaria [25]. ACT is a combination of artemisinin
derivatives and a partner monotherapy drug. Artemisinin
derivatives include artemether, artesunate, and dihy-
droartemisinin. These derivatives reduce the parasite
biomass within the first three days of therapy, while the
partner drug, with longer half-life, eliminates the
remaining parasites [26]. The WHO currently recommends
five different ACTs: (1) artesunate-amodiaquine (AS + AQ),
(2) artesunate-mefloquine (AS+MQ), (3) artesuna-
te + sulfadoxine-pyrimethamine (AS + SP), (4) artemether-
lumefantrine (AM-LM), and (5) dihydroartemisinin-
piperaquine (DHA +PPQ). Additionally, artesunate-
pyronaridine may be used in regions where ACT treatment
response is low [26]. Access to ACT has been tremendous
in the last 8 years, with a recorded increase of 122 million
procured treatment courses for the period 2010-2016.
However, resistance to currently used ACTs has important
public health consequences, especially in the African re-
gion, where resistant P. falciparum is predominant.
Numerous cross-sectional studies [27, 28] have revealed
the possible impacts of multiple strains of P. falciparum on
the development of resistance to ACTs. In [29] and citations
therein, drug-sensitive parasites are shown to strongly
suppress the growth and transmission of drug-resistant P.
falciparum parasites. Although high-transmission settings
such as sub-Saharan Africa account for about 90% of all
global malaria deaths, resistance to antimalarial drugs has
been shown to emerge from low-transmission settings, such
as Southeast Asia and South America [29]. Causes of parasite
resistance to ACTs are diverse. Historical studies [30, 31]
indicate that antimalarial-resistant parasites could emerge
from a handful of lineages. It is argued elsewhere [32, 33]
that recombination during sexual reproduction in the
mosquito vector could be responsible for the delayed ap-
pearance of multilocus resistance in high-transmission re-
gions. Moreover, owing to repeated exposure for many
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years, individuals in high-transmission settings are likely to
develop clinical immunity to malaria, leading to stronger
selection for resistance [34]. Studies in [29] also support the
hypothesis that in-host competition between drug-sensitive
and drug-resistant parasites could inhibit the spread of
resistance in high-transmission settings. Owing to their
integral role in the recent success of global malaria control,
the protection of efficacy of ACTs should be a global health
priority [35].

Mathematical models of in-host malaria epidemiology
and control constitute important tools in guiding strategies
for malaria control [36, 37] and the associated financial
planning [38]. While some researchers have focussed on
probabilistic models [39, 40], others have investigated the
effects of drug treatment and resistance development using
dynamic models [41, 42]. A deterministic model by Esteva
et al. [43] monitored the impact of drug resistance on the
transmission dynamics of malaria in a human population. In
[29], the impacts of within-host parasite competition are
shown to inhibit the spread of resistance [44, 45]. On the
contrary, some models [39, 46] have suggested that within-
host competition is likely to speed up the spread of resistance
in high-transmission settings due to a phenomenon called
“competitive release.” In this paper, we provide theoretical
insights using mathematical modelling of the impacts of
multiple-strain infections on resistance, dynamics, and
antimalarial control of P. falciparum malaria.

The rest of the paper is organized as follows: In Section 2,
we formulate the within-human malaria model that has both
the drug-sensitive and drug-resistant P. falciparum parasite
strains subject to antimalarial therapy. In Section 3, we
analyze the model based on epidemiological theorems.
Within-host competition between parasite strains and the
effects of antimalarial drug efficacy on parasite clearance are
discussed in Section 4. Sensitivity analysis and multiple-
strain infection and its effects on resistance and malaria
dynamics are demonstrated in Section 5. We conclude the
paper in Section 6 by emphasizing the need for antimalarial
therapy with the potential to eradicate multiple-strain in-
fection due to P. falciparum.

2. Model Formulation

We present in this paper a deterministic model that de-
scribes the within-human-host competition and trans-
mission dynamics of two strains of P. falciparum parasites
during malaria infection. The compartmental model con-
siders the coinfection and competition between the drug-
sensitive (dss) and the drug-resistant (drs) P. falciparum
strains in the presence of antimalarial therapy. The drs arise
presumably from the dss. The rare mechanism here could
possibly be due to single point mutation [47]. Both drs and
dss initiate immune responses that follow density-dependent
kinetics.

Our model is composed of eight compartments: sus-
ceptible/healthy/unparasitized erythrocytes (red blood cells)
X (t), parasitized/infected erythrocytes (Y, (¢) and Y (t)),
merozoites (M, (t) and M, (t)), gametocytes (G,(¢) and
G, (1)), and immune cells W (¢). The healthy erythrocytes
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(RBCs) make up the resource for competition between the
drug-resistant and drug-sensitive parasite strains. The in-
fected red blood cells (IRBCs) and different erythrocytic
parasite life cycles are categorized based on the strain of the
infecting parasite. The merozoites are therefore categorized
into drug-sensitive and drug-resistant strains, denoted by
M (t) and M, (t), respectively. The merozoites invade the
healthy erythrocytes during the erythrocytic stage, leading to
formation of infected erythrocytes. The variable Y (t) de-
notes the red blood cells (RBCs) infected with drug-sensitive
merozoites, whereas Y, (¢) refers to the RBCs infected with
drug-resistant merozoites. Similarly, the variables G, (¢) and
G, (t) represent drug-sensitive and drug-resistant gameto-
cytes, respectively. Owing to saturation in cell and parasite
growth, we consider the nonlinear Michaelis-Mented-
Monod function described in [48, 49] and used in [50-53] to
model the reductive effects of the immune cells on the
parasite and infected-cell populations.

The density of the healthy RBCs is increased at the rate A,
per healthy RBC per unit time from the host’s bone marrow,
and healthy RBCs die naturally at a rate y .. Following parasite
invasion by free floating merozoites, the healthy erythrocytes
get infected by both drug-sensitive and drug-resistant mero-
zoite strains at the rates 8 and J,3, respectively. The parameter
§, (with 0<d,<1) accounts for the reduced fitness (in-
fectiousness) of the resistant parasite strains in relation to the
drug-sensitive strains. The destruction of the healthy red blood
cells is however limited by the adaptive immune cells W. This is
represented by the term 1/(1 + yW), where y is a measure of
the efficacy of the immune cells. The equation that governs the
evolution of the healthy RBCs is hence given by

179.¢ X
G
yw

0 (M,+8M). (1)

The parasitized erythrocytes are generated through mass
action contact (invasion) between the susceptible healthy
erythrocytes X and the blood floating merozoites (M, and M,).
The merozoites subdivide mitotically, within the infected
erythrocytes, into thousands of other merozoites, leading to cell
burst and emergence of characteristic symptoms of malaria.
Additionally, a single infected erythrocyte undergoes hemolysis
at the rate 1., to produce P secondary merozoites, sustaining the
erythrocytic cycle. The drug-sensitive IRBCs (Y) burst open to
generate more drug-sensitive merozoites or drug-sensitive
gametocytes at the rate . Similar dynamics are observed with
the drug-resistant IRBCs, where the drug-resistant gametocytes
are generated at the rate o, from IRBCs. Treatment with ACT'is
assumed to disfranchise the development of the merozoite
within the infected erythrocyte. The drug-infested erythrocytes
are hence likely to die faster. This is represented by the term
(1-w,)™", where 0 < w, < 1 represents the antimalarial-specific
treatment efficacy. In this paper and for purposes of illustration
and simulations, w, corresponds to the efficacy of artemether-
lumefantrine (AL), which is the recommended first-line anti-
malarial ACT drug for P. falciparum infection in Kenya. We
assume that no treatment is available for erythrocytes infected
with the resistant parasite strains. The time rate of change for Y
and Y, takes the following form:

dy, BXMm, kYW 1
dt  1+yW l+a¥Y, l-w

st s

pyY—0Y
S

(2)
dy, 6pXM, kYW
dt  1+yW 1+aY,

- ”err - GrYr'

The drug-resistant merozoites M, and the drug-resistant
gametocytes G, die naturally at the rates y,. and pug,, re-
spectively. It is further assumed that drug-sensitive mero-
zoites M, and gametocytes G, may develop into drug-
resistant merozoites M, and gametocytes G, at the rates ¥,
and V¥,, respectively. The cost of resistance associated with
AL is represented by the parameter «,. Parasite resistance to
antimalarial drugs exacerbates the erythrocytic cycle and
increases the cost of treatment [54, 55]. The higher the
resistance to antimalarial therapy, the higher the density of
malarial parasites in blood. We therefore model this decline
in drug effectiveness by rescaling the density of merozoites
produced per bursting parasitized erythrocyte P by the factor
(1-ay), where a, = 1 implies no resistance; that is, the ACT
is highly effective in eradicating the parasites. If a; =0
corresponds to maximum resistance, the used ACT drug is
least effective in treating the infection. The converse of these
descriptions applies to the drug-resistant P. falciparum
parasite strains. The equations that govern the rate of change
of the infected red blood cells and the merozoites take the
following form:

dM (1 )P, ¥ M X kMW (¥, + FOM
=(1-«a A — o
dt S T W Trapr, LT s s
daM, (1 VPu, Y, +¥, M oM. X kMW M
= —(X —_— p— p— s
dr e T T W T T ran, Her
G oy kWG (¥, + pg +1)G
dt T Usts 1+aGs 2 lugs )G
dG kWG,
I=0Y, +¥,G,-—2——u G.
dt 0y + 1,0 1+aGr ‘ugr r

(3)

Antimalarial therapy increases the rate of elimination of
drug-sensitive merozoites and gametocytes. This is repre-
sented by the nonnegative enhancement parameters ¢ and #,
respectively.

Although the innate immunity is faster, it is often limited
by the on and off rates in its response to invading pathogens
[56, 57]. The adaptive immunity, on the contrary, is very
slower at the beginning but lasts long enough to ensure no
parasite growth in subsequent infections [27]. We assume an
immune system that is independent of the invading parasite
strain. For purposes of simplicity, we only consider the
adaptive immune system, which is mainly composed of the
CD8+ T cells [58]. We adopt the assumption that the
background recruitment of immune cells is constant (at the
rate A,,). Additionally, the production of the immune cells is
assumed to be boosted by the infective and infected cells
(G,,Gy), (M, M), and (Y,,Y) at constant rates hg, h,,,and

hy, respectively. Circulating gametocytes, infective



merozoites, and infected erythrocytes are removed phag-
ocytotically by the immune cells at the rates k,W, k,, W, and
k,W, respectively. The immune cells also get depleted
through natural death at the rate y,. The equation for the
immune cells takes the following form:

d_W:A + hg(Gs+Gr)+hy(Ys+Yr)+]’lm(Ms+Mr) W
dt Y |G+ G, +e Yi+Y, +e, M;+M, +e,

8

- W.
(4)

Following invasion by the merozoites, the IRBCs either
produce merozoites or differentiate into gametocytes upon
bursting. The total erythrocyte population at any time ¢,
denoted by C(t), is therefore given by

Ct)=X(t) +Y () +Y,(t). (5)

Similarly, the sum total of P. falciparum parasites,
denoted by P (t), within the host at any time ¢ is described by
the following equation:

P(t) = M (t) + M, (t) + G (t) + G, (t). (6)

The above dynamics can be represented by the schematic
diagram in Figure 1. The list of model variables and model
parameters is provided in Tables 1 and 2, respectively.

2.1. Model Equations. Based on the above model de-
scriptions and schematic diagram shown in Figure 1, the
model in this paper consists of the following nonlinear
system of ordinary differential equations:

dx BX
= X —
dt A

- M, +3.M,),
X Aux 1+YW( S+6r T) (7)

dy,
dt  1+yW 1l+aY, 1

XM, kYW 1
— ﬁ s __Y'S _ > MYSYS—USYS, (8)
S

dy. O8pXM, kYW
r_ r/'; r_ —u Yr _ GrYr) (9)
dt 1+yW 1+aYy, 7

dM, BM.X kMW
= (1 - “S)Pﬂsts - -
dt 1+yW 1+aM, (10)
- (\Pl T lhms T C)Ms’
dM, 8.BM. X
= (1 - Ocr)PM rYr + \PlMs T AT
dt ¥ 1+yW (11)
k, MW
- - /’lmer’
1+aM,
dG, kgWGS b
dt - GsYs - 1+ aGS _(\PZ + !’lgs + rl)Gs’ ( )
dG kWG,
'=0Y, +¥,G - — -G, 13
dt (2 SIS 1+ aGr A"[gr r ( )
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aw hy (G, +G,) hy (Y +Y)) o (M + M,)
dar WJr{GS+G,+eg+YS+Y,+ey+M5+Mr+em}W
- u, W,
(14)
subject to the following initial conditions:
X(0)>0,
Y;(0)>0,
M;(0) >0, (15)
G;(0)=0,
W(0)>0, fori=s,r.
3. Model Analysis

3.1. Positivity and Uniqueness of Solutions. The consonance
between a formulated epidemiological model and its bi-
ological reality is key to its usefulness. Given that all the
model parameters and variables are nonnegative, it is only
sound that the model solutions be nonnegative at any future
time ¢ >0 within a given biological space.

Theorem 1. The region Ri with solutions of system (7)-(14) is
positively invariant under the flow induced by system (7)-(14).

Proof. We need to show that every trajectory from the re-
gion R® will always remain within it. By contradiction,
assume Jt* (where t* refers to time) in the interval [0, 0c0),
such that X (t*) = 0, X' (t*) <0 but for 0<t<t*, X (t)>0,
and Y;(t)>0, M;(t)>0, G;(t)>0, and W,(t)>0 for
i = {r,s}. Notice that, at t = t*, X (¢t) is declining from the
original zero value. If such an X exists, then it should satisfy
the differential equation (7). That is,

ax BX (t%)

7 /\x_.uxX(t*)

dt - ) (Ms (t*) + 8er (t*))

1 + yW (t*

=1,>0.
(16)

We arrive at a contradiction, i.e., X' (t*)> 0. This shows
the nonexistence of such ¢*. This argument can be extended
to all the remaining seven variables (Y, Y, Mg, M,
G,,G,, W). The process of verification is however simpler.
We can follow the steps as presented in [59, 60]. Let the total
erythrocyte population C(t) evolve according to the fol-
lowing formulation:

dC

ES/\X—‘IACC, (17)
where y. = min{yx,yys,yyr . Similarly, the total density of
malarial parasites P (t) is described by

dpP
ES P{(l - as):"lsts + (1 - ‘xr)‘uerr} +toY +0.Y, _nupP’

(18)
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FI1GURE 1: A model flow diagram. Drug-sensitive variables are shown in green colours while the drug-resistant variables are indicated in
orange colours. Non-strain-specific variables like susceptible RBCs and immune cells are shown in blue colour. Solid lines indicate the
movement of populations from one compartment to another. Dotted lines show possible interactions between the different populations.

TaBLE 1: Description of the state variables of model system
(11)-(18).

Variable

X Population of uninfected/unparasitized red blood
cells (erythrocytes)
Population of red blood cells infected by drug-
sensitive merozoites
Population of red blood cells infected by drug-
resistant merozoites
Population of drug-sensitive merozoites
Population of drug-resistant merozoites
Population of drug-sensitive gametocytes
Population of drug-resistant gametocytes
Population of strain-independent immune cells

Description

~

h<

-

»

-

TSRO

where 1, = Min{p, tnes oo b |-
The solutions of equations (14), (17), and (18) are, re-
spectively, given as

W (t) Sx):w +<W(0) —AW)e”‘”t,

w w

C(t)< Ae + (C (0) —%)e-ﬂcg

C C

(19)
o, [ Y (DARdt + 0, [ Y, (t)Apdt
AIF

(o + 0, ), ) 1

(1 - “S)."‘ys + (1 - ar)ﬂyr A_IF,

P(t)<

+ (P(O)—

where

t t
e exp{ —((1 — 0t )y Jo Yo (t)dt +(1-a, )y, Jo Y, (t)dt)

= ,[o ppdt }
(20)

Here, C(0) = X (0)+ Y, (0) + Y, (0)and P(0) = M,(0) +
M, (0) + G,(0) + G, (0) represent the initial total pop-
ulations of erythrocytes and malarial parasites, respectively.
We observe that all the solutions of equations (14), (17), and
(18) remain nonnegative for all future time, t > 0. Moreover,
the total populations are bounded: 0<C(t)<max{C(0),
(A Ju)}, 0<W(f) <max{W (0),A,/u,,} and P(t)<max
(P(0), ((o4 + ar)yp)/((l - ocs)yys +(1- (xr)‘uyr))‘ Thus, all the
state variables of model system (7)-(14) and all their cor-
responding solutions are nonnegative and bounded in the
phase space ¢, where

9= [(X’ Ys’Yr’MsaMr; GS)Gr, W) € Ri
A
C(t) <max C(O),M— ,

(21)
W(t) < max{W(O),z—w},

w

(05 + ar).up
P(t) < max (P(O)’ (1= )phys + (1- ar)yyr) '



6
TaBLE 2: Description of model parameters.
Parameter Description
Ay The rate of recruitment of red blood cells
w, Antimalarial treatment efficacy
A, o Parasite strain-specific fitness cost
Ay Background recruitment rate of immune cells
€y €m» €y Hill parameters in G;, M;, and Y; dynamics (i = s,7)
Per capita natural mortality rate of unparasitized
Ha erythrocytes
Hys Natural mortality rate of drug-sensitive IRBCs
Py Natural death rate of drug-resistant IRBCs
Rate of antimalarial eradication of merozoites and
& gametocytes, respectively
Uoms Death rate of drug-sensitive merozoites
7. Mortality rate of drug-resistant merozoites
Per capita mortality rate of drug-sensitive
Hes gametocytes
Hor Mortality rate of drug-resistant gametocytes
Uy Natural mortality rate of immune cells (CD8 + T cells)
The rate of infection of susceptible RBCs by blood
B floating merozoites
Rate of formation of gametocytes from the infected
or’ US
RBCs
P Number of merozoites produced per dying infected
RBC
h, Immune cell proliferation rate due to IRBCs
b Immune cell proliferation rate due to asexual
m merozoites
hy Immune cell proliferation rate due to gametocytes
k, Phagocytosis rate of IRBCs by immune cell
Ky Phagocytosis rate of merozoites by immune cell
kg Phagocytosis rate of gametocytes by immune cell
¥ Rate of development of resistance by drug-sensitive
! merozoites
¥ Rate of development of resistance by drug-sensitive
2 gametocytes
5 Accounts for the reduced fitness of the resistant
r parasite strains
Efficiency of immune effector to inhibit merozoite
v infection
1/a Half-saturation constant for Y (t), M (t), and G(t)

It is obvious that ¢ is twice continuously differentiable
function. That is, ¢; € C2. This is because its components
¢;, i=1,2,...,8, are rational functions of state variables
that are also continuously differentiable functions. We
conclude that the domain ¢ is positively invariant. It is
therefore feasible and biological meaningful to study model
system (7)-(14).

Theorem 2. The model system (7)-(14) has a unique
solution.

Proof. Let x = (X,Y, Y, M, M, G,G,W)" € R® so that
x, = X and x, =Y as presented in system (7)-(14). Simi-
larly, let g(x) = (g;(x), i=1,..., 8)T be a vector defined in
Ri. The model system (7)-(14) can hence be written as

dx

—=g(x),

Fr x(0) = x,, (22)
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where x: [0,00) — R® denotes a column vector of state
variables and g : R® — R?® represents the right-hand side
(RHS) of system (7)-(14). The result is as follows.

Lemma 1. The function g is continuously differentiable in x.

Proof. All the terms in g are either linear polynomials or
rational functions of nonvanishing polynomials. Since the
state variables (X,Y,,Y,, M, M,,G,,G,, W) are all contin-
uously differentiable functions of t, all the elements of
vector g are continuously differentiable. Moreover, let L(x,
n,0) = {x+ 0(n-x) : 0<6<1}. By the mean value theorem,

g (n) - g (Ol =[|g" (m;n-x)|_,, (23)

where m € L(x,n, ) denotes the mean value point and g’
the directional derivative of the function g at m. However,

8
> (Vgi(m) - (n-x))e;

i=1

8
> (Vg (m)
i=1

&' (m.n -2 =

(]

(24)
< [n - x|,

[e¢]

where e; is the i" coordinate unit in R®. We can clearly see
that all the partial derivatives of g are bounded and that there
exists a nonnegative U such that

8

Y (Vg (m)| <U, forallme L. (25)
i=1

[ee]

Therefore, there exists U >0 such that
lg(n) - g(x)l <Uln—x],. (26)

This shows that the function g is Lipschitz continuous.
Since g is Lipschitz continuous, model system (7)-(14) has
a unique solution by the uniqueness theorem of Picard
[61].

3.2. Stability Analysis of the Parasite-Free Equilibrium Point
(PFE). The in-host malaria dynamics are investigated by
studying the behaviour of the model at different model
equilibrium points. Knowledge on model equilibrium points
is useful in deriving parameters that drive the infection to
different stability points. The model system (7)-(14) has
a parasite-free equilibrium point E, given by

IEO = (X*)Ys*’Yr*’Mstr*’Gs*’Gr*)W*)
27)
A A (
= (—x, 0,0,0,0,0, 0,—w).
X Uy

Using the next-generation operator method by van den
Driessche and Watmough [62] and matrix notations therein,
we obtain a nonsingular matrix Q showing the terms of
transitions from one compartment to the other and a non-
negative matrix F of new infection terms as follows:
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’
00 Pt 0 00
(PAy + thy s
4.
00 0 M 00
(PAy + thoe )b
Fo| 00 0 0 00 | (28)
00 0 0 00
00 0 0 00
00 0 0 00
v 0 0 0 0 0
0 v, 00 0 0
Q- —P(l—ocs);,tyS 0 vy 0 0 0
0 —P(l—ocr)‘uyr -¥, v, 0 0
-0, 0 0 0 v O
0 -0, 0 0 -, v
(29)

where v, = ((ky/\w/yw) +0,+ (yysll —wy)), Vv, = ((ky/\w/
[’lw) to+ A"tyr)’ Vy = (numr + (kmlw/‘uw) + (arﬁlx#w/(y)tw +
[’lw)[’lx))’ V3 = (C T lms T \Pl + (km/\w//"w) + (ﬁAxﬂw/(yAw-'-
#W)HX))’ and Vs = (’7 + #gs + (kgA’W/ALlW) + \I’Z)’ Ve, (Augr +
(kghy /).

The effective reproduction number R of model system
(7)-(14) associated with the parasite-free equilibrium is
the spectral radius of the next-generation matrix FQ',
where

1
— 0 0 0 0 0
Vi
1
0 — 0 0 0 0
V)
P(l-« 1
( s)xuys 0 20 0 0
ViVs V3
Q'=
P(l_as)luys\yl P(l_“r)xuyr 0 i 0 0
V1V3Vy VoVy Vy
1
o/v,vs 0 0 0 — 0
Vs
Ur
0\, /v vsvs v, 0 0 ¥,/ vsvg ve
(30)
It follows that
R = p(FQ™") = max{R, R }, (31)

where

p (1 — & )/’{ysﬁAx.“w

T (kA ) + 0+ (gl = @00) ) (€ e+ (R pt) + o+ (Bhatid (VA + i )iae)) (VA + i )ity

(32)

p (1 B ‘xr)[’{yr‘srﬁlx."lw

T

From equation (31), it is evident that, in a multiple-strain
P. falciparum malaria infection, the progression of the disease
depends on the reproduction number of different parasite
strains. If the threshold quantity R, > R,, the drug-sensitive
parasite strains will dominate the drug-resistant strains and
hence the driver of the infection. To manage the infection in
this case, the patient should be given antimalarials that can
eradicate the drug-sensitive parasites. Conversely, if R, > R,
the infection is mainly driven by the drug-resistant parasite
strains. In this scenario, the used antimalarial drugs should be
highly efficacious and effective enough to kill both the drug-
resistant and drug-sensitive parasite strains in the blood of the
human host. This result is quite instrumental in improving

(kA iy ) + 0, + i) (e + (KA /i) + (BBt ] (YA + i )ia)) (YA, +

antimalarial therapy for P. falciparum infections. The best
antimalarials should be sufficient enough to eradicate both
parasite strains within the human host.

Based on Theorem 2 in [63], we have the following
lemma.

Lemma 2. The parasite-free equilibrium point [E is locally
asymptotically stable if Ry;<1 (R,<landR,<1) and un-
stable otherwise.

The Jacobian matrix associated with the in-host model
system (7)-(14) at E, is given by
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i, 0 0 _/3Ax.uw _8r/3/\x.“w 0 0 0

(PAw + i)t (VA + phoo )t

)
0 v, 0 _ Pt 0 0 0 0
(PAy + )t
)

0 0 v, _ Pt 0 0

(YA + )t

Je,=| © P (1~ og)phys 0 —V3 0 0 0 0 | (33)
0 0 P(1-a, )y, ¥, -V, 0 0 0
0 o, 0 0 0 v 0 0
0 0 o, 0 0 Y, -v O
0 hyAw hylw hmlw hmAw thW thW —u
€y bhy €y bhy Cmbhy emby  Cglhy Egfly

where the terms v, . .., v, are as defined in (30). It is clear from
matrix (33) that the first four eigenvalues are —p, (from column
1), —p,, (from column 8), —(yg + (koA /1)) = —ve (from
column 7), and — (17 + pg + (koA /p,,)) = —v5 (from column
6). They are all negative. The remaining four eigenvalues are
obtained from the roots of the following quartic equation:

P =X+ p A+ p,A% + pid + py, (34)
where
p1= (v + vy +vs+vy)>0, (35)
Py = vva vy (v +vy) + vy (v Vs +yy)
PBA (36)
m ((1 “S)."‘ys (1 ar)Myrar)’

1
P3 = E [1/3(1/2V4K - P(l - “r)#yrar/jAXMW)]

K P(l - as)!’lysﬁlx#w (Vz + V4)

14
+ El [(V3V4) TV (V3 + V4)]K - P(l - “r)/’lyré\rﬂlxﬂw}

(37)

_ (VZV4K_ P(l B (xr)/"yrcsrﬁAx#w)(VlvéK B P(l B (xs).uysﬂ/\x‘uw)
g =
K

(38)

Due to complexity in the coeflicients of the polynomial
(34), we shall rely on the Routh-Hurwitz stability criterion
[64], which provides sufficient condition for the existence of
the roots of the given polynomial on the left half of the plane.

Definition 1. The solutions of the quartic equation (34)
are negative or have negative real parts provided that
the determinants of all Hurwitz matrices are positive [64].

Based on the Routh-Hurwitz criterion, the system of
inequalities that describe the stability region E, is presented
as follows:

i) p;>0

(ii) p5>0

(iii) p,>0

(iv) prp2ps > P3 + PiPa

From (35), it is clear that p, > 0. Upon simplifying p, in
(36), we obtain

A B
Py = V3V + VyVs + Vv, 1Yy +<v1v3 + x‘u%ﬂl
(39)
Ay, 0 B
+ (V2V4 + xn“wKrﬁ 2))
where B; = —P (1 - ay)u, and B, = —P (1 — o).
Thus,
Blﬁ"x!’l
= + + + + 1-—%
Py =3Vt V3 VY, Yy V1V3[ vivsK
B,8.pAp
+ 1_ I XIW
V2V4|: v2v4K (40)

=(vy +v3) (v +vy) +vv3[1-R]

+v,v[1-R,]>0, if andonly if R,R, <1.
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Similarly, the expression for p, can be rewritten as
follows:

Bzarﬁ/\xluw

B/\xx
1ﬁK#HV2V4+ b ]

Py = [V1V3 +

B B
+ lﬁAxﬂw]vzm[l + 26r/3/1x‘uw]

=V [1
v,v;K v,v, K

=vv3[1 =R v,v,[1-R,] >0, if and only if R, R, < 1.
(41)
Lastly, upon simplifying equation (37), we obtain

D3 = Va3V VvV vy (Vs + )

+ ﬂBllx#w (VZ + V4)
K

+ 6rﬁBZAx1uw (Vl + VS)
K

= V1V V3Vy |:Vi ( 1+ /3731/\,“”“,) + i ( 1+ ﬁiBllx‘uw)

4 v V3K 12 v V3K

1 4.B,A 1
+_<1+M> +_<1
v v,V K V3

v, +v
=ViVaVsVy e
VoV,

Vv, K

+ 8r/—;BZ/lx.“w )]

Vv, + v
1-R)+——3(1-R
(-R)+ 22 (-2

= vy (v + ) [1=R] + vyvy (v +v5)[L-R,] >0,

if andonly if R, R, < 1.
(42)

Since all the coeflicients of the quartic equation (34) are
nonnegative, all its roots are therefore negative or have
negative real parts. Hence, the Jacobian matrix (33) has
negative eigenvalues or eigenvalues with negative real parts if
and only if the effective reproduction number Ry, is less than
unity. Equilibrium point E, is therefore locally asymptoti-
cally stable when R <1 (when both R, <1 and R, <1). This
implies that an effective antimalarial drug would cure the
costrain infected human host, provided that the drug re-
duces the effective reproduction number to less than 1.

Lemma 2 shows that P. falciparum malaria can
be eradicated/controlled within the human host if the

initial parasite and cell populations are within the
basin of attraction of the trivial equilibrium point E,.
To be certain to eradicate/control the infection irre-
spective of the initial parasite and cell populations, we
need to prove the global stability of the parasite-free
equilibrium point. This is presented in the following
section.

3.3. Global Asymptotic Stability Analysis of the Parasite-Free
Equilibrium Point. Following the work by Kamgong and
Sallet [65], we begin by rewriting system (7)-(14) in
a pseudotriangular form:

Xl =D, (X) (X~ X7) + D, (X)X,
. , (43)
X, =D, (X)Xz,

where X, is a vector representing the densities of non-
infective population groups (unparasitized erythrocytes
and immune cells) and X, represents the densities of
infected/infective groups (infective P. falciparum para-
sites and/or infected host cells) that are responsible for
disease transmissions. For purposes of clarity and sim-
plicity to the reader, we shall represent (X,,0) with X,
and (0,X,) with X, in R® x R®. We assume the exis-
tence of a parasite-free equilibrium in ¢: X* = (X7,0).
Thus,

X = (XI’XZ)’

X] = (X) W)>

(44)
XZ = (Ys’ Yr’ Ms’ Mr’ Gs’ Gr)’

xpe (A—A—W>
Uy My

We analyze system (43) based on the assumption that
it is positively invariant and dissipative in ¢. Moreover,
the subsystem X, is globally asymptotically stable at X} on
the projection of ¢ on R®. This implies that whenever
there are no infective malarial parasites, all cell pop-
ulations will settle at the parasite-free equilibrium point
E,. Finally, D, in (43) is a Metzler matrix that is irre-
ducible for any X € ¢. We assume adequate interactions
between and among different parasites and cell com-
partments in the model.

The matrices D, (X) and D, (X) are easily computed
from subsystem X, in (43) so that we have
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—Hx 0
D1 (X) :< >,
0 “Hy
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0 _/';Axluw _érﬁlx.uw 0 (45)
(VA + i e (VA + ph )ty
D,(X) =
hahy hAy by, hode Ry B,

We can easily see that the eigenvalues of matrix D, are
both real and negative (-, <0, -, <0). This shows that the
subsystem X, =D, (X)(X-X])+D,(X)X, is globally

-V, 0
0 —V,
Dy (x) =| P(1-ay)uy 0
0 P(l — “r)#yr
o 0
0 o

Notice that all the off-diagonal entries of D, (X) are
nonnegative (equal to or greater than zero), showing that
D, (X) is a Metzler matrix. To show the global stability of the
parasite-free equilibrium E, we need to show that the square
matrix D5 (X) in (46) is Metzler stable. We therefore need to
prove the following lemma.

Lemma 3. Let K be a square Metzler matrix that is block

decomposed:
Ky Ky,
K= ,
Ky Ky,

where K,, and K,, are square matrices. The matrix K is
Metzler stable if and only if K, and K,, - K,,K|1K,, are
Metzler stable.

(47)

Proof. The matrix K in Lemma 3 refers to D; (X) in our case.
We therefore let

asymptotically stable at the trivial equilibrium X7. Addi-
tionally, from subsystem X, = D;(X)X,, we obtain the
following matrix:

BAphy

(YA + i )ty

0 0o o0

BA by, 0
(YA + p )t

0 0 0 (46)

Vy 0 0

0 -vs 0

0 Y, —v

), BA bt

(PAy + oo )t
0 -, 0 :
P(l - as)/’lys 0 —V3
0 00

A
( Aﬂ juw) 00|
YAiw + By s (48)

0 00

0 P(l—ocr)/,tYr ¥,
o 0 0 |
0 o, 0
-v, 0 0
0 -vs O
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Results from analytical computations based on Maple
software give

Vivs + (Pﬁ (‘xs - 1)Axuw[’lys)/ ((Y/\w + /’lw)!’lx)

0

P(“s - 1) (YAW + Mw)yx.uys
ViV3 (Y/\w + !’lw)/’lx + Pﬁ ((xs - I)Ax[’[w/’lys

-1
Ky - Ky KKy, =

where Vy= (‘“mr + (kmAw/“w) + ((SrﬁAx.uw/ (YAW + uw)[’lx))’
Vs = (1 + pg, + (khy/py,) +¥5), and v = (pge + (KA /pay,)-

From equation (50), it is evident that all the diagonal
elements of matrix K,, — K,;K;]K,, are negative and the
rest of the elements in the matrix are nonnegative. This
shows that matrix K,, — K, K|{ K}, is Metzler stable, and
the parasite-free equilibrium point E, is globally asymp-
totically stable in the biologically feasible region ¢ of model
system (7)-(14). Epidemiologically, the above result implies
that when there is no malaria infection, different cell pop-
ulations under consideration will stabilize at the parasite-
free equilibrium. However, if there exists a P. falciparum
infection, then an appropriate control in forms of effective
antimalarial drugs would be necessary to clear the parasites
from the human blood and restore the system to the stable
parasite-free equilibrium state.

3.4. Coexistence of Parasite-Persistent Equilibrium Point.
The existence of a nontrivial equilibrium point represents
a scenario in which the P. falciparum parasites are present
within the host and the following conditions hold:
X*>0,Y;>0,Y>20,M; >0, M;>0,G; >0,G; >0, and
W* >0. Upon equating the right-hand side of system (7)-
(14) to zero and solving for the state variables, we obtain
the parasite-persistent equilibrium point E, = (X*,Y?,Y7,
M, M:,G;,Gr,W™), where

; (1+yW*)A,

O BM M)+ (1YW

- :E+ \/52—4%

, (51)
s 2a
- b+\b’-4ac
v —2a ’

a= —a((l - )0, + yys) (BM +BM[S, + (yW™ + 1)u,) <0,
(52)

0 - BA .t
ViV3 (VAW + Auw)nux + Pﬂ (‘xs - I)Ax‘uwyys
1
R 0 ,
V2
V1

s +(PB (e — DAttty ) (VAo + iy )ii)

-v, 0 0
= 0 -vs 0 |,
0 ¥, -v

b= —ﬂM:(—a(l — ), — w0, + 0, + ,uys)
-W*(1- a)s)ky (BM; + BM 6,
YW + ),

ﬂM: (1 _ ws)Ax >0,

c

a=-a(0, +py, ) (BM + M5, + (yW" + 1)u,) <0,

b n ﬂM:(Sr(a/lx —0, _#yr) - W*ky (/’;M:
+ ﬁM:Sr + YW*ALL)C + Aux) _(02 + nuyr)
- (BMS +yW i + 1),

c=pM;5.A, >0,
b, + b - 4ac,
G=—"
s -2a,
b, + b3 — 4a,c,
G ="
f -2a,
a, = —a(n + g ‘I’z) <0,

=a0\Y; ~W'ky— 11— g — ¥,

¢ =0,Y,>0,

a, = —apg, <0,
b, = aG,¥Y, +ao,Y; - W'k, — g,

¢, =GY¥Y,+0,Y >0,

[i2
. bs + /b3 —4a;c,

M
s -2a,
. b+ by —4ayc,
M=
’ —-2a,

11

(49)

(50)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)
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as = — (a/';M;k 8r (C T lhms + \Pl) + ayw*yms“x T Ay
+apP(1-a)u, Y+, (a(yW” + Lu, + )
+ aY(W*‘ux + aﬁ/\x + a("lx + ﬂ( + ﬁW*km + ﬁ!’lms)’
(62)

by = —ﬁM:6r(a(ocs =~ 1)PY p + C+ Wik, + g + ‘{’1)

- (‘xs - 1)ﬁPY:”ys _ﬁAx - (YW* + l)lle (a (0(5 - l)PY:ALlYS

+ ( + W*km + Hms + \Pl)’
(63)

G = P(l - ‘xs)Y:xuys (ﬁM:(Sr + (VW* + 1):"{9:) >0, (64)

ay = _(aﬁM: (\Pl6r + Aumr) + Umr (a (VW* + 1)Aux + ﬁar)
+a(1-a,)BPY 0,4y, + fW7k,5,),
(65)

by = aBM*¥, + M (—B(adA + pioyy) + a (1 - o, )BPY 11,
+¥y (a(yW" + Dp, +B3,)) + (1 - ‘xr)Psz‘yz
(a(yW™ + Dy + 3,) =Wk, (BM + (YW + D)u,.)
~ e (YW + D

(66)

¢y = PMIY) + M (1= o) PY ypuy + BO,A,
+W (YW + 1)uy) + (1= )PY, (YW + D)ppay, >0,

(67)

. A
o A=(hg (G +Gy) + hy (M7 + M) +hy (Y] + Y;))’
(68)

where A = (e, + G{ +G) (e, + MJ + M) (e, + YT +Y7).

Using Descartes’ “Rule of Signs” [66], it is evident that
irrespective of the sign of bin (53), bin (56), b, in (59), b, in
(60), by in (63), and b, in (66), the state variables
YLY, M, M;,G;, andG; can only have one real positive
solution. This shows that the model system (7)-(14) has
a unique parasite-persistent equilibrium point E;.

3.5. Stability of the Coexistence of Parasite-Persistent Equi-
librium Point. Here, we shall prove that the coexistence of
parasite-persistent equilibrium E, is locally asymptotically
stable when Rp>1 (orwhen R,>1andR,>1). We shall
follow the methodology by Esteva and Vargus presented in
[67], which is based on the Krasnoselskii technique [68]. This
methodology requires that we prove that the linearization of
system (7)-(14) about the coexistence of parasite-persistent
equilibrium does not have a solution of the form
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S(t) = Spe™, (69)

where Sy = (5,5, .- -,S,), (S;, &) € C, and the real part of
is nonnegative (Re (&) >0). Note that C is a set of complex
numbers.

Next, we substitute a solution of the form (69) into the
linearized system (7)-(14) about the coexistence of parasite-
persistent equilibrium. We obtain

M kw
&S, =— PM, | M| +0, ]S,
1+yW 1+yW 1-w,

M =Y -Y
M, o BCY, Y
1+yW 1+yW

M M kw
582:_61'/3 rS <8r[; r+ y >Sz

- + e +
1+yW™ \1+yW 1+aY, byr + O

Srﬁ(C* _Ys _Yr)
+———— 9,
1+yW

M
£SS=—< FM, +
1+yW

M
P(l —(XS)‘MYS>81 + 16_ )/‘S/VSZ

_ ka +ﬂ(c _Ys_Yr)_|_k1 53’
1+aM; 1+yW

0.pM,
584 =¥S; +(1_'/_3W+ P(l _‘xr)yyr>sz

kW
&S, =05, - 1+aGS+k2 Ss,

kW
586 = UrSZ + \11284 - TaGr + lugr SS’

h, (G, +G h (Y.+Y
657:/1"'( g( s r)+ y( s r)+hm(MS+Mr)>S7

G +G, +e, Y +Y +e, M +M, +e,

8 Y

—‘1/le7,
(70)
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where (C*-Y,-Y,) =X,
ky = (¥, + Hos +17).

ky= (¥, +py+0), and

Upon simplifying the equations in (70), we obtain

|:1+(1+yW)(1+aYS)(1—wS)E SI=(1+yW)(1+aYS)(1—a)S)<_ BM, Sz+/3(c*_YS_Yr)S3>>
A, | A 1+yW 1+yW
[ EL+yW) (1 +aY,)] (1+yW)(1+aYr)( 5,AM, Sp(C* =Y -Y,) )
1+ S, = L+ Sy )
A, ] A, 1+yW 1+yW
(1+yW)(1+aM,) .  Q+yW)(1+aM,) [ BM, BM,
[1+ Al 5-83— A, 1+yW+P(1_“5)“Y581 1+yWSZ ,
§a+yw)(L+aM,)] . (L+yW)(1+aM, : :
[1+ +Y AE +a )_S4= +Y A(4 +a )<\PIS3 ( ﬁ +P(1—0¢)Myr>52 1-[3 W
(1+aG),|. o,(1+aG)
[1+kgW+k2£_S5_ KWk, b
(1+aG,)

) -
|:1+IE +aGr)586:k
gW+ygr | gW+ 2

‘ur {0.8, +¥,S8,},

hy (S;+S,) )

1] A
[1+—£ S, ="+
ty ] v Hy

where

Ay = BM (1 +aY,) (1 - wg) + kW (1 - w,) (1 +yW)

+phys (1+aY ) (1+yW) + 0, (1 +aYy)
(1-w,)(1+yW),
Ay = 8,BM, (1 +aY,) + kW (1+yW)
+(pye +0,) (1+ax,) (14 yW), (72)
Ay =(1+aM)(B(C" =Y =Y,)) +k,W (1 +yW)
+ky (1+aM,) (1 +yW),
Ay =(1+aM,)(8.B(C"-Y,-Y,))
+hy W (1 + W) + py, (1 +aM,) (1 +yW).

Separating the negative terms, we obtain the following
system:

[1+F;(&)]s; = (HS);, forj=12...,7, (73)

w hg(85+s6) +
G, +G,+e

g

where

Y +Y, +e

Fi(§) =

F,(§) =

Fs(f):

Fy(§) =

F5(§) =

Fg(§) =

F;(§) =

hy (S5 +Sy) )

M+ M, +e,

(1+yW)(1+aY,)(1 _wS)E

A

f(1+yW)(1+aY)
A,

(1+yW) (1 +aM,)

A3 E’

EQ+yW)(1+aM,)
A, ’

(1+aG)£
kW + K,

(1+aG,)

&
kgW + g

Lg

w

13

S4>, (71)

(74)
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with
0 0
0 0
p (1 — & )."lys
H =
0 P (1 - ‘Xr).“yr
o 0
0 o,
0 0

Note that X* = C* -Y? -Y; and all the elements in the
square matrix H are nonnegative. The coordinates of E, are all
positive, and the jth coordinate of the vector H (S) is described
by the notation H(S); for j=1,...,7. Additionally, the
equilibrium E, = (Y.,Y;,M,M,G;,G;,W*) satisfies
E, = HE,. If we assume, for example, that system (73) has

\%

_ VSVG#W{V2V4 (YAx + [’lw)ﬂx + Pﬁ(l Y ar)AXAuw.uyr}{Vl V3 (yAx + ‘uw)n"lx + Pﬂ (1 - “S)Axﬂw[’lys}
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pC
0 000
1 +yw
6,pC” 0
1+yW
C*
P 1 000
1+yW (75)
v, 0 000
0 0 000
0 0 000
Ay 0 000

a solution of the form S, then there exists a small positive real
number e, such that [S| < eE,, where [S| = (IS, ],1S,], ..., 1S,]).
Note also that |.| is a norm in the field of complex numbers.

Next, we show that Re (£) < 0. To do so, we apply proof
by contradiction. We let £ = 0 and & #0. For the case when
& =0, the determinant (V) of (70) is given by

) (76)

(YA + 1) 12

where the positive terms v,, ..., v, are as defined in matrix
(29).

It is clear that the above determinant is nonnegative
(V> 0). Consequently, the system (70) can only have the trivial
solution S = (0,0,0,0,0,0,A,/u,). On the contrary, for & # 0,
we assume Re(&)>0 and define F (&)= min|l + F; &),
j=1,2,...,7. This implies that F (§) > 1 and e/F (§) <e. The
minimality of € means that |S| > ¢/F (§)E,. While considering
the nonnegativity property of H, if we assume the norms on the

two sides of (73), we shall have

F(®)|S|<H|S| < eHE, = ¢E,. (77)

This implies that |S| <e/F (¢§)E, <€E,, which is a con-
tradiction. Therefore, Re(£) <0 and E, is locally asymp-
totically stable when Ry > 1.

4. Numerical Simulations

4.1. Boundary Equilibrium Points. In this section, we show
by means of numerical simulation the existence and stability
of a positive parasite-persistent equilibrium point that in-
volves only one of the parasite strains under study.

4.1.1. Drug-Sensitive-Only Persistent Equilibrium Point E..
This is an equilibrium point where only the drug-sensitive
parasite strains are present in the infected human host. That

is, the populations Y, = M, = G, = 0. This steady state is
only feasible if no resistant parasites emerge from infected
red blood cells and the use of antimalarial treatment does not
lead to resistance development; that is, ¥, =¥, = 0. The
original model (7)-(14) is thus reduced to

ax XM
T
dt 1+yW
dy, pxXMm, kYW 1
= - - “ sYs asYs’
dt  1+yW 1+aY, 1-w, "’
dM PM X kMW
f=(1-a)Pu,Y,———- 2> M, L
dG, kWG
dw hg(Go) hy(Yy)  hy, (M,)
- g S Y S m s W — w.
dt W-I—{GS+eg+YS+ey+MS+em b
(78)

Numerically, this equilibrium point is illustrated, as
shown in Figure 2.
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FIGURE 2: Simulations of model system (11)-(18) showing the existence of drug-sensitive-only equilibrium point. All parameter values are as

presented in Table 3.

4.1.2. Drug-Resistant-Only Persistent Equilibrium Point E,.
In this case, the population of the drug-sensitive parasite
strains declines to zero as the density of the resistant strains
grows and stabilizes at an optimal population size. This is
also illustrated numerically, as shown in Figure 3.

4.2. Within-Host Competition between Parasite Strains.
We investigate the competitive exclusion principle by sim-
ulating the model system (7)-(14) under different values of
the threshold quantities R, and R, in (31). Model (7)-(14) is
simulated so that R, = 4.022 and R, = 0.3131, and we achieve
a convergence to the drug-sensitive-only endemic equilib-
rium point E,, as shown in Figure 4(a). Again, using the
parameter values in Table 3 with ¥, = 0.9 and (R, = 0.022,
R, = 3.0098), the solutions of Y and Y, converge to the drug-
resistant-only endemic equilibrium point E, (Figure 4(b)).
Provided that both R, and R, are greater than 1 (as shown
in Figure 4(c)), the parasite-infected red blood cells remain
persistent in the host. This implies that the merozoites (both
drug-sensitive and drug-resistant) continue to multiply in the
absence of antimalarial therapy, w, = 0, or in the presence of
ineffective antimalarial drugs. Similar results are observed in
the dynamics of merozoites (M, and M,), as shown in
Figure 5. It should be noted that the dominant merozoite
strains are likely to drive the infection under these conditions.
As the density of one strain increases, the population of the
other strain is likely to decrease due to a phenomenon known
as competitive exclusion principle. The most fit parasite strain
survives as the weaker competitor dies out, as shown in

R,

By P (1 = g )u A

Figure 5(a). Both drug-sensitive and drug-resistant mero-
zoites would remain persistent if poor-quality antimalarial
drugs are administered to P. falciparum malaria patients.
Thus, in the absence of efficacious antimalarial drugs like
ACTs with the potential to eradicate resistant merozoites, we
are likely to experience an exponential growth in the density
of drug-resistant merozoites, as displayed in Figure 5(b). This
may lead to severe malaria and eventual death of the patient.

The bifurcation analysis of both scenarios is presented in
Figure 6 (with and without competition between the parasite
strains). When there is competition between the parasite
strains, as shown in Figure 6(a), we observe that the strain
with a higher threshold quantity R, would exclude the other
strain. A decrease in the population of the drug-sensitive
strain would pave way for a surge in the population of the
drug-resistant strains, and vice versa. This is despite the fact
that some drug-resistant strains emerge from the drug-
sensitive strains as a result of mutation [77]. In Figure 6(b),
we observe coexistence of the strains that do not compete
with each other. Like the resistance strains, the sensitive
strains are only present when their threshold quantity, R, is
greater than unity. Both strains are however present when
R, >1 and R, > 1. Additionally, when R, <1 and R ;< 1, we
arrive at the parasite-free equilibrium (PFE) point, as shown
in Figures 6(a) and 6(b).

4.3. Antimalarial Drug Effects and Parasite Clearance.
The effects of antimalarial drug treatment are monitored by
establishing first and foremost that

0 = _ 5 <
aws (1 - ws)z.l’lx (YAW + [’lw)((ky/lw/nuw) + (#2/(1 - wl)) + Us) (( + (kmAw//’lw) T lms T (ﬁ/\x.ui/ (YAW + Auw)) + \Pl)

0.

(79)
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FIGURE 3: Simulations of model system (11)-(18) showing the existence of drug-resistant-only equilibrium point. All parameter values are as

presented in Table 3.

Thus, R is a decreasing function of w, (the efficacy of the
antimalarial drug used). Therefore, using a highly efficient
antimalarial drug could lead to a scenario where R, < 1 and
R, <1 (disease-free state shown in Figure 7(c)). In
Figure 7(a), model system (7)-(14) is simulated by varying
the efficacy of the antimalarial drug w, and other model
parameters chosen such that R, = 3.221 and R, = 2.221. The
higher the efficacy of the used antimalarial, the lower the
density of infected erythrocytes. Thus, governments and
ministry of health officers should only roll out or permit the

OR

s lgtulp(l - ‘xs)/’lwa <0.

administration of antimalarials or ACTs that can eradicate
(totally) both the drug-resistant and the drug-sensitive
strains of P. falciparum parasites.

The rate of development of resistance by the drug-
sensitive merozoites, ¥, is shown to have very minimal
impact on the dynamics of infected red blood cells Y, as long
as R;>1 and R .>1 (Figure 7(b)). Nevertheless, analytical
results indicate that the higher the rate of development of
resistance, the lower the severity of future malaria infections.
This is presented as

Other parameters that have direct negative impacts on
the progression of malaria infection are the efficacy of the

OR

a\PI ) _‘“x (Y/\w + .“w)((ky/\w/.uw) + (/’{2/ (1 - 0)1)) " O'S) (( + (km/\w/!’lw) T Ums T (ﬁA’XMJZC/ (y/\w + ."lw)) + \Pl)2

(80)

immune effectors, y, and the rate of therapeutic elimination
of drug-sensitive merozoites, (:

oR

YR ﬁ‘ulp(l_“s)nuwa
o 5 5 <0, (81)
e (P + o) (KAl ) + (2l (1= @1)) +0,) (C (KTt ) + s + (BAct3 (VA + 1)) + 1)
P(1-a )0 A 3N, (k A, +
ro_ ﬁHZ ( “r) r w."‘w x( m’w ."lmnuw) (82)

Further simulations based on contour plots (see [78] for
theory on contour plots) are used to ascertain the relational
effects of selected pairs of model parameters on the disease
threshold quantities R, and R,. In Figure 8(a), both 8 and y,,
increase the reproduction number due to drug-sensitive P.
falciparum parasite strains. A direct relationship exists between
the two parameters: the higher the decay rate of the immune
cells, the higher the rate of infection of healthy erythrocytes.

=f=- —<0
Yo (kA (1 + 0) (VA + 1) (R, + ety + BO i Acti2)

In Figure 8(b), we observe the least increase in R; with
respect to an increase in w, relative to p,. Antimalarial
therapy is shown to be very effective in reducing the severity
of P. falciparum infection. Conversely, the number of
merozoites produced per dying blood schizont, P, is shown
in Figure 8(c) to have a very high positive impact on R, and
hence on the severity of malaria infection due to drug-
sensitive parasite strains. Clinical control should target and
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FIGURE 4: Simulations of model system (11)-(18). The figures show the dynamics of drug-sensitive and drug-resistant infected red blood cells

under different conditions of the threshold values R; and R.. In Figure 4a, R, > R,. In Figure 4b, R. >R, ¥, = 0 and all other parameter

values are as presented in Table 3.

eradicate infected red blood cells to diminish the erythro-
cytic cycles of infections.

We observe in Figure 9(b) that the rate at which mer-
ozoites develop resistance due to treatment failure has no
resultant effects on the rate of formation of gametocytes that
undergo sexual reproduction within the mosquito vector.
The higher the value of R, the higher the cost of resistance,
as shown in Figure 9(a). The higher the density of drug-
resistant parasite strains, the higher the level of resistance
and hence the cost of disease control. Unfortunately, highly
effective antimalarial drugs (such as ACTs) that can eradicate
both parasite strains are slightly expensive in several
P. falciparum malaria-endemic regions [79]. Like the pa-
rameter P, the parasite infection rate f is shown to have

a direct positive effect on the threshold quantity R, (Figure 9(c))
due to drug-resistant parasite strains. Effective antimalarials
should hence target new cell infections and eliminate re-
crudescence (by killing already infected erythrocytes).

5. Effects of Multiple-Strain Infection and
Fitness Cost on Parasite Clearance

Numerous studies [27, 80] have suggested the negative im-
pacts of drug resistance on the fitness and ability of the
parasite to dominate the P. falciparum infection. Resistance to
antimalarial drugs imposes fitness cost on the drug-resistant
parasite. The drug-resistant parasite strains are thought to
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TaBLE 3: Baseline values and range for parameters of model (11)-(18).
Parameter Value Range Units Source
A, 3x10° (3x10%-3x10%) Cells/ul™'/day [69]
Ay 30 (10-40) Cells/pl/day [70]
w, 0.5 (0-1) Unitless Assumed
o 0.4 (0.1-1) Unitless Assumed
a, 0.2 (0.01-1) Unitless Assumed
€g> € €y 10* (103-10%) Unitless [71]
thy 1/120 (0.05-0.1) day™ [72]
s 0.5 (0.3-0.8) day™ (73]
Py 0.3 (0.3-0.8) day ™ Assumed
Hhros Honr 48 (46-50) day™ [69]
Hess by 0.0625 (0.05-0.1) day™! [74]
Uy 0.05 (0.02-0.08) day ™ [74]
d, 0.7 (0.01-0.99) Unitless Assumed
6y 0.5 (0-1) day™! [73]
P 16 (15-20) Erythrocytes/day [34]
B 6.5%x 1077 4.8x107-6.8x 1077 Merozoites/day [75]
0, 0, 0.02 (0.01-0.03) day™ [75]
By b, by 0.05 (0.01-0.08) mm/day [70]
ky, Koo kg 0.000001 (0.001-0.9) da)f1 [51]
v, 0.2 (0.01-2.2) da)f1 Assumed
v, 0.01 (0.001-0.1) day™ Assumed
d, 0.3 (0-1) Unitless Assumed
y 0.5 (0-1) Immune cell/ul Assumed
1/a 0.2 (0-1) Unitless [76]
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FiGurg 5: Simulations of model system (11)-(18). The figures show the dynamics of the merozoites under different conditions of the
threshold values R, and R,. Competitive exclusion among the parasite strains is shown in (a). In (b), both parasite strains coexists and

R, >R, ¥, = 0. Other parameter values are available in Table 3.

experience impaired growth within the human host [29]. The
cost of resistance is further exacerbated due to the compe-
tition between parasite strains within an infected human host.
In Figure 10(a), the area under the curve for the drug-resistant
strain or the number of infected erythrocytes is lower than
that of the drug-sensitive strains. However, in a multiple-
strain infection (Figure 10(b)), the area difference is much
bigger. This implies that competition between the parasite
strains within the human host could result in elimination of
one of the parasite strains provided that both R, and R, are
less than unity.

The presence of multiple strains of P. falciparum para-
sites is likely to complicate and worsen the severity of
malaria disease infection in humans. Figures 11 and 12 show
the simulated model (7)-(14) for single- and multiple-strain
infections, in the absence of preexisting immunity and
antimalarial drugs. The persistence of gametocytes in
Figures 11(b) and 12(b) is consistent with the actual ob-
servations of human malaria infection in the absence of
antimalarial therapy [81]. Acquired immunity is shown in
Figure 11(c) to increase and eventually level-off at higher
levels to contain future infections.
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in Table 3. Figure (c) shows that in the absence of highly effective ACTs, drug-resistant parasite would take a longer time to eradicate.
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Although the aspect of timing is key in these multiple-
strain infections, we assumed here that the two strains are
introduced at the same time. In the long run, it is evident in
Figures 10 and 12 that the sensitive strain overtakes the
resistant strain. We argue that this could be as a result of
strain-specific adaptive responses that symmetrically affect
the sensitive parasites.

Unlike single-strain P. falciparum parasite infections, data
on multiple-strain infections are not readily available. Nev-
ertheless, a multiple-strain infection (drug-sensitive and drug-
resistant) as presented in this paper is biologically reasonable
and consistent with that of P. Chabaudi described in [82].

5.1. Sensitivity Analysis. In this paper, the primary model
output of interest for the sensitivity analysis is the infected
erythrocytes (Y,,Y,). However, the effective reproduction
number Ry is a threshold quantity which represents on
overage the number of secondary infected erythrocytes due
to merozoite invasions. We can therefore measure the
sensitivity indices of the effective reproduction number of

model system (7)-(14) relative to model parameters. For

example, the sensitivity of Ry relative to the parameter ¥, is

given by the following formulation:
_O0Ry Y,

— X

v, — a\yl RE (83)

Using the parameter values in Table 3, the expressions for
sensitivity for all the parameters in R are evaluated and
presented in Table 4. The higher the numerical value of the
sensitivity index (S.I), the greater the variational impact of the
parameter on the disease progression. A parameter with
a negative index decreases the model Ry when they are in-
creased. On the other hand, a parameter with a positive index
would generate a proportional increase in Ry when they are
magnified. Results shown in Table 4 indicate that the rate of
infection of healthy erythrocytes by the merozoites f3, the
density of merozoites generated from each of the bursting
schizonts P, the efficacy of antimalarial drug used w, and the
rate at which drug-sensitive merozoites develop resistance ¥,
are the four most influential parameters, in determining the
disease dynamics as presented in model system (7)-(14).
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FIGURE 9: Contour plot of R, as a function of (a) &, and p,, (b) ¥, and o,, (c) P and f.

Results from sensitivity analysis emphasize the use of
highly efficacious antimalarial drugs such as ACTs in
malaria-endemic regions. This would mitigate the many
cases of malaria in the region and further help to reduce
emerging cases of parasite resistance to existing therapies.
Drugs with a higher parasite clearance rate would greatly
reduce resistance, which is associated with longer parasite
exposure to antimalarial drugs. It is imperative, therefore,
that governments and ministry of health personnel in
malaria-endemic countries enforce the use of efficient an-
timalarial drugs that not only cure infected malaria patients
but also eliminate the chance of P. falciparum parasites to
develop resistance to existing therapy.

6. Conclusion

In this paper, a deterministic model of multiple-strain P.
falciparum malaria infection has been formulated and
analysed. The parasite strains are categorized as either drug-

sensitive or drug-resistant. The infected erythrocytes and the
malaria gametocytes are similarly grouped according to the
strain of the parasite responsible for their existence. The
immune cells are incorporated to reduce the invasive
characteristic of the malaria merozoites. Antimalarial
therapy is applied to the model but only targets red blood
cells infected with drug-sensitive merozoites. Based on the
next-generation matrix method, we computed the effective
reproduction number Ry, of the formulated model. Based on
Ry, it is evident that the success of P. falciparum infection in
the presence of multiple-parasite strains is directly de-
pendent on the ability of the individual parasite strains to
drive the infection. The parasite strain with a higher
threshold value, R, is likely to dominate the infection.
Prescribed antimalarial drugs should therefore be effective
enough to eradicate both drug-sensitive and drug-resistant
parasite strains in vivo. Linearization of the model at the
parasite-free equilibrium reveals the local asymptotic sta-
bility of the trivial equilibrium point.
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not have preexisting immunity. The rest of the parameter values are as displayed in Table 3.
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By rewriting the model in the pseudotriangular form, the
parasite-free equilibrium is also shown to be globally as-
ymptotically stable. Although the parasite-persistent equi-
librium exists, its expression based on a single-model
variable proved to be mathematically intractable. The use of
antimalarial treatment may eradicate one parasite strain so
that we arrive at either a drug-sensitive-only persistent
equilibrium point or a drug-resistant-only persistent equi-
librium point.

To assess the impacts of the different parasite strains to
disease dynamics, the model is simulated for different values
of the threshold quantities R, and R,. We observed that when
R.>1 and R, > 1, then both parasite strains are persistent
and the infection becomes severe. If R, > 1 and R, < 1, then
the drug-sensitive parasites would decline to zero as the
drug-resistant strains continue to multiply and remain
persistent, increasing the severity of infections. On the other
hand, if R;>1 and R, <1, then the drug-resistant parasite

strains would be eradicated. Moreover, provided that the
threshold quantities R, and R, are less than unity, the use
of an efficacious antimalarial drug would help eradicate
P. falciparum infection.

The efficacy of antimalarial drug is shown to have direct
negative impact on the density of infected red blood cells.
The higher the efficacy of administered antimalarial drug,
the lower the population of infective merozoites and the
smaller the density of infected erythrocytes. This ensures
prompt recovery from malaria infections. This result is
consistent with that in [72, 83]. The efficacy of antimalarial
drug is however shown to have least effect on the population
of drug-resistant infected erythrocytes. The rate of devel-
opment of resistance by drug-sensitive parasites is also
shown to drive the infection due to resistant parasite strains.
Using contour plots and results from sensitivity analysis, we
observe that the efficacy of antimalarial drug used w,, the
density of blood floating merozoites produced per infected



24

TABLE 4: Sensitivity indices of Ry, relative to the model parameters.

Parameter S.I
B +0.9988
P +1.0000
w, -0.87513
Ay +0.7199
Uy —-0.0016
ky —-0.02701
a, -0.7619
y —-0.3333
Upnr —0.433
Unns —-0.52123
Py —-0.232
¥, —-0.77534
Hhys —0.492
Ay —-0.3471
—-0.0041
d, +0.0023
K —0.0020
o, —0.541872
a -0.1111
o —0.09891
Uy 0.3716

erythrocyte P, the rate of development of resistance ¥, and
the rate of infection by merozoites f3 are the most important
parameters in the disease dynamics and control.

Finally, although the drug-resistant strain is shown to be
less fit, the presence of both strains in the human host has
a huge impact on the cost and success of antimalarial
treatment. To reduce the emergence of resistant strains, it is
vital that only effective antimalarial drugs are administered
to patients in hospitals, especially in malaria-endemic re-
gions. To improve malaria therapy and reduce cases of
parasite resistance to existing therapy, our results call for
regular and strict surveillance on antimalarial drugs in
clinics and hospitals in malaria-endemic countries.
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