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INTRODUCTION

Despite recent successes, malaria remains a serious public health problem af-
fecting approximately 40% of the world’s population. Children and pregnant 
woman are the most vulnerable groups for severe disease. In 2015 the glob-
al incidence of malaria was estimated to be around 214 million clinical cases 
resulting in 438,000 deaths annually [1]. Africa is the most affected continent 
with more than 88% of all deaths globally, and among children it is the fourth 
highest cause of death. Ten percent of all child deaths in sub-Saharan Africa are 
attributable to malaria [1].

The development of effective field-applicable vaccines against malar-
ia has proven to be extremely difficult. Firstly, this is due to the fact that it is 
still unknown which Plasmodium antigens and host immunological pathways 
are involved in the acquisition of sterile protection. Secondly, Plasmodium has 
evolved under continuous immunological selective pressure which resulted 
in a huge genetic diversity with subsequent high levels of antigenic variation. 
These ever changing antigens resemble a continuously moving target for the 
host immune system, and to cover these antigens by vaccines remains there-
fore a true challenge. To eradicate malaria from the face of the earth, a multi-
tude of anti-malaria tools will be needed of which a vaccine will be of utmost 
importance. In this thesis we tried to answer several questions central in the 
development of a whole sporozoite malaria vaccine. 

Biology of the malaria parasite

The malaria parasite belongs to the taxum Apicomplexa, a large phylum of par-
asitic protists. Apicomplexan parasites are eukaryotic unicellular endoparasites 
and many of them are important pathogens for invertebrates and vertebrates, 
including humans [2]. In all hosts malaria is caused by Plasmodium and in hu-
mans, five species of Plasmodium exist: falciparum, vivax, ovale, malariae and 
knowlesi. 

After inoculation in the skin by an Anopheles mosquito, the parasites 
travel within 10-15 minutes [3] via the bloodstream or lymphatic system to the 
liver. Upon arrival in the liver, sporozoites invade and transverse several liver 
cells before each parasitizing a single liver cell to proliferate and differentiate. 
This stage in the life-cycle of the parasite is called the pre-erythrocytic stage. 
Within the liver cells, parasites reside clinically silent inside parasitophorous 
vacuoles (PV) for 5-6 days while transforming from sporozoites via schizonts 
into merosomes. Directly after release from liver cells and entering the blood-
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stream, these merosomes release thousands of merozoites that rapidly enter 
(less than 30 seconds) erythrocytes [4]. Each merozoite transforms and divides 
via the trophozoite and schizont stage into merozoites by clonal multiplication. 
These merozoites are released by bursting of the erythrocyte and this cycle 
takes one to three days depending on the Plasmodium species. Simultaneously 
with the release of merozoites in the bloodstream, symptoms of malaria start to 
occur in the infected individual. Symptoms of uncomplicated malaria include 
flu-like symptoms like headache, fever and myalgia. Newly released merozoites 
again infect erythrocytes, perpetuating the cycle of infections and billions of 
parasites are formed. When left untreated, disease can worsen to complicated 
malaria and can include coma, shock, severe anaemia and can lead to death. 
High mortality rates can occur, especially in Plasmodium falciparum infections, 
in young infants and immune-naïve adults like travellers, pregnant women and 
people living in endemic areas with unstable transmission. Gametocytes are 
the sexual forms and are formed after several cycles of erythrocytic asexual 
multiplication. These gametocytes can be taken up by mosquitoes through 
bites allowing transmission of the disease. Only few circulating gametocytes 
are necessary for transmission and even if the gametocyte density in the 
bloodstream is as low as 1 parasite per μL, transmission remains fully possible 
[5]. Currently only few drugs are able to effectively kill gametocytes [6] and de-
veloping a vaccine against these sexual stages is important to further optimize 
vaccine effectivity of malaria control programs. 

Combat against Malaria 

The incidence of the individual species varies, but P. falciparum and P. vivax are 
primarily responsible for most of the morbidity and mortality, and most deaths 
are attributable to P. falciparum [1]. In the 1990s, the incidence of malaria in-
creased dramatically, which was largely due to a rise in chloroquine-resistant 
parasites after decades of massive (mono-therapy) drug use across Asia and 
Africa. This changed after 1998 when the Director General Gro Harlem Brundt-
land called to “Roll Back Malaria” in his speech at the 51st World Health Assem-
bly in Geneva [http://www.malaria.org/SPEECH.HTM].

Effective introduction and distribution of artemisinin-combination ther-
apy (ACT), long-lasting Insecticide Treated Nets (ITN), Indoor Residual Spraying 
(IRS) and other tools to prevent malaria infection have resulted in a 30% reduc-
tion in malaria cases and a 47% reduction in deaths since 2000 [1]. Despite the 
implementation of ACT in many affected countries, artemisinine-resistant par-
asites are currently rapidly spreading across South East Asia. This is mainly due 
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to the use of artemisinin mono-therapy [7-9] and counterfeit poor quality anti-
malarials [10]. Additionally, mosquitoes are becoming increasingly resistant to 
insecticides such as pyrethroids making the use of ITN and IRS less effective [11].

To reduce the incidence of (drug-resistant) malaria, a sustainable imple-
mentation of several effective anti-malaria tools is needed. These tools should 
minimally include adequate diagnosis and treatment, use of ITN, IRS, and vac-
cine development [1]. Although all elements might be equally important in the 
fight against malaria, the development of an effective vaccine, is not only es-
sential but probably also the most cost-effective tool to combat malaria espe-
cially when integrated in existing expanded immunization programmes (EPI) 
for children [12].  

Malaria vaccines

Up to this day, effective vaccines against parasites do not exist in humans [13]. 
The combination of the highly complex biology and the high degree of stage 
specific variation of surface antigens of the parasite makes vaccine develop-
ment extremely challenging. Despite the fact that acquisition of natural im-
munity to malaria is possible, it requires years of repeated infections before 
an individual acquires protective IgG antibody responses against blood-stage 
Plasmodium [14, 15]. 

These antibody responses are able to control the number of parasites in 
the body, can prevent clinical malaria and reduce the risk of death. However, 
sterile protection is usually not accomplished under these circumstances [16] 
and people living in endemic areas often carry low-density parasitaemia gen-
erating symptomatic clinical episodes throughout their lives. The parasite ben-
efits from this intricate (immunological) relationship. This interaction results in 
a state of chronic infection in the host without (excessive) clinical symptoms or 
death, and thereby facilitates continuous transmission of parasites. 

In 2006 the PATH Malaria Vaccine Technology Roadmap initiative set out 
two goals for future vaccine development: a vaccine by 2015 that is 50% ef-
fective against severe disease and death and by 2025 a vaccine that reduces 
clinical malaria episodes by 80% [17]. Unfortunately, the first goal has not been 
realised yet. Ideally, vaccines against malaria should induce sterile protection 
and prevent both disease in infected individuals as well as block transmission 
to others. This can be achieved at several stages of the parasite life cycle in the 
human host; vaccines could target the parasite at the skin, liver or blood stage, 
or a combination of these stages (Figure 1.1). A vaccine blocking sporozoites at 
the skin or liver stage would prevent disease in an individual by killing or arrest-
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ing the parasite in the earliest stages of infection. At the blood stage, vaccines 
could target blood-stage antigens that in its turn could eliminate blood-stage 
parasites and prevent disease, or target sexual stages that block transmission.

Although a wide range of vaccine initiatives are currently tested in clin-
ical trials, only the RTS,S/AS01E subunit vaccine is currently being deployed in 
Africa [WHO Rainbow tables 2018]. RTS,S/AS01E consists of a Circumsporozoite 
Protein (CSP) antigen linked to the viral envelope surface protein of hepatitis 
B, and is administered together with the adjuvant AS01E to boost immune re-
sponses. Although RTS,S is the first licensed and distributed vaccine against 
malaria [18], data show a relatively low vaccine efficacy of 27%, especially un-
der field conditions in young children [19, 20].

Figure 1.1	 Breaking the cycle with vaccines. Malaria Vaccine Initiative (MVI) PATH 
http://www.malariavaccine.org/malvac-lifecycle.php
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In addition to using subunit vaccine antigens to induce sterile protection, 

also whole, live, P. falciparum parasites can be used for vaccination. Already in 
the late sixties, sterile protection was established in a murine model using irra-
diated P. berghei parasites for immunisation [21]. The overall protective efficacy 
against a challenge with 1000 viable sporozoites was 59% between 12 and 19 
days after immunization with 75.000 irradiated sporozoites.

In 1973 similar results were demonstrated with P. falciparum in humans 
[22]. However, to induce 100% protective immunity in humans, more than 1000 
bites of irradiated P. falciparum-infected mosquitoes were needed [23]. More 
recently, similar results were obtained by intravenous injection of 5 times (four 
week interval) 1.35 x 105 radiation-attenuated aseptic, purified, cryopreserved 
sporozoites (PfSPZ) [24]. A challenge infection one year after immunizations 
conferred full homologous protection in 5 out of 5 subjects [25]. 

The Chemoprophylaxis Sporozoites model (CPS)

When whole sporozoites are used for vaccination, parasite development typ-
ically needs to be arrested during the parasite life cycle before symptoms or 
disease occur. Beside irradiation (RAS) [21], other modes of attenuation or inac-
tivation of parasites before, during or shortly after the liver stage are possible: 
chemical attenuation (CAP) [26], heat [27], and genetic modification (GAP) [28]. 

Chemical attenuation or inactivation of blood-stage parasites can be 
achieved by administering blood-stage antimalarial drugs to subjects during 
or after inoculation with whole sporozoites. This allows the  immune system to 
be exposed to a sufficient level and diversity of liver stage antigens for acquisi-
tion of protective immunity. This principle was first demonstrated in the murine 
model in 2004 using two intravenous injections of each 20.000 P. yoellii sporo-
zoites under chloroquine chemoprophylaxis, and resulted in 100% protection 
against experimental infection [29]. Similar results were obtained in humans 
with the so-called Chemoprophylaxis Sporozoites model (CPS). CPS involves 
repeated exposure to  P. falciparum-sporozoites infected mosquito bites under 
malaria chemoprophylaxis [30]. CPS-has proven to be highly effective and re-
producible: three immunizations with 15 Plasmodium-infected mosquito bites 
each under chloroquine cover resulted in 100% sterile homologous protection 
against infection with P. falciparum NF54 strain [31]. Moreover, re-challenge of 
a subset of these subjects 48 months later showed long-lasting homologous 
sterile protection in 4 out of 6 subjects [32].
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Controlled Human Malaria Infection model (CHMI)
Malaria vaccines candidates can be evaluated using a Controlled Human Ma-
laria Infection model (CHMI) where small groups of malaria-naïve volunteers 
are immunized and subsequently challenged with a P. falciparum strain to as-
sess efficacy and to evaluate reactogenicity and immunogenicity. Worldwide 
more than 1,300 volunteers have participated in the CHMI [33]. 

Besides from comparing the number of protected to unprotected indi-
viduals after challenge, vaccine efficacy in CHMI can also assessed by measur-
ing the prepatent period in unprotected individuals. The prepatent period is 
the time between the challenge infection and the detection of parasites in the 
blood stream. Blood stream parasites can be detected in several ways, and tra-
ditionally microscopic examination of blood smears is used. A significant but 
incomplete elimination of the liver stage parasites will result in a prolonged 
prepatent period [34].

Aims of this thesis

In this thesis we evaluated efficacy, safety, and parasitological and immunolog-
ical aspects of CPS using the Controlled Human Malaria Infection model.

CPS has proven to be highly effective and reproducible: three immuniza-
tions with 15 Plasmodium-infected mosquito bites each under chloroquine cov-
er resulted in 100% sterile homologous protection against P. falciparum malaria 
[23]. In Chapter 2 we determine the minimal number of infectious bites required 
to confer full sterile protection in a dose de-escalation immunization scheme.  
In CPS sterile immunity is acquired during the liver stage of the life-cycle of 
the parasite [35]. Although the exact mechanism how the induction of sterile 
protection is mediated is unknown, it is known that cytotoxic CD8+ T-cells, in 
association with IFNγ, IL2, TNF, granzymes and other cytotoxic mediators, play 
an important role in acquisition of pre-erythrocytic protection in mice [36], pri-
mates [37] and in humans [38]. However, the exact mechanism of T-cell me-
diated cytotoxic killing and related immunological mechanisms of protection 
remain to be elucidated further. In Chapter 2 we compare cellular immune 
responses in protected and unprotected individuals to elucidate these T-cell 
mediated cytotoxic immune response associated with protection. 

Chloroquine (CQ) possesses immune-modulatory properties and is 
able to enhance CD8+ T cell responses by induction of cross-presentation [39]. 
Because of these properties, CQ could have boosted immune responses and 
may have aided in the acquisition of sterile protection in CPS. However, due 
to the current worldwide CQ resistance of P. falciparum, the use of CQ in CPS 
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may be limited, and the efficacy of other P. falciparum blood-stage chemopro-
phylaxis for future field vaccinations with immunizing strains resistant to CQ 
needs to be assessed. Therefore, we compare in Chapter 3 the ability of CQ and 
mefloquine (MQ) to induce sterile protection in CPS. MQ is one of few other 
blood-stage anti-malarial drugs that theoretically could replace CQ in CPS. MQ, 
a quinine-related schizonticidal antimalarial drug, was developed during the 
Vietnam War in order to counteract the rapid and widespread emergence of 
resistance to CQ. MQ has been widely used as chemoprophylaxis in travellers 
and businessmen to allow travel to areas with CQ-resistant falciparum malaria 
[40] [41]. MQ has similar mode of action as CQ, but it lacks the immune mod-
ulatory properties. MQ targets blood stage malaria parasites without affecting 
proliferation of liver stage parasite.

Worldwide, the P. falciparum NF54 strain has been most often used to 
immunize and challenge volunteers [42]. The P. falciparum NF54 strain is a lab-
oratory strain, obtained from a case of airport malaria in het Netherlands, and 
originates most probably from West-Africa. The NF54 strain is sensitive to chlo-
roquine, mefloquine, atovaquone/proguanil and arthemeter/lumefantrine. 

However, in malaria-endemic areas there is a large genetic and antigenic 
diversity between P. falciparum strains. It is unclear to what extent diversity in 
immunizing strains is required for the development of a sufficient heterolo-
gously protective malaria vaccine [43]. Previously, heterologous protection has 
only been reported in 4 out of 6 RAS-immunized volunteers [44], but this re-
quired large numbers of mosquito bites. Assessing heterologous protection is 
essential for future deployment of these vaccines in the field. In Chapter 4, we 
assess heterologous protection against a P. falciparum NF135 strain, originating 
from Cambodia [42]. A subset of volunteers who had previously participated 
in the dose de-escalation NF54 CPS-immunization and homologous challenge 
trial described in Chapter 1 were re-challenged with the NF135 strain to assess 
heterologous protection after more than one year.

During CHMI the presence of blood stage parasites is traditionally de-
tected by microscopic examination of thick blood smears. A more accurate 
and sensitive tool is PCR. Real-time quantitative PCR (qPCR) can detect parasite 
DNA before being detectable by microscopic examination, and this is called 
the sub-microscopic period. Parasite DNA can be detected as early as 6 days af-
ter challenge. The length of the pre-patent period is associated with the level of 
relative protection. In addition, the use of qPCR allows for studying the kinetics 
of parasite multiplication by statistical modeling.

The introduction of the more sensitive qPCR instead of thick smear for 
the determination of the pre-patent period will also result in earlier treatment 
of volunteers in CHMI, with less blood-stage parasites and fewer adverse events 
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1
(AE). In Chapter 5 we explore the dynamics of parasitaemia and adverse events 
during immunizations and after challenge and the consequences if qPCR was 
used to initiate treatment using the two clinical trials described in Chapters 2 
and 3. In Chapter 6 we assess the use of qPCR as a primary diagnostic test and 
provide directions on how to operate and to collect parasitological and immu-
nological data in CHMIs in the future.  
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