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Chapter 1

Malaria

What is malaria?

Malaria is a vector-borne disease caused by the protozoan parasite Plasmodium and
transmitted by female Anopheles mosquitoes. There are five species of Plasmodia that
can cause disease in humans: Plasmodium falciparum, Plasmodium vivax, Plasmodium
ovale, Plasmodium malariae and Plasmodium knowlesi. Plasmodium falciparum (Pf) is by

far the most common and virulent species' and will be the focus of this thesis.

Malaria life cycle and symptomatology

Sporozoites are injected into humans by female Anopheles mosquitoes during a blood
meal and then travel to the liver via the circulation. Schizonts develop inside infected
hepatocytes and release merozoites into the blood. Merozoites then infect erythrocytes,
multiply asexually and eventually cause their host cells to burst, perpetuating the cycle
of re-infection?. Gametogenesis, that is the production of sexual forms of the parasite,
occurs in response to environmental stress in the host. Gametocytes are taken up by
Anopheles mosquitoes during a blood meal and develop into ookinetes and then oocysts
in the mosquito midgut and finally into sporozoites in the salivary glands®#. From here,
the life-cycle begins anew (Fig. 1). Even though the pre-erythrocytic stage of the Pf life
cycle is asymptomatic, immunologically it is anything but silent: liver-resident cellular
immune responses are thought to contribute to protection against the disease®. The cyclic
rupture of erythrocytes causes a strong inflammatory response and the typical symptoms
of malaria including fever and malaise. Serious complications, such as cerebral malaria
and multiorgan failure, may arise in response to mechanical sequestration of infected
erythrocytes to capillaries and widespread inflammation'®.

Malaria epidemiology and control

In 2023 alone malaria caused 263 million cases of disease and 597.000 deaths. The
WHO African region is disproportionally affected, the most vulnerable populations being
children under the age of five and pregnant women’. While malaria incidence had been
steadily declining since 2000, it experienced a resurgence in 2019, most likely due to the
negative effects of the SARS-CoV-2 pandemic on preventative strategies®.

Resistance against antimalarial drugs is another factor that may compromise efficacy of
both clinical and preventative treatment. Resistance to artemisinin, the most efficacious

antimalarial drug currently available, is especially worrisome: first reported in Asia in
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2008, it has since spread to the African continent as well. It is caused by several different
mutations in the k13 gene, which codes for a putative E3 ligase adaptor'®'" and results
in delayed clearance of parasitemia. The projection is that, combined with resistance
to partner drugs, decreased sensitivity to artemisinin will eventually lead to treatment
failure.
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Figure 1. Plasmodium life-cycle

Plasmodium enters its human host when a mosquito takes a blood meal. Sporozoites move through
the skin, into the circulation and then into the liver. Schizonts are formed inside infected hepatocytes
which, upon exponential replication, release merozoites into the blood. Merozoites grow and
multiply asexually inside erythrocytes until the host cells burst, releasing even more merozoites.
Gametocytes are the sexual forms of the parasite and can be picked up by a mosquito during a new
blood meal. In the mosquito gut, gametocytes form ookinetes and oocysts, which hatch sporozoites.
Sporozoites then migrate to salivary glands from where they are injected into their human hosts
during the mosquito’s next blood meal.

Historically, vector control has been one of the most effective ways of eradicating
and controlling malaria. After the ban of dichlorodiphenyltrichloroethane (DDT) due
to environmental and health concerns, insecticide-treated bed nets (ITNs) and indoor
residual spraying (IRS) remain the two most important tools for vector control'. ITNs
serve the dual function of physical barrier against biting and of chemical repellent killing
mosquitoes that come in contact with them. IRS is very similar to ITNs with the only
difference that insecticides are applied directly to indoor surfaces'®. However, resistance
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to insecticides is increasing and, in combination with climate change, may compromise
established control over vector populations'1®.

Hence, the rising resistance of both parasites against drugs and mosquitoes against
insecticides risk to make pharmacological and chemical interventions obsolete in the not-
so-distant future®'®'8, If the ambitious goal set forward by the WHO Gilobal Technical
Strategy'® of reducing malaria mortality by 90% in 2030 is to be met, new and more
effective tools of eradication are needed. Availability of an effective vaccine could greatly
reduce the incidence and transmission of malaria and be the decisive factor finally leading

to disease eradication°?',

Natural immunity to malaria

No such thing as sterile immunity to malaria exists in nature, as continuous re-exposure is
required for the development of both tolerance against severe symptoms and resistance

to parasites®.

Natural protection against malaria is thought to rely on humoral immune responses
against erythrocytic antigens, as neither parasites nor erythrocytes have HLA class | or Il
molecules that could be recognized by T cells?*2*. The specificity of the antibody response
is limited by the strong pro-inflammatory environment of the blood-stage infection, which
impairs germinal centre formation and effective B cell maturation through excessive
interferon-y (IFN-y) production®2. Antibodies that protect against severe malaria, such
as those directed at the erythrocyte membrane protein 1 (PfEMP1), develop early after
the first exposure while prevention of symptoms and inhibition of erythrocyte invasion

ensues later in life with increasing titres and broadening of the immune response?.

However, despite clinical tolerance, infected individuals may still carry asexual and sexual
forms of the parasite, thereby perpetuating the cycle of transmission?.

Vaccine induced immunity to malaria

In contrast to naturally acquired immunity, which elicits a broad immune response, most
vaccines are designed to generate a limited yet highly specific response. Ideally, any
vaccine against malaria would not only mitigate symptoms, but also prevent their onset
and block transmission. It is for this reason that much research has been directed at
inducing pre-erythrocytic immunity, which could not only stop merozoites egression from
the liver, but also formation of gametocytes®. Hence, this is where the focus of this thesis

will lie.
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Mechanisms of vaccine-induced immunity

The mechanisms underlying vaccine-induced pre-erythrocytic immunity are complex and
incompletely understood.

Cellular immunity

Cellular immune responses play a central role in protection against the liver stages of the
parasite. Immune patrolling by T cells is dependent on cell recirculation in lymphoid tissues
(central effector (T,,,) cells that are CCR7*), in non-lymphoid tissues (effector cells (T,,) that
are CCR7'), and by tissue residency (characterized by the expression of CD103*)%".

In malaria, CD8* T cells are thought to be primed in the lymph nodes by dendritic cells
(DCs) and then migrate to the liver where they become tissue-resident effector (CCR7-
CD103* CD8") cells and directly kill infected hepatocytes through perforin and granzyme.
A proportion of these T cells may then acquire a memory phenotype and persist even after
infection clearance®2,

CD4* T cells are another subset that has been intensively studied in malaria. They
contribute to CD8* T cell activation and persistent proliferation by promoting antigen
presentation and suppressing apoptosis®. Additionally, CD4* T cells are thought to have
a direct anti-parasitic effect through the production of pro-inflammatory cytokines and
cytotoxic granules, possibly even killing infected hepatocytes®'.

Humoral immunity

While antibodies are an important component of naturally acquired immunity, their
role in pre-erythrocytic immunity is unclear®. Most research has focussed on the
circumsporozoite protein (CSP), as this is the major protein on the sporozoite surface.
Subunit vaccines, designed to induce a strong humoral immune response against CSP,
have limited efficacy which diminishes further with decreasing antibody titres®. The use
of anti-CSP antibodies as correlates of protection also has limited value3+%”. While it has
been shown that sufficient amounts of monoclonal antibodies with high affinity for CSP
can protect against infection®3°, both the quality and quantity of antibodies produced after
immunization does not always reach the protective threshold®+*".

Pre-erythrocytic malaria vaccine candidates
The quest for developing an effective vaccine against malaria has been ongoing for

decades, hampered by the complex biology of Plasmodium and by a relative scarcity
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of funds?. There are currently two types of pre-erythrocytic vaccine candidates, namely
subunit vaccines and vaccines consisting of live, attenuated parasites®. The efficacy of
such vaccines can be tested by controlled human malaria infection (CHMI) studies, where
healthy participants are exposed to live unattenuated parasites in a controlled setting“.

Subunit vaccines

The first licensed malaria vaccine was RTS,S/A01 (marketed as Mosquirix), a subunit
vaccine based on CSP, in combination with hepatitis B surface antigen and the ASO1
adjuvant. It was developed by scientists at GlaxoSmithKline (GSK) and the Walter Reed
Army Institute and has recently been approved by the WHO for widespread administration
in malaria-endemic countries: protection varies between 30% and 50% in infants and
children and wanes over time*'-3, Similar results were reported for adults*.

Attempts at improving the efficacy of RTS,S have brough forward R21, yet another subunit
vaccine consisting of a virus-like particle containing CSP fused to hepatitis B surface
antigen and formulated with the adjuvant Martrix-M. In a recent trial conducted across
four African sites and involving children aged 5-36 months, vaccine efficacy amounted to
between 68% and 75% after one year*. However, despite these promising results, there
is currently insufficient evidence to conclude that, on the long term, the efficacy of R21 will
be superior to that of RTS,S/A0146.

Live attenuated vaccines

An alternative to subunit vaccines are whole SPZ (WSp) vaccines, which have shown up
to 100% efficacy in malaria naive populations. WSp vaccines are live malaria parasites,

attenuated by radiation, pharmacological intervention or genetic modification*"4.

The first experiments with radiation attenuated sporozoites (RAS) date back to the sixties
of the previous century: after protection had been achieved in mice “, findings were
quickly translated to humans®-%2. RAS can be administered either by mosquito bites or as
an injectable product (PfSPZ Vaccine). Irradiated sporozoites reach the liver, but arrest
development after 24 to 48 hours. While RAS are safe and well-tolerated, protection
requires high doses (up to 2000 mosquito bites) in malaria-naive individuals*® and in
pre-exposed populations protection remains low despite increasing doses®. One study in
Tanzania found that administration of cryopreserved sporozoites in excess of 9 x 10° was

actually associated with a decrease in protection®.

Another possibility is the administration of live sporozoites in combination with
chemoprophylaxis (CPS). This has, for a long time, been the most efficient WSp approach,
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as three immunizations with a total of 45 mosquito bites were sufficient to induce sterile
immunity in malaria-naive participants®®. The superior efficacy of this method has been
attributed to the prolonged exposure and increased antigenic load presented to the
immune system. However, CPS is less suitable for large-scale implementation because
it bears the intrinsic risk of un-attenuated parasite administration to healthy individuals.

More recently, genetically attenuated parasites (GAPs) have been created®8. Since
GAPs could be made to arrest at virtually any timepoint in the developmental cycle, they

could be more immunogenic than RAS without sacrificing safety®.

The first Pf GAP lacked the and p36 and p52 genes, which code for a putative GPI-
anchored protein and a putative secreted protein, respectively. Despite displaying normal
infectivity, this double knock-out (Pf GAP2KO) showed an attenuated phenotype in
vitro and in vivo. Parasites halted development in hepatocytes after 4-6 days and were
absent in the livers of humanized mice after four days, as measured by microscopy and
guantitative polymerase chain reaction (QPCR)®. However, when the Pf GAP2KO was
tested in humans, it was incompletely attenuated and caused a breakthrough infection in
one out of six exposed participants®'.

To reduce the likelihood of breakthrough, a new GAP, lacking sporozoite asparagine-rich
protein 1 (sap7) in addition to p52 and p36, was generated and termed Pf GAP3KO due
to the triple gene deletion. Gametogenesis and sporogenesis, as well as gliding ability,

hepatocyte transversal and infection in vitro were comparable to WT®2.

In a trial assessing Pf GAP3KO’s efficacy, healthy participants received 200 mosquito
bites per exposure: ten of them were immunized five times and six of them three times.
Upon CHMI four weeks later, protection rate was 50% in both groups®.

We and others generated one of the first GAPs, lacking the genes b9 and slarp (Pf/Ab9Aslarp)
and henceforth referred to as GA1%". B9 is a member of the 6-cysteine domain protein
family which is fundamental for liver invasion®, while sporozoite and liver stage asparagine-
rich protein (SLARP) is an asparagine-rich protein that regulates gene expression in the
liver stage®®. GA1 parasites infected primary human hepatocytes in vitro but then became
undetectable on days 2-7 post-infection. Similarly, when the presence of the parasite was
assessed by gPCR in the livers of humanized mice, it was detected at 24 hours after
exposure, but was absent four days later®”. In the subsequent clinical trial, two different
doses were tested: 4.5 x 10° or 9 x 10° cryopreserved sporozoites were administered
three times at 56-day-intervals to 13 individuals each. After CHMI three weeks later, three
participants were protected in total, one in the low dose and two in the high dose group.
Hence, albeit safe and well-tolerated, the efficacy of GA1 was lower than desired3.
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The discovery of late-liver stage genes has opened the way to the creation of late-
arresting GAPs®. The idea is that, similar to CPS, the longer developmental timeframe
in combination with the increased antigenic repertoire and load, could elicit a stronger
immune response and therefore lead to improved protection® (Fig. 2). If these GAPs
were confirmed to have higher efficacy than their predecessors, they could be a new

generation of malaria vaccine candidates.

~~ ———— RAS/PfSPZ Vaccine
/" =——— Early-arresting GAP
- | Late-arresting GAP

i 1 ¢® CPS

24 hrs 48 hrs 7 days

Figure 2. Development of GA2

Comparison between the development of radiation attenuated sporozoites (RAS/PfSPZ Vaccine),
genetically attenuated parasites (GAPs) that arrest early or late in the liver stage and sporozoites
administered in combination with chemoprophylaxis (CPS).

Clinical trials for vaccine development

The importance of human volunteers

The impact of clinical trials for scientific advancement is undeniable. Clinical research is
essential to the approval of new drugs and vaccines and would not be possible without
medical volunteers. However, clinical research involving humans has been a long matter of
discussion. The horrors of the Second World War, characterized by coerced experimentation
on prisoners, resulted in the Nirnberg Code (1947), which was later expanded and revised
in the Declaration of Helsinki (1964)¢7. Prompted by the Tuskegee Syphilis Study®, the
Belmont Report (1978) re-defined the guidelines for safe research in human subjects™.

The basic principles underlaying all of these documents is that participation in research

should always be voluntary and that potential side-effects for the individual need to be
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carefully weighed against the benefits for society. When in doubt, the welfare of the
individual should always outweigh other considerations®”687°,

Despite multiple attempts at regulation, research involving human subjects remains
problematic, especially if it is conducted on healthy individuals. In contrast to phase 2
and 3 studies, phase 1 participants experience no personal advantage and may even
suffer health-related complications as a consequence of their participation. In order to
make participation more attractive, medical volunteers are financially rewarded. The
principal concern then, is that economically vulnerable individuals might feel pressured
to participate because they receive a financial compensation”72. How then can we make

sure that the principle of self-determination is fulfilled in these cases?

A number of studies have tried to dispel fears by showing that clinical trial participants
have mixed motivations, including, but not limited to financial compensation. The desire
to help others and to aid scientific advancement are also important factors influencing the
decision to participate in a clinical trial”>7.

Much research has tried to unravel the motivations of medical volunteers, but much
discussion still abides. In order to safeguard the ethics of clinical trials involving humans,
it is important to understand the underlaying motivations of participants and to keep the
discussion alive. It is the awareness of the question and not so much the answer that
helps protect the ethical norm and the rights of medical volunteers.

Controlled human infection studies

Controlled human infection (CHI) studies are a form of clinical research which consist
of the deliberate inoculation of healthy participants with infectious agents in a controlled
setting, where the combination of early detection through good diagnostics and the
existence of an effective therapy minimizes side effects and prevents long-term
sequelae™. CHI studies are a research model that allows for early efficacy assessment
of new experimental treatments and vaccines, saving both economic and time resources
before proceeding to more complex stage 3 trials™. Additionally, CHI studies can provide
insights into the pathophysiology of diseases in a way that other research could not™.
Human challenges with unattenuated pathogens may be especially useful when a rapid
response to new infectious threat is required, such as in the context of a pandemic’”7.

However, despite their many advantages, CHI studies fall under intensive scrutiny as
some may suggest that they are more dangerous than traditional phase 1 clinical trials
with higher rates of negative side effects and exposure to diseases for which there may
not be a cure (yet)™.
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Given these polarizing views on the subject and the extraordinary potential of CHI studies
in understanding the pathophysiology of new emerging disease and developing effective
vaccines and treatments against them, it is worth exploring whether CHI studies really
differ from phase 1 clinical trials and if so, how.

Thesis outline

The scientific part of this thesis is divided into two parts: the first part consists of articles
in which | was the main investigator, whereas the second one contains collaborative
projects. | chose these particular collaborative projects to be included in the thesis above
others because | consider them part of my formative development as a scientist and/or
because | deem them important to understand the contents of this thesis.

Chapter 1 describes the first administration of GA2 to humans. The novel GAP was not
only safe and well-tolerated but also had a protective efficacy of 89% against challenge
with WT parasites. Moreover, we found a correlation between CD4* T cells and y& T cells
and protection.

Chapter 2 puts the GA2 in the broader context of other existing GAPs, provides a
comprehensive overview of the field and includes recommendations for the future.

Chapter 3 focuses on the motivations and the decision-making process of SARS-CoV2
vaccine study participants. We found that this subgroup of medical volunteers was mostly
motivated by the desire to help others. We propose a theoretical framework to explain
how this reasoning shift came about.

Chapter 4 is an opinion piece concerning the (perceived) difference in risk between phase
1 clinical trials and CHI studies. It provides general guidelines to attempt to mitigate risks
when carrying out the latter.

Chapter 5 and Chapter 6 are collaborative projects. Chapter 5 describes the creation of
GA2 as a new GAP and is the preclinical research that directly preceded and made the
testing of GA2 in healthy human participants possible. Chapter 6 contains the results of the
research that followed the first testing of GA2 as described in Chapter 1. The safety of the
parasite was confirmed once more and it was shown that a single dose of 50-GA2 infected
mosquito bites is sufficient to achieve 90% protection against challenge with WT parasites.

Finally Chapter 7 contains a brief summary and extensive discussion on the subjects of
the preceding chapters.
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