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Abstract

It is well established that sterile immunity against malaria is hardly ever achieved by natural
infection, and that the generation and maintenance of Plasmodium-specific immunological
memory wanes in the absence of infection. Although both cell-mediated and antibody-
mediated immune responses have been demonstrated to be critical for protection against
malaria infection, the underlying mechanisms remain incompletely understood. This PhD
thesis aims to address knowledge gaps in our understanding of the development and

maintenance of immunological memory to malaria.

The main goal of this PhD project is to investigate the induction and maintenance of cellular
and humoral immune memory responses to malaria infection. The study utilized 2 approaches.
First, using mouse models, | examined the immune responses to acute and chronic blood-
stage malaria, with a focus on CD4* T cells, which play a major role in both cell-mediated and
humoral responses against malaria. Plasmodium-specific responses were characterized
through CD4* T cells from T-cell receptor transgenic mice, PbT-ll, and analyzed along with
other immune cells. The role of the regulatory cytokine IL-27 in the development of
immunological memory was investigated. Results showed that early and transient IL-27
inhibition allowed for better PbT-II cell maintenance during chronic infection. Moreover, IL-27
modulation of Th1 memory development had a suppressive effect on the protective capacity

of both the cell-mediated and antibody-mediated immunity.

Next, through human studies, | determine the effect of differential malaria exposure on
immunological memory. Using antibody data from three areas of varying endemicity in the
Philippines, | first evaluated different methods of analyzing multiplex serology data. The
simultaneous analyses of Plasmodium-specific antibody responses did not only provide
accurate estimates of recent and historical malaria exposure, but also provided important
implications for the impact of declining transmission on the maintenance of long-lived
antibodies and memory cells. A human cohort study protocol is further described with the
intention of pursuing further investigation on malaria-specific B and T cell memory responses

in areas of varying malaria transmission.

Taken together, the findings from this PhD project provided important insights relating to the
longevity of immune responses to malaria, contributing relevant information for devising new

approaches for interventional and vaccine strategies in the context of malaria elimination.
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Chapter 1 : Introduction

The immune system is composed of a variety of cells and molecules in key organs, which
provide the protection against foreign infectious agents that invade a host. There is a constant
threat of disease from exposure to pathogens and other antigens that stimulate the host
immune response, and while anatomic and chemical barriers such as the skin, stomach
secretions, and antimicrobial peptides provide the first lines of defense against antigens, other
innate and adaptive components of the immune system are necessary to provide non-specific
and specific defenses (Delves et al, 2017, Murphy and Weaver, 2017). Should the immediate
barriers fail, the innate immune system also relies on the presence of conserved pathogen-
associated molecular patterns (PAMPSs) in invading microbes as well as damage-associated
molecular patterns (DAMPs) in damaged tissue that innate immune cells can recognize
through their pattern recognition receptors (PRRs). This interaction allows for the rapid
activation of elimination mechanisms. When the innate immune responses are not enough to
totally eliminate the pathogen, the adaptive immune system comes into play, wherein antigen-
specific lymphocytes proliferate and differentiate into effector cells to specifically target the
infectious agents, and would also form and maintain memory cells that allow for faster
antigen-specific responses upon re-encounter with the same antigen. This property typically
attributed to the adaptive immune system, known as immunological memory, enhances the
efficiency of antigen-specific responses, and this concept forms the basis for vaccination as
an intervention to control infectious diseases (Murphy and Weaver, 2017). It is then important
that we improve our understanding of how adaptive or acquired immune responses are
mounted against specific diseases, such as in malaria, to be able to provide better insights

into vaccine development.

1.1 Malaria: biology and disease burden

Malaria is a disease of public health importance caused by the Apicomplexan protozoan
parasite Plasmodium. The five species that cause malaria infection in humans are
Plasmodium falciparum, P. vivax, P. malariae, P. ovale, and the zoonotic P. knowlesi.
Plasmodium parasites have developed a complex life cycle (Fig 1.1) requiring an invertebrate
vector and a susceptible vertebrate host. In humans and rodents, parasites are transmitted
through a blood meal of infected female Anopheles mosquitoes, wherein after sporozoites
are transmitted by mosquitoes to the vertebrate host, parasites are transported to the liver
(pre-erythrocytic stage) where they invade hepatocytes, undergo schizogony, and release

merozoites that can invade red blood cells. This erythrocytic stage is the pathogenic stage
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Figure 1.1. Life cycle of Plasmodium falciparum in the mosquito vector and the human host. Adapted from
Stevenson and Riley (2004).

of the infection (clinical malaria), wherein the hallmark symptom of fever due to the
proinflammatory cytokine production brought by the innate immune response is observed.
Some of the blood-stage merozoites develop into sexual-stage gametocytes, which can be
taken up by a mosquito in a blood meal to complete their life cycle (Stevenson and Riley,
2004, Hafalla et al, 2011, Cowman et al, 2016, Rivera-Correa and Rodriguez, 2017).

1.1.1 Plasmodium falciparum and Plasmodium vivax

The distribution and impact of malaria vary across regions based on seasonal patterns and
local transmission intensity. P. falciparum and P. vivax are the two most prevalent species
responsible for the majority of malaria-related illness in humans. While P. falciparum is the
most virulent, and is considered the primary cause of mortality mainly in children under 5
years old, P. vivax is the most widespread globally. P. falciparum is concentrated mostly in
sub-Saharan Africa, and also observed in some parts of Asia and Latin America, while P. vivax
is found in Asia, South America, the Middle East, and some parts of Africa (Cowman et al,
2016, Battle et al, 2019, Weiss et al, 2019). Although there is considerable progress in the

control of disease burden for both P. falciparum and P. vivax infections across the globe, this
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has been due mostly to control efforts that focus on P. falciparum. It has been observed that
with the significant decrease in malaria incidence in countries aiming for elimination, just like
in the Asia-Pacific region, there is a subsequent increase in proportions of P. vivax infections,
suggesting that current control measures had less effect on P. vivax transmission (Adams
and Mueller, 2017, Price et al, 2020).

As the two primary causes of human malaria, P. falciparum and P. vivax infections are
characterized by unique features in their life cycles and clinical manifestations. P. falciparum
infections result in higher parasitemia (20,000-500,000 parasites/uL on average vs 20,000/uL
for P. vivax) due to the preferential invasion of P. vivax of blood reticulocytes (<1.5% of blood).
This higher parasitaemia has been associated with excessive and persistent inflammation,
which are key factors leading to severe pathology and the onset of complications such as
cerebral malaria and severe malarial anemia for P. falciparum (Mota and Rodriguez, 2017b),
while P. vivax infections are commonly found to be commonly asymptomatic or
submicroscopic in varying endemic settings, likely due to the observed significantly more
rapid acquisition of clinical immunity for this infection (reviewed by Adams and Mueller
(2017)). However, severe vivax malaria can also be observed in some cases despite the
perception that it is a benign illness (Olliaro et al, 2016). The most notable difference between
these two prevalent Plasmodium species is the ability of P. vivax (also P. ovale) to form
dormant hypnozoites during the liver stage, which can remain undetected for extended
periods and lead to clinical relapse (Antinori et al, 2012). Relapses due to liver hypnozoites
are said to contribute to more than 80% of observable P. vivax blood-stage infections in vivax
malaria-endemic regions (Adams and Mueller, 2017). The radical cure for vivax malaria, or
the treatment for the elimination of all parasite stages, require the use of anti-hypnozoite drugs

such as the 8-aminoquinolines primaquine and tafenoquine (Price et al, 2020).

The wider geographic range for P. vivax can be attributed to its ability to develop at lower
temperatures and also at faster rates in Anopheles vectors (Olliaro et al, 2016). The incubation
period from the mosquito infection to the symptomatic blood stage in humans takes about 2-
10 days, with the pre-patent period lasting 9 days for P. falciparum and 11-13 days for P. vivax
(Antinori et al, 2012). P. falciparum takes a longer time (about 8-12 days) to form gametocytes
compared to other species. Since P. vivax can rapidly develop infectious gametocytes (as
early as 3 days post-infection, even before symptom onset), there is a tendency for its
increased transmissibility (Cowman et al, 2016, Henry et al, 2019). Moreover, despite P.

falciparum infections leading to higher parasitemia, fever onset can be observed at a lower
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threshold for P. vivax — at as early as during subpatent P. vivax infection levels, further risking
missed early infections (Antinori et al, 2012, Olliaro et al, 2016, Adams and Mueller, 2017).
With these difference in the trends in P. falciparum and P. vivax transmission and biology, it
is increasingly being recognized that vivax malaria elimination presents unique challenges

that warrant targeted intervention strategies (WHO 2021).

1.1.2 The global burden of malaria

In 2021, there were an estimated 247 million malaria cases with 619,000 deaths worldwide,
and populations in more than 80 endemic countries remain at risk of the disease (WHO
2022a). The disease has a wide geographic distribution, but in terms of burden, the African
region contributes more than 90% of the total malaria cases worldwide. Following the WHO
African region, the South-East Asian region and Eastern Mediterranean region contributed

about a combined 8% of the global malaria burden.

The successful reduction of cases in elimination countries can be attributed to the increase
in coverage for bed nets and indoor residual spraying, as well as the use of artemisinin-based
therapies. The impact of these interventions has paved the way for endemic countries to get
closer to achieving their goals of malaria elimination (Fowkes et al, 2016, WHO, 2020).
Although these various interventions have been in place for several years, a highly efficacious
vaccine for malaria that can control disease onset and transmission remains a critical missing
piece for the goal of malaria eradication (Langhorne et al, 2008, Hafalla et al, 2011, Crompton
et al, 2014). Moreover, due to the recent COVID-19 pandemic, there were disruptions to the
implementation of health services for malaria control in certain areas, and about 13 million
cases from 2019 to 2021 were attributed to this (WHO 2022a). Still, most countries were able
to mitigate the impact of the pandemic and keep the numbers of cases and deaths from

worsening.

An important milestone that exhibited the resolve for the global malaria eradication efforts
was the designation in 2021 by the World Health Organization of the RTS,S/AS01 as the first
malaria vaccine for widespread use for children in the African region, and more recently of
R21/Matrix-M as the second malaria vaccine to be recommended (WHO 2021, WHO 2022b,
WHO 2023). With the goal of reducing the disease burden and mortality caused by falciparum
malaria in the sub-Saharan Africa, where 95% of cases and deaths occur, there were initial
introductions for routine immunization in Ghana, Kenya and Malawi starting 2019. Their
cohort evaluation found a 30% decrease in severe malaria cases and 21% in hospitalization

with parasitaemia (WHO 2021). Efficacy studies of the vaccine showed that it conferred

Page 22 of 224



protection against clinical malaria with only about 30-50% efficacy in African infants and
children although sterile protection was achieved in 50% of malaria-naive adults (Casares et
al, 2010). Also, since the immune responses induced by the RTS,S vaccine have only a
modest protective effect, and do not affect the gametocyte stage, there is the possibility of
mosquito infectivity and continued transmission, such that a next-generation vaccine that
targets different stages of malaria is warranted. Still, the benefits outweigh the risk, and the
impact of the RTS,S vaccine rollout shows how vaccination is a critical tool for malaria
eradication (Zavala, 2022). The decades-long endeavor for the generation of better vaccines
against malaria that can induce long-lasting immunity continue to be a challenging one, and

becomes all the more important as countries are targeting elimination.

1.1.3 Malaria epidemiology in the Philippines

There is an increasing number of countries targeting zero indigenous malaria cases, with
considerable potential for expediting their elimination goals through the implementation of
robust health programs. Most of the countries in the Asia-Pacific region are targeting malaria-
free certification by 2030, and are employing intervention strategies that involve stratifying
their areas for subnational elimination (WHO 2011). Such is the case for the Philippines,
where the current health system is following a devolved structure (Espino et al, 2004). Malaria
remains a public health issue in the Philippines, with an estimated 4,200 cases reported in
2021. About 80% of these cases are P. falciparum, 16% P. vivax, and the remaining are from
other species, mixed infections, or imported cases (WHO 2022a). Only a total of 2 out of 81
provinces and regions in the country are reporting local cases in 2022, with >90% of these

malaria cases concentrated in the province of Palawan.

The country has seen a reduction of cases by 95% and deaths by 98% since 2005. The
Philippines’ Department of Health, with partial aid from international organizations, has
implemented several malaria control and elimination programs, including the distribution of
insecticide-treated bed nets, indoor residual spraying, and prompt diagnosis and treatment
of infected individuals (World Health Organization, 2014). Despite these efforts, the persistent
transmission of malaria in the few endemic provinces in the country remains a challenge.
Most of the recent malaria research in the country focuses on epidemiology, molecular
surveillance, and therapeutic efficacy studies (Fornace et al, 2018b, Stresman et al, 2020,
Reyes et al, 2021), with immunological studies limited to quantifying antimalarial antibody

responses (van den Hoogen et al, 2020a).
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1.2 Immune responses to Plasmodium infection: Overview

The optimal outcome of an immune response to an infection is successful pathogen control
without the detrimental effects from induced pathology. The different components of the
innate and adaptive immune system have distinct roles in balancing between these
pathological and protective immune responses during an infection. This interplay is much
more apparent in immune responses to intracellular protozoan infections like Plasmodium,
which are capable of immune evasion with its complex nature and diverse antigenic repertoire

(Langhorne et al, 2008, Scholzen and Sauerwein, 2013).

This complexity of the Plasmodium life cycle is one of the many immune evasive mechanisms
that makes the clearance of this parasite a challenging feat for the immune system. With the
parasite’s capability for expression of variant antigens, they are able to escape immune
surveillance, which can lead to the failure to control the infection (Struik and Riley, 2004,
Achtman et al, 2005, Zabriskie, 2009). The nature of the induction of the innate and adaptive
immune responses would then dictate the level of host inflammatory responses and severity
of pathology. Aside from fever, malaria infection in humans would typically present non-
specific clinical symptoms such as chills, headache, dizziness, nausea, and abdominal
discomfort among others, and may progress to complicated or severe malaria, wherein
cerebral malaria and severe anemia can cause death (Compans et al, 2005, Cowman et al,
2016, Milner, 2018). Typical malaria infections in humans present as acute symptomatic
infections in non-immune individuals, but become chronic after repeated infections
(Moormann et al, 2019). Splenomegaly, or the enlargement of the spleen, can be induced in
response to repeated infections, which suggests the organ’s major involvement in the
development of immune responses (Engwerda et al, 2005, Ghosh and Stumhofer, 2021). The
host responses are species- and stage-specific, such that malaria pathogenesis should be

understood in varied contexts.

1.2.1 Innate immunity to malaria

The cells of the immune system can be divided into 2 main classes — lymphoid cells and
myeloid cells. The lymphoid cells refer to the antigen-specific lymphocytes, while the myeloid
cells encompass most of the cell types with functions (mainly) in the innate immune system,
which include neutrophils, macrophages, mast cells, and dendritic cells (Delves et al, 2017,
Abbas et al, 2018). The innate immune system has cells that can recognize PAMPs expressed
in pathogens as well as DAMPs derived from damaged tissue through PRRs to maintain

homeostasis in the body. These interactions allow for a rapid activation of innate immune cells,
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which include macrophages, neutrophils, monocytes, natural killer (NK) cells, and dendritic
cells (DCs), and trigger responses such as phagocytosis, cell-kiling mechanisms, and
cytokine production (Delves et al, 2017, Mota and Rodriguez, 2017a). Some of these cells
function as antigen-presenting cells (APC), which capture and process antigens to activate T
lymphocytes and initiate T cell-mediated responses. In the context of malaria, the main APC
subsets are the dendritic cells (DCs) and macrophages, with DCs identified as crucial APCs
that can activate naive T cells specific for the malaria antigens, and that can efficiently
produce the necessary cytokines and chemokines in response to the malaria antigens. DCs
prime CD4* T cells during the symptomatic blood stage, and play the key role of initiating and
regulating the overall antimalarial immune response through its interactions with cells of both

the innate and adaptive immune system (Gowda and Wu, 2018).

Innate immune responses are important in dictating the nature of the subsequent acquired
immune responses and the associated disease pathology. The immune responses initiated
by innate immune cells such as antigen-presenting DCs and macrophages set up the
environment for the adaptive immune response (T cells, B cells, and antibodies) through the
production of proinflammatory cytokines such as tumor necrosis factor (TNF) and interferon-
y (IFNy) (Urban et al, 2005, Yui and Inoue, 2020). The PAMPs that have been identified from
the Plasmodium parasite include the glycosylphosphatidylinositol (GPI)-anchor molecule,
hemozoin, Plasmodium nucleic acids as well as host-derived DAMPs such as uric acid and
heme, which are recognized by PRRs such as Toll-like receptors (TLRs), and increase the
production of inflammatory cytokines and chemokines for parasite elimination (Gazzinelli et
al, 2014, Cai et al, 2020). The cellular sources of cytokines during the initial response to
infection also include y® T cells, whose IFNy production could contribute to the activation of
macrophages, dendritic cells, neutrophils, and monocytes (Stevenson and Riley, 2004,
Dantzler and Jagannathan, 2018). With the progress of infection also comes the increase of
anti-inflammatory cytokines that can gradually downregulate and balance out the
inflammatory responses to prevent further damage experienced by the host (Stevenson and
Riley, 2004, Gowda and Wu, 2018, Cai et al, 2020).

During liver stages, hepatocytes can detect Plasmodium RNA in the cytosol, and produce
type | interferons (IFNs). Studies in mice suggest that the presence of type | IFN signaling
aids in the recruitment of NK cells, natural killer T (NKT) cells and DCs (Liehl et al, 2014, Miller
et al, 2014, He et al, 2020). The activity of the recruited APCs primes the adaptive immune

response, specifically the CD8* T cell responses, to eliminate liver-stage parasites. On the
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other hand, for the symptomatic blood stage infection, which involves the exponential growth
of the parasites, innate immune responses are more easily induced than during the silent
liver-stage infection. Macrophages can rapidly act on reducing parasite burden through
phagocytic clearance (Gazzinelli et al, 2014), while mainly DCs produce cytokines and
chemokines, with their activity crucial in bridging the innate and adaptive immune responses
(Gowda and Wu, 2018). The subsequent production of chemokines and cytokines in response
to the progression of infection, and the overreaction of innate immune cells through pro-
inflammatory responses show how innate immune responses contribute to development of

malaria symptoms (Gazzinelli et al, 2014, Montes de Oca et al, 2016, Minkah et al, 2019).

Although innate immune responses are traditionally considered not to have memory, more
recent studies delving into their mechanisms suggest that innate immune cells are capable
of adapting responses after an encounter with a pathogen, through a functional
reprogramming that is mediated by epigenetic and metabolic remodeling. This concept,
termed as trained immunity, is observed to be able to provide better protection not only
against homologous reinfection but wider cross-protection against other unrelated pathogens
(Netea et al, 2020). Another trained innate immune mechanism observed following a re-
encounter is known as tolerance, which involves the decrease in inflammatory responses
(Schrum et al, 2018). Despite these observed changes in responses due to previous
pathogen encounter, innate immunity does not provide specific protection mediated by
adaptive immunity, which is regulated by lymphocytes expressing rearranged antigenic

receptors.

1.2.2 Acquired immunity to malaria

Adaptive (or acquired) immune responses during the initial phase of Plasmodium infection
will involve the clonal expansion of Plasmodium-specific T and B lymphocytes, which will lead
to their differentiation into effector cells that play essential roles for controlling the disease
(Murphy and Weaver, 2017, Kurup et al, 2019).

Repeated infections are required to attain both anti-disease immunity and anti-parasite
immunity, with acquisition observed to be more gradual for the latter, and the risk of morbidity
and mortality decreases with age in endemic areas, likely due to the frequent and continuous
exposure (Struik and Riley, 2004, Marsh and Kinyanjui, 2006, Doolan et al, 2009). Individuals
who have not been exposed to malaria will most likely develop symptoms upon their first
malaria infection, and the disease may even become severe and fatal (Langhorne et al, 2008).

As early as the 1900s, observations of malaria-endemic populations by Robert Koch led to
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the still-upheld assumption that although natural immunity against malaria can be achieved,
repeated exposure to the parasite is necessary (Koch, 1900). This is partly because malaria
parasites have evolved immunomodulatory mechanisms against host immune responses that
makes the development of naturally acquired immunity to malaria suboptimal as has been
established through decades of studies (Doolan et al, 2009, Scholzen and Sauerwein, 2013).
This suggests that the hallmark feature of the adaptive immune system, which is the capacity
to develop immunological memory, seems to be impaired for malaria, although not

necessarily impossible to achieve (Struik and Riley, 2004).

Naturally acquired immunity to malaria has been categorized into anti-disease or clinical
immunity, which protects against clinical disease; anti-parasite immunity, which gives
adequate control of parasitaemia; and premunition, which allows for protection against new
infections through a maintenance of a low-dose or chronic asymptomatic infection (Doolan et
al, 2009, Scholzen and Sauerwein, 2013, Cowman et al, 2016). Sterilizing immunity, or total
protection against reinfection, seems to be never fully achieved even in individuals living in
areas of high transmission, wherein the extent of protection would be prevention of severe
disease and high parasite density. This latter observation is of major concern, as progress in
malaria control and elimination is hampered by the lack of an efficacious vaccine (Langhorne
et al, 2008, Vaughan and Kappe, 2012, Cockburn and Seder, 2018).

The antigen-specific immune responses are composed of the cell-mediated and antibody-
mediated (humoral) components. Antigen recognition for B cells and T cells are through
immunoglobulins (Igs) and T cell receptors (TCRs), respectively, whose variable regions are
able to strongly bind to specific antigens. Immunoglobulins come in the form of the
membrane-bound B cell receptor (BCR), or the secreted form — better known as the antibody
that is produced by plasmablasts and plasma cells. Antibodies are able to directly bind to
antigens and perform effector functions such as recruitment of other immune cells or
molecules to clear the pathogen. On the other hand, TCRs cannot directly bind to a pathogen,
but instead recognize a short peptide fragment from a specific antigen that is bound to and

presented by major histocompatibility complex (MHC) molecules (Murphy and Weaver, 2017).

In both extraerythrocytic and erythrocytic stage infections, humoral immunity through
antibody production plays a crucial role in pathogen clearance upon reinfection (Scholzen
and Sauerwein, 2013), which is enhanced by the accumulation of an antibody repertoire with
various antigenic targets resulting from continuous exposure (Compans et al, 2005, Rogers

et al, 2021). The cell-mediated responses orchestrated by helper CD4* T cells (Achtman et
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al, 2005, Hafalla et al, 2011) and to a lesser extent cytotoxic CD8* T cells (Junqueira et al,
2018) also contribute to the adaptive immune response, where the action of pro-inflammatory
(e.g., TNF, IFNy, IL-2) and anti-inflammatory (e.g., TGFf, IL-10) cytokines produced in
response to infection aid in parasite clearance, and dictate clinical manifestations of the
disease, or lack thereof (Good et al, 2005). These protective mechanisms of the cell-mediated

and humoral immunity are explained in more detail in the subsequent sections.

1.2.3 Immunological memory to malaria infection

Immunological memory, or the recall response of the adaptive immune system, allows for an
efficient response upon re-exposure to antigens. Upon pathogen clearance, most effector T
and B lymphocytes undergo apoptosis, with a small proportion that will remain as long-lived
memory cells, which will represent the immunological memory cell pool that can facilitate an
enhanced antigen-specific recall response (Amanna et al, 2007, Gasper et al, 2014, Hviid et
al, 2015, Ryg-Cornejo et al, 2016, Ly and Hansen, 2019). Some of the plasma cells develop
to long-lived plasma cells (LLPC) and continue to produce antibodies (Brynjolfsson et al, 2018,
Silveira et al, 2018). This protective immunity is observed in response to many viral and
bacterial pathogens such as measles, tetanus and mumps, wherein a single exposure to the
pathogen induces long-term to life-long immunity (Amanna et al, 2007, Ryg-Cornejo et al,
2016, Ly and Hansen, 2019). Learning the nature of the adaptive immune response against

pathogenic infections is the guiding principle that informs vaccine development.

In malaria, adults living in endemic areas to not develop sterile immunity suggesting that
natural immunity against the pre-erythrocytic (skin and liver) stages is difficult to acquire, if it
does develop (Cockburn and Seder, 2018). Despite the observed lack of protective immunity
at this stage, pre-erythrocytic stage of malaria infection does induce immune responses from
the host, particularly CD8* T cells and antibodies (Zuzarte-Luis et al, 2014, Holz et al, 2016,
Kurup et al, 2019). For the erythrocytic stage of malaria infection, the main cell subsets that
play integral roles in the immune response are CD4* T cells and B cells for both the primary
infection and during memory response, with only a minimal role for CD8* T cells (Good, 2001,
Crompton et al, 2014). The spleen, a secondary lymphoid organ involved in erythropoiesis
and hematopoiesis, is a site where immune cells are activated and memory lymphocytes
develop following a Plasmodium infection. T and B cell responses are generated in respective
T and B cell zones in the white pulp of the spleen while splenic red pulp contains
macrophages that remove infected RBCs from circulation (Engwerda et al, 2005, Ghosh and
Stumhofer, 2021).
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RBCs are devoid of MHC class | and Il molecules to directly present antigens to T cells. As
such, to control blood-stage malaria, CD4* and CD8* T cell responses rely on antigen
presentation by myeloid cells such as DCs and macrophages (Moormann et al, 2019). In
particular, helper CD4* T cells have an essential role in coordinating other aspects of the
immune response, specifically for providing help to B cells for antibody production, as well as
preparing the necessary inflammatory cytokine environment for CD8* T cell killing and
antigen recognition by innate immune cells. CD4* T cells differentiate into diverse functional
subsets depending on the polarizing cytokine environment, and during malaria infection, the
main effector subsets are found to be T helper 1 (Th1) and T follicular helper (Tfh) cells
(Lénnberg et al, 2017, Jian et al, 2021). The Tth subset is required to provide the necessary
signals and crucially help antigen-specific B cells in the development and maintenance of
germinal center (GC) reactions within the peripheral lymphoid organs, which then lead to
efficient class-switching and affinity maturation of antibodies, as well as generation of
antibody-producing long-lived plasma cells (LLPCs) and memory B cells (MBCs) (Wykes et
al, 2017).

Antibody production by B cells contribute critically to long-term protective responses, as
evidenced by the protective ability of a passive transfer of serum IgG antibodies from malaria-
immune adults that were able to treat young patients with symptomatic malaria (Cohen et al,
1961). Numerous field studies in endemic areas have also shown that higher antibody levels
against blood-stage malaria antigens correlated well with better protection and clinical
immunity (as reviewed by Ryg-Cornejo et al (2016)). These antibodies are maintained by
continuous production by LLPCs that reside in the bone marrow, and continually produce
high-affinity antibodies even in the absence of antigen. LLPCs emerge from GC responses of
antibody-secreting cells (ASCs). Plasmodium-specific MBCs likewise are maintained in
chronic infection, and can undergo rapid effector differentiation into antibody-producing
plasma cells that can also produce high quality antibodies; however, numerous studies
suggest that protective antibody responses against Plasmodium infections are not acquired
easily (Crompton et al, 2014, Hviid et al, 2015, Fowkes et al, 2016, Cockburn and Seder, 2018,
Ghosh and Stumhofer, 2021). This is discussed further in Section 1.7.

1.3 Malaria immunology: lessons from model systems

Studying immune responses to diseases in humans have certain limitations. As the only
immune cells we can readily study in humans are peripheral blood, gaining access to

secondary lymphoid organs through the use of mouse models contribute important
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information that can be further explored in the human setting (Achtman et al, 2005).
Immunological studies make use of mouse models and non-human primate models to study
fundamental mechanisms of immunity in a controlled experimental environment (Rénia et al,
2002, Langhorne et al, 2011, Zuzarte-Luis et al, 2014, Kimura et al, 2016). In malaria studies,
the use of rodent plasmodia, namely P. berghei, P. vinckei, P. chabaudi, and P. yoelii, allowed
for extensive studies of malaria infection, that is said to have significant conservation of
genetic and phenotypic traits from mouse to humans (Rénia et al, 2002, Stephens et al, 2012).
However, their relevance to human infections have always been up for debate, as the disease
is not a natural pathogen in mice, and a single mouse parasite strain cannot mimic all of the
clinical features and immune responses observed in humans(Langhorne et al, 2002,
Stevenson and Riley, 2004). Although it has apparent limitations, mouse studies have greatly
contributed to the current understanding of the nature of malaria infection — the parasite
biology, host response, as well as mechanisms of immunopathology (Langhorne et al, 2011,
Zuzarte-Luis et al, 2014) (Langhorne et al, 2011, Stephens et al, 2012).

Each rodent malaria strain is used to mimic different clinical manifestations of the disease in
an experimental setting, while exhibiting different morphologies and RBC tropisms. The P.
berghei model is used to observe severe and cerebral malaria in susceptible mice such as
C57BL/6 (B6), with the P. berghei ANKA (PbA) strain as the more widely used experimental
cerebral malaria (ECM) model of human cerebral malaria (de Souza et al, 2010). Severe
malaria can also be observed using the P. yoelii 177YM and 17XL strains, which induce high
levels of parasitemia leading to death. Non-lethal strains include P. yoelii 17XNL, P. chabaudi
chadami, and P. vinceki petterei. Regarding RBC tropisms, P. berghei infects mature RBCs
and reticulocytes, P. yoelii 17XNL infects reticulocytes, and P. chabaudi and P. vinckei have
strains that preferably infect mature RBCs. These strain differences have been utilized to
study different aspects of the pathogenesis and immune mechanisms that could provide
explanations for observations in humans (Langhorne et al, 2002, Schofield and Grau, 2005,
Wykes and Good, 2009).

Another commonly used strain is the Plasmodium chabaudi chabaudi AS (Pcc), which is said
to be similar to the human parasite P. falciparum (Pf). In particular, the similarities in immune
responses to Pcc compared with human Pf responses has made it the typical model used for
studying immune mechanisms and inflammation-related pathogenesis of malaria (Stephens
et al, 2012). Insights on the mechanisms of innate and adaptive immune responses have been

obtained through studies in the mouse models, from the invasion of sporozoites in the host
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epithelial surface, to the host response to parasite activities in the liver and blood (reviewed
by Zuzarte-Luis et al (2014). Through the use of imaging, molecular techniques, and classical
immunological techniques such as flow cytometry, we have achieved better understanding
of the immunological responses to malaria infection. Notable examples of this include the
discovery that sterile protection can be achieved for liver-stage malaria through immunization
with radiation-attenuated sporozoites (Nussenzweig et al, 1967), as well as the critical role of

CD4* T cells in controlling parasitaemia (Langhorne et al, 2002).

Assessment of the immune cell subpopulations during the course of Pcc blood-stage infection
suggests that although CD4* T cells and B cells play essential roles in the response during
the acute phase, other hematopoietic cells also play critical roles as shown that the depletion
of innate immune such as DCs, red pulp macrophages and monocytes during the chronic
stage resulted in failure to control parasitaemia, suggesting their critical role during parasite
recurrence (Chen et al, 2022). This observation is supported by several other studies looking
into the effects of the depletion of specific cell subsets during malaria infection. These studies
revealed the importance of different immune cell populations aside from CD4* T cells such
as the NK cells during the acute phase, as well as the requirement of both CD4* T cells and
B cells for complete parasitaemia control during the chronic phase (Stevenson and Riley,
2004).

The requirement of CD4* T cells for immune protection were studied in more detail through
the Pcc infection model. Infection of C57BL/6 (B6) mice (wild-type /WT mice) with blood-
stage Pcc infection leads to a peak parasitaemia at around 7-9 days post-infection (pi),
wherein T cell expansion is also expected to peak along with antibody production by B cells,
after which the contraction phase of the immune response will occur (Stephens et al, 2012).
Since the first wave of parasitaemia occurs before sufficient levels of protective 1gG
antibodies, the resolution of the acute phase of infection relies heavily on the CD4* T cell
response and other antibody-independent mechanisms (Stevenson and Riley, 2004). CD4* T
cell activation is induced via presentation on MHC-class Il molecules of Pcc antigens by bone
marrow-derived dendritic cells, macrophages and B cells (Langhorne et al, 2002). Using Pcc
chronic infection model, it was shown that long-term protective immunity depends not on the
antibody levels and B cells, but on the memory CD4* T cells generated (Meding and
Langhorne, 1991, Achtman et al, 2007, Freitas do Rosario et al, 2008). With this study
focusing on characterizing immune responses during the blood-stage infection, the following

sections will delve into the immune mechanisms of CD4* T cells and B cells, as elucidated
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through mouse studies.

1.4 CD4' T cell differentiation during malaria infection

CD4* T cells have the plasticity to further differentiate into multiple subsets depending on the
activation by polarizing cytokines in the environment (Perez-Mazliah and Langhorne, 2014,
Kurup et al, 2019). The differentiation of CD4* T cells into its distinct subsets (T helper 1/Th1,
T follicular helper/Tth, T regulatory/Treg cells, etc) was also observed through Pcc studies,
which have been confirmed to occur in human immune responses to malaria as well (Kurup
et al, 2019). Signals from specific pathogens induce the expression of cytokines by dendritic
cells, and other innate immune factors that affect differentiation of naive T cells. Th1
differentiation is driven mainly by IL-12 and IFNy inducing Tbet, Th2 by IL-4 inducing GATAS3,
Th17 by TGFB and IL-6 inducing RORyT, and Tfh by the induction of Bcl6 (Crotty, 2011,
Sallusto et al, 2018).

During Plasmodium infection, CD4* T cells play a significant role in controlling malaria
infection not just in the aspect of cell-mediated immunity through its T helper 1 (Th1) subset,
but also humoral immunity — through its follicular helper T (Tfh) subset that are needed for B
cell responses and antibody production (Doolan et al, 2009, Perez-Mazliah and Langhorne,
2014, Kurup et al, 2019). Other subsets of note are the FOXP3* regulatory T cells or Tregs,
as well as IL-10-producing type | regulatory (Tr1) cells that act on limiting the severity of
disease (Kurup et al, 2019), and the IL27-producing regulatory T cells, termed Tr27 cells,
which had been shown to have an inhibitory role during a malaria infection (Kimura et al,
2016). This plasticity of CD4* T cells and their roles in the generation ofimmune memory and

protection are still incompletely understood.

The subset of IL-12 driven Th1 cells — that produce inflammatory cytokines such as IFNy and
TNF — was identified as the major subset controlling the parasitaemia during the peak of Pcc
infection (Stephens et al, 2012). It has also been shown that CD4* T cells develop to follicular
helper T (Tfh) cells, which are involved in the antibody production by B cells (Crotty, 2011,
Kurup et al, 2019) (Stephens et al, 2009, Silveira et al, 2018, Perez-Mazliah et al, 2020).
Although clinical immunity may develop, parasitaemia may still persist, and this is attributed
to the Th1 cells that favor immunosuppression. Through its production of IL-10 and IFNy, the
differentiation into Tfh subsets could be hindered, and this in turn affects the proliferation of
B cells (Hansen et al, 2017, Silveira et al, 2018).

The phenotype and function of immune cells such as T cells can be determined using flow
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cytometry analysis at specific time points during the immune response. Characterization
using known phenotypic markers for distinguishing CD4* T, CD8* T, B cells, and other
immune cells, as well as markers of T cell activation, differentiation, proliferation, memory,
exhaustion and transcription factors, provide important information regarding the functional
properties of immune cells (Okada et al, 2008, Mahnke et al, 2013, Ndungu et al, 2013). For
the major CD4* T cell subsets in response to malaria, Th1 cells secrete IFNy and express
Tbet, Ly6C, CXCR3 and CXCR6 (Kim et al, 2001, Marshall et al, 2011, Soon et al, 2020); while
Tfh cells are characterized by their expression of CXCR5, PD1, Bcl6, Icos, and produces IL-
21 (Kim et al, 2001, Crotty, 2011, Soon et al, 2020). The status of differentiation and
maturation of T cells — from naive to terminally differentiated — can also be determined using
these markers at the protein or transcriptomic level, as well as its state of exhaustion or
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