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Abstract
Introduction: The global health burden of malaria is estimated at 200 million cases
annually. Efforts to reduce malaria cases have recently stalled, calling for an urgent
need for effective anti-malarial vaccines. One mechanism of malaria immunity is
achieved through induction of complement-fixing antibodies. However, complement
has also been associated with malarial anaemia. This thesis aims to improve our
understanding of factors leading to robust induction of protective complement-fixing
antibodies in malaria, as well as roles of complement in the pathogenesis of malarial
anaemia. I will investigate protective and pathogenic roles of complement across age
and parasite species by using clinical samples from multiple unique human cohorts.
Results – Chapter 3: Complement-fixing antibodies were prevalent during acute
Plasmodium vivax infection, with distinct antibody composition in children and adults.
Importantly, both IgG and IgM were functional in fixing complement. This is the first
comprehensive report investigating complement-fixing antibody induction in P. vivax
malaria.
Chapter 4: The induction of complement-fixing antibodies is age-dependent, with
higher induction in adults compared to children following Plasmodium falciparum
malaria. Adults have high quantity and quality of circulating T-follicular helper cells
(cTfH) during infection and increased cTfH activation was associated with antibody
secreting B-cells.
Chapter 5: The role of complement regulatory protein (CRP) loss on red blood cells
(RBCs) in malarial anaemia is independent of age and parasite species. CRPs were
reduced on uninfected but not parasitised RBC during P. falciparum and P. vivax
v

infection. Importantly, complement-fixing antibodies were not associated with
malarial anaemia.
Chapter 6: Removal of CRPs occurred early in mild malarial anaemia and following
a low-density infection of malaria in volunteers. Greater loss of CRPs was observed in
reticulocytes compared to normocytes.
Conclusion: Together, this thesis provided significant contributions on understanding
the factors that mediate functional antibody induction in malaria, including host age,
parasite species, and cellular immune mechanisms. Pathogenesis of complement in
malarial anaemia is also comprehensively discussed.
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Chapter 1: Literature Review
1.1 Global malaria burden and parasite life cycle
1.1.1

Public health significance of malaria

Malaria is a significant public health burden in many regions of the world and accounts
for approximately 219 million infections annually, with an estimated 435,000 deaths
(WHO, 2018). In addition to the health burden, malaria also causes a large economic
and social burden where the disease shows strong correlation with poverty and poor
economic growth (Sachs & Malaney, 2002). The majority of malaria cases are due to
infection by Plasmodium falciparum and P. vivax. P. falciparum is responsible for the
most malaria-attributable deaths and severe malaria, especially in Sub-Saharan Africa.
P. vivax is the most geographically widespread (Howes et al., 2016). While P.
falciparum infection is known to be lethal, P. vivax infection can also manifest with
severe clinical outcomes that may be fatal (Barcus et al., 2007; Genton et al., 2008;
Kochar et al., 2009; Parakh, Agarwal, Aggarwal, & Aneja, 2009; Price et al., 2007;
Tjitra et al., 2008). Global incidence of malaria has been significantly curtailed in the
past decade, with 41% reduction between 2000 and 2015 (WHO report, 2016).
However, the progress has stalled in recent years with no significant reduction of
global malaria cases since 2015 (WHO, 2018). Some of the major factors hindering
progress in malaria elimination include the emergence of artemisinin-based
combination therapy (ACT) drug resistant parasites mainly in the Southeast Asia
region (Ashley et al., 2014), insecticide resistant Anopheles vectors (Churcher,
Lissenden, Griffin, Worrall, & Ranson, 2016; WHO, 2017), and increasing incidence
of P. falciparum with histidine-rich protein 2 (HRP-2) deletions that results in a false
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negative diagnostic test (Gamboa et al., 2010; Koita et al., 2012). P. vivax also poses
major challenges due to its dormant hypnozoite stage that can only be treated with 8aminoquinoline drugs. Individuals with G6PD deficiency treated with the current antihypnozoite drugs are at significant risks of severe haemolysis (Bassat et al., 2016).
Furthermore,

certain

individuals

with

cytochrome

P450

2D6

(CYP2D6)

polymorphisms metabolise 8-aminoquinoline poorly and this can cause ineffective
anti-hypnozoiticidal activity (Baird et al., 2018; Bennett et al., 2013).
RTS,S is the only licensed vaccine available for P. falciparum infection (approved by
the African Vaccine Regulatory Forum (AVAREF)), while there is no available
vaccine for the other Plasmodium causing malaria. Further, RTS,S only provides a
modest protection efficacy (~30%) from malaria, and efficacy is short-lived, waning
significantly to 3.6% in the seventh-year of follow-up after primary vaccination (Olotu
et al., 2016; RTS, 2015). The slow development of effective malaria vaccines has been
attributed to our limited understanding of the basic biology of immune response to the
malaria parasite (Langhorne, Ndungu, Sponaas, & Marsh, 2008).
1.1.2

Pathogenesis of malaria

The clinical manifestations of malaria are caused by the asexual blood stage replication
of the parasite. Disease can vary from mild to severe, depending upon multiple factors
including those related to the parasite, host, geographic location and society (Miller,
Baruch, Marsh, & Doumbo, 2002). Although most severe malaria cases are caused by
P. falciparum, severe clinical outcomes and deaths have been reported in P. vivax
infection (Parakh et al., 2009; Tjitra et al., 2008). Symptoms of malaria often resemble
common viral infections such as fever, chills, headache, lassitude, fatigue, abdominal
discomfort, vomiting, and malaise (WHO, 2015). When malaria progresses into its
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severe form, serious complications can occur including severe anaemia, cerebral
malaria, pulmonary oedema, acute renal failure, and coma (Trampuz, Jereb, Muzlovic,
& Prabhu, 2003). Untreated severe malaria almost invariably results in death (Miller
et al., 2002; Miller, Good, & Milon, 1994). The World Health Organization (WHO)
has provided detailed criteria guidelines to define severe malaria based on clinical and
laboratory findings (WHO, 1990, 2015).
Pathogenesis of malaria results from two factors: parasite infection and human host
immune responses. Destruction of infected RBCs due to schizont rupture is one of the
major pathogenesis of malaria. However, other species-specific features also
contribute to the overall burden of the disease. P. vivax preferentially invades
reticulocytes, while P. falciparum can invade most RBCs (Anstey, Russell, Yeo, &
Price, 2009). As such, parasitemia or parasite biomass of P. vivax malaria is dependent
upon reticulocyte count, which rarely exceeds 2% (Anstey et al., 2009). Unique to P.
falciparum malaria, infected RBC cytoadhere to microvascular endothelium, leading
to sequestration and microvascular obstruction (Anstey et al., 2009). This is
compounded by rosette formation with other RBCs. Sequestration of parasites results
in reduced tissue perfusion and can lead to organ-specific complications such as
cerebral and placental malaria (Miller et al., 2002). Pathogenic outcome can also arise
from host inflammatory responses triggered by the release of parasite toxins during
blood stage rupture. Although individuals’ immune responses are diverse and
different, proinflammatory cytokines such as tumor necrosis factor (TNF), interleukin
1β (IL-1β), IL-6, IL-10 and other cytokines are associated with severe malaria disease
(Langhorne et al., 2008). It is likely that host genetic factor and parasite species
virulence factor also play important roles in determining the severity of the immune
response to malaria (Deroost, Pham, Opdenakker, & Van den Steen, 2016). For
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example, genetic polymorphism in individuals with low levels of complement
regulatory protein (CRP) CR1 expressed on RBCs are more likely to develop severe
malarial anaemia through complement-mediated attack, while those with high CR1
levels are more susceptible to cerebral malaria (Rout, Dhangadamajhi, Mohapatra,
Kar, & Ranjit, 2011; Rowe, Moulds, Newbold, & Miller, 1997; Stoute, 2005).
Anaemia is the most common complication of malaria infection, and a major cause of
morbidity and mortality amongst children and pregnant women. The underlying
pathogenesis of malarial anaemia is complex, multifactorial, and not fully defined
(Douglas et al., 2012). Malarial anaemia is attributable to the destruction of infected
RBCs during parasite rupture, compounded by destruction of uninfected RBCs and
dyserythropoesis. In this thesis, I will discuss the major pathogenic mechanisms by
which complement processes contribute to malarial anaemia.
1.1.3

Life cycle of Plasmodium

Human malaria is caused by 5 major species of Plasmodium; P. falciparum, P. vivax,
P. ovale, P. malariae, and the zoonotic P. knowlesi. The life cycle of human-infecting
Plasmodium spp. occurs in two different hosts; human and mosquito vector (Figure
1.1). Humans are infected with malaria parasite when a female Anopheles mosquito
injects sporozoite into the subcutaneous tissue during a blood meal. From here,
sporozoites travel to the liver and infect hepatocytes which then mature into hepatic
schizonts containing thousands of merozoites. Upon release from the liver and into the
bloodstream, merozoites invade RBCs, and the asexual replication stage begins.
Clinical symptoms of malaria commence during asexual stage replication. Replication
of the asexual stage inside RBCs occurs over approximately a 48 hours life cycle for
P. falciparum, P. vivax, and P. ovale; 72 hours for P. malariae; and 24 hours for P.
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knowlesi. During each life cycle, merozoites develop into rings, trophozoites and
schizont stages. A single mature schizont can contain 16-32 daughter merozoites that
are released upon RBC rupture. The asexual replication cycle continues when
merozoites invade new uninfected RBCs. During the blood stage, a small proportion
of the asexual parasites differentiate into the sexual form, gametocytes. After
maturation, gametocytes can be taken up by Anopheles mosquitos during a blood meal.
Within the mosquito gut, male and female gametes form zygotes that mature into
ookinete, oocysts, and sporozoites. The highly motile sporozoites traverse into the
salivary gland of the mosquito where they are injected into the human host during
mosquito blood-feeding, and thus the parasite life cycle continues. Unique to their life
cycle, P. vivax and P. ovale form a dormant liver stage called hypnozoites, that can
remain hidden in the liver for months to years before relapsing and causing blood stage
reinfection. The blood stage infection during which patients present with clinical
malaria, will be the focus of this thesis.
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Figure 1.1 General life cycle of human Plasmodium parasite.
Female Anopheles mosquito injects sporozoites into human during blood meal.
Sporozoites travel to liver and invade hepatocytes to form hepatic schizonts containing
many merozoites. Some sporozoites form dormant hypnozoites in the liver for P. vivax
and P. ovale infection. Merozoites are released into the blood stream to invade RBCs
and begin asexual blood stage. Mature schizonts rupture from RBCs and release
merozoites to reinvade uninfected RBCs. Some asexual blood stage parasites
developed into the sexual form, gametocytes. Gametocytes are taken up by mosquito
to mature into male and female gametes. Fertilised zygote matures into ookinete,
oocyst, and sporozoite. Adapted from (Cowman, Berry, & Baum, 2012).
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1.1.4

Merozoite invasion process

The blood-stage infection is initiated when merozoites invade RBCs, this involves
step-wise processes and interactions between merozoite antigens and RBC receptors
(Figure 1.2A) (Beeson et al., 2016; Boyle, Wilson, & Beeson, 2013). Priming of
merozoites for invasion is likely to occur prior egress from the RBC (Treeck et al.,
2009), and is influenced by ionic concentration (Singh, Alam, Pal-Bhowmick,
Brzostowski, & Chitnis, 2010). Changes in blood plasma ionic levels can trigger the
secretion of microneme and rhoptry proteins on the merozoite surface that are essential
for RBC invasion (Singh et al., 2010). Upon release of these proteins, merozoite
invasion is initiated through a low-affinity attachment of the merozoite to the RBC, a
process mediated by glycophosphatidylinositol (GPI)-anchored surface proteins of the
merozoite (Figure 1.2B) (Beeson et al., 2016). Subsequently, the merozoite begins
irreversible reorientation of its apical pole to bind to the RBC surface (Aikawa, Miller,
Johnson, & Rabbege, 1978; Dvorak, Miller, Whitehouse, & Shiroishi, 1975). The
invasion process into the RBC continues with the formation of an invasion pit and
merozoite-RBC tight junction (Aikawa et al., 1978; Riglar et al., 2011). Prior to
complete invasion into the RBC, the merozoite sheds fibrillar coat surface proteins
(Beeson et al., 2016). Attached merozoite then enters the RBC using the actomyosin
motor and establishes a parasitophorus vacuole membrane (Miller, Aikawa, Johnson,
& Shiroishi, 1979). Merozoite invasion into the RBCs is rapid, with an estimated
invasive half-life capacity of 5 minutes, although 20% of invasion can occur more than
10 minutes after egress and contact with the RBCs (Boyle et al., 2010b).
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(A)

(B)

Figure 1.2 Merozoite invasion process into RBCs.
(A) Upon release from schizonts, merozoite begins primary attachment and
reorientation of its apical pole to RBC surface. Next process involves irreversible
attachment to RBC and formation of tight junction. Shedding of surface proteins occur
before complete invasion, where merozoite enters RBC using actomyosin motor. (B)
Surface proteins of P. vivax merozoite. Adapted from (Beeson et al., 2016) and (Chen
et al., 2015).

CHAPTER 1: Literature review

8

1.1.5

Merozoite surface proteins

The merozoite has surface proteins, called merozoite surface proteins (MSPs), that
play a critical role in facilitating RBC invasion (Figure 1.2B) (Galinski & Barnwell,
1996). Described as “fuzzy” or amorphous, these surface proteins are antigens that are
exposed to host serum and are linked to the merozoite surface as GPI-anchored
proteins, integral membrane proteins or as peripherally-associated proteins (Beeson et
al., 2016). The initial attachment of merozoite to RBC during invasion is largely
mediated by the GPI-anchored MSPs (Beeson et al., 2016), with invasion occurring
within 30 seconds in P. falciparum (Gilson & Crabb, 2009). MSPs have an integral
role in facilitating RBC invasion, and thus, they have been a focus for research to
explore their potential as vaccine candidates, including the role of MSPs in antibody
induction and protective immunity. Although antibodies to several MSPs, such as
MSP1, MSP3, and MSP9 are associated with protection from malaria (reviewed in
Cutts et al., 2014), meta-analyses have highlighted our limited knowledge of P. vivax
antigen targets and antibody responses from wider geographical area (Cutts et al.,
2014; Fowkes, Richards, Simpson, & Beeson, 2010). To inform the development of
anti-malarial vaccine, I will investigate the role of P. vivax MSP3α in induction of
antibodies and functional antibodies during malaria.
1.1.6

Challenges in vaccine development

Current control and elimination strategies of malaria heavily rely on early diagnosis
and treatment with the highly efficacious ACT drugs. Parasite resistance to artemisinin
derivates however, has been emerging from the Greater Mekong subregion (Dondorp
et al., 2009; Dondorp et al., 2010), posing a major threat to the current global strategy
for malaria treatment. The development of a vaccine that can effectively prevent
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malaria is therefore urgently needed and highly desirable. There is currently only one
licensed vaccine available for P. falciparum infection, and none available for other
Plasmodium spp. Vaccine development can be grouped into three general categories
based on the target of parasite stages; pre-erythrocytic vaccine, asexual blood stage
vaccine, and transmission-blocking vaccine (Birkett, Moorthy, Loucq, Chitnis, &
Kaslow, 2013). Pre-erythrocytic vaccines, such as RTS,S, aim to prevent liver-stage
development by inducing antibodies against the sporozoite. In comparison, vaccines
against the blood stage mainly target merozoites and its surface proteins to prevent
RBC invasion and disease. Transmission-blocking vaccines aim to prevent parasite
development in mosquito vector by targeting parasite sexual stages in human host and
mosquito mid gut; these have little or no direct benefit in reducing disease in the
individual, but rather reducing malaria transmission in the community.
Progress of vaccine development has been hampered by an incomplete understanding
of human immunology, specifically in identifying the correlates of immune protection
against malaria. Recent studies have demonstrated that antibodies to malaria parasite
do not invariably translate into immunity, but rather, functional mechanisms of
antibodies are the better correlate of malaria protection (Beeson et al., 2019).
Development of candidate vaccines is heavily focused on P. falciparum, the most
pathogenic parasites, with far less focus on P. vivax and the other Plasmodium spp.
One of the main challenges in developing a vaccine against P. vivax is the lack of longterm in-vitro culture techniques that can be used as tools to identify potential antigen
targets for vaccines (Mueller et al., 2009). It is estimated that only less than 1% of
antigens encoded by the parasite have been properly investigated (Langhorne et al.,
2008). Combinations of multiple vaccine targets are likely required to achieve broad
neutralizing antibodies and parasite immunity. One promising vaccine candidate for
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P. vivax malaria is PvMSP3α, in which naturally acquired antibodies to the antigen
were reportedly associated with clinical protection (Lima-Junior et al., 2011; Stanisic
et al., 2013). The importance of PvMSP3α will be further described in the subsequent
chapter.
1.1.7

P. vivax merozoite surface proteins 3-α (PvMSP3α)

PvMSP3 is an 11 multigene family of proteins with an estimated molecular mass of
148-150 kDa (Galinski et al., 2001; Jiang, Barnwell, Meyer, & Galinski, 2013).
PvMSP3α is a member of the larger family characterised by predominant alanine-rich
centre containing a series of heptad repeats that exhibits α-helical secondary and
coiled-coil tertiary structures involved in protein-protein interactions (Galinski et al.,
1999). The carboxy terminal (C-terminal) and the hydrophilic amino domain (Nterminal) are relatively conserved while the central domains (Block I – II) are highly
polymorphic and may include deletions and insertions in some isolates (Rayner et al.,
2002). Current data looking at the importance of PvMSP3α and protection from
malaria are limited. In P. falciparum, antibodies to PfMSP3 have also been linked to
clinical protection from malaria (Dodoo et al., 2008; Roussilhon et al., 2007). Further,
Phase I clinical trials demonstrated that a PfMSP3 vaccine is well tolerated, highly
immunogenic, and predominantly induced IgG1 and IgG3 antibodies with protective
associations to malaria incidence (Sirima, Cousens, & Druilhe, 2011; Sirima et al.,
2007; Sirima et al., 2009). The only two studies investigating the role of PvMSP3α in
malaria immunity were undertaken in Papua New Guinea and the Brazilian Amazon,
both of which showed that naturally acquired antibodies to PvMSP3α were correlated
with clinical protection from P. vivax malaria (Lima-Junior et al., 2011; Stanisic et al.,
2013). However, mechanisms of function and induction kinetics of these protective
antibodies has not been described in P. vivax. More studies are needed to understand
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the exact role and mechanisms of anti-PvMSP3α antibodies for the candidate vaccine
against P. vivax malaria.

1.2 Malaria immunity and antibodies targeting blood stage
parasites
1.2.1

Background of naturally acquired immunity

Naturally acquired immunity to malaria was first described clinically in 1917, from
studies of patients with neurosyphilis who were treated with fevers induced using
malaria infection (Covell & Nicol, 1951; Mueller et al., 2013). Following repeated
malaria rechallenges (4-10 parasite exposures), the levels of parasitemia and fever
were reduced in most treated individuals, indicating signs of malaria immunity (Boyd
& Kitchen, 1937; Ciuca, Ballif, & Chelarescu-Vieru, 1934). Development of naturally
acquired immunity in endemic settings is influenced by many factors including host
age, transmission intensity, and parasite species.
In holoendemic areas, young children are more susceptible to clinical malaria
compared to adults, who often have developed partial immunity to high density
parasitemia and clinical outcomes (Langhorne et al., 2008; Snow, Trape, & Marsh,
2001). Indeed, reports in Kenya have shown that the incidence of uncomplicated and
severe P. falciparum malaria decline with increasing age (Marsh & Kinyanjui, 2006).
In transmigrant populations moving from malaria-free to hyper/holo-endemic areas,
the age of the host determined the rate of naturally acquired malarial immunity (Baird,
1995; Baird et al., 2003a; Baird et al., 1991; Baird et al., 2003b). In these studies,
following 2 years of similar exposure, adults developed protective immunity more
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rapidly than children, with markedly lower parasitemia and less clinical symptoms.
Nevertheless, sterilising immunity to malaria is never fully attained, rather infections
often develop into asymptomatic contained parasitaemia in frequently exposed
individuals. Interestingly, in regions of low transmission intensity, individuals of all
age groups are subjected to a risk of severe malaria (Fowkes, Boeuf, & Beeson, 2016;
J. T. Griffin, Ferguson, & Ghani, 2014). In Ugandan children the development of
malarial immunity is influenced by the independent effects of age and transmission
intensity; older children are more protected regardless of cumulative exposure and
immunity develops faster as transmission rate increases in moderate/high transmission
settings (Rodriguez-Barraquer et al., 2016; Rodriguez-Barraquer et al., 2018). Similar
age and exposure impacts are seen in vaccine induced immunity; recent results from
RTS,S clinical trials demonstrated a lower vaccine efficacy (VE) in young infants (age
6-12 weeks, VE 25.9%) compared to children (age 5-17 months VE 36.3%), and in
high transmission setting (VE 37.8%) compared to low transmission setting (VE
74.6% in children 5-17 months old) (RTS, 2015).
Acquisition of immunity often develops slower against P. falciparum infection than P.
vivax (Mueller et al., 2013). In experimental settings, patients with prior malaria
challenge reported a quicker acquisition of clinical immunity with repeated P. vivax
infections, compared to those with repeated P. falciparum infection (Boyd & Kitchen,
1937; Ciuca et al., 1934). Similar observations have also been reported in P.
falciparum and P. vivax cases from endemic regions (Lin et al., 2010; Michon et al.,
2007). The slow onset of immunity during P. falciparum infection can be attributed to
antigenic variation and disruption of host innate and adaptive immunity by the parasite
(Crompton et al., 2014; Doolan, Dobano, & Baird, 2009), whereas infection with P.
vivax has higher force-of-infection due to dormant hypnozoites that causes multiple

CHAPTER 1: Literature review

13

blood stage relapses, contributing to the rapid acquisition of immunity (Koepfli et al.,
2013). It is likely that factors other than force-of-infection are also contributing to the
rapid acquisition of immunity in P. vivax. For example, P. vivax solely infect the rare
reticulocyte population of RBCs, hence total biomass of infection is lower than for P.
falciparum (Anstey et al., 2009), a difference that also may contribute to the rate of
immune acquisition.
1.2.2

Antibodies as mediators of immunity

Antibodies are key drivers of protective immunity against malaria. The importance of
antibodies in mediating immunity is highlighted in a study of passive immunoglobulin
transfer (Cohen, McGregor, & Carrington, 1961). Transfer of serum immunoglobulin
from P. falciparum immune adults to children with clinical malaria resulted to reduced
parasitemia and alleviation of clinical symptoms in the recipient within a few days
(Cohen et al., 1961). Serum antibodies mediate protection from malaria by primarily
targeting blood stage parasites that cause clinical symptoms, either by direct inhibition
or by cooperation with host immune cells (Teo, Feng, Brown, Beeson, & Rogerson,
2016). Previous findings have highlighted the importance of antibody mediated by Fc
functions in targeting malaria parasites and mediating immunity (Arora et al., 2018;
Bouharoun-Tayoun, Oeuvray, Lunel, & Druilhe, 1995; Boyle et al., 2015b; Joos et al.,
2010; Khusmith & Druilhe, 1983; Liriye Kurtovic et al., 2018; Marsh, Otoo, Hayes,
Carson, & Greenwood, 1989; Osier et al., 2014; Tebo, Kremsner, & Luty, 2001).
Functional antibodies can target blood-stage merozoites and inhibit RBC invasion by
direct

or

indirect

mechanisms,

including

complement-mediated

inhibition,

opsonisation for phagocytosis, and killing of parasites through interaction with
monocytes and macrophages (Teo et al., 2016). There are also other functional
antibody mechanisms that are beyond the scope of this thesis, such as cytoadherence
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inhibition, rosetting inhibition, and direct growth inhibition (Teo et al., 2016). Two
aspects of functional antibody mechanisms are discussed in this thesis: complementmediated and Fc receptor interaction inhibition.
Complement-fixing antibodies fix C1q, onto merozoite and sporozoite surface, thereby
activating the classical pathway to inhibit RBC invasion and liver-stage development,
respectively (Boyle et al., 2015b; Liriye Kurtovic et al., 2018). Detailed descriptions
of this mechanism are discussed in the following sub-chapters. Functional antibodies
can also interact with Fc receptors on effector cells to mediate a variety of inhibition
mechanisms, including :

1) interaction with phagocytes to promote opsonic

phagocytosis (Osier et al., 2014; Stubbs et al., 2011), 2) mediate antibody-dependent
respiratory burst through interactions with neutrophils (Joos et al., 2010), and 3)
antibody-dependent cellular cytotoxicity by natural killer (NK) cells (Arora et al.,
2018; Hart et al., 2019). Importantly, previous investigations into these specific Fcmediated antibody mechanisms have only been performed in P. falciparum, with far
less known about P. vivax malaria. In this thesis, I will focus on understanding
acquisition of naturally acquired complement-fixing antibodies, and the potential
impact of complement-fixing antibodies on the pathogenesis of malarial anaemia.

1.3 Complement immune mechanism in malaria
1.3.1

The complement system

Complement is an important part of the immune system, acting to support immune
responses against infection and diseases. Inherited complement deficiencies are linked
with susceptibility to various diseases (Sjoholm, Jonsson, Braconier, Sturfelt, &

CHAPTER 1: Literature review

15

Truedsson, 2006). The complement system consists of soluble proteins and cell surface
proteins that when cleaved by complement triggers are activated and subsequently
initiate the activation cascades of the other proteins (Biryukov & Stoute, 2014). Three
major pathways activate the complement system; the classical, lectin, and alternative
pathway. Classical pathway activation is initiated when the C1q molecule of the C1
complex binds to cytophilic IgG (IgG1 & IgG3) or IgM antibody complexed with
antigen (Kolev, Le Friec, & Kemper, 2014). However, C1q can also bind directly to
distinct structures of pathogens to trigger complement activation (Ricklin,
Hajishengallis, Yang, & Lambris, 2010). C1 complex comprises of single C1q
molecule and two molecules each of C1r and C1s. Upon activation by C1q binding,
C1s cleaves complement factor C4 and C2 to form cleaved products of C4a and C4b
and C2a and C2b, respectively. The C4bC2b complex subsequently forms C3
convertase, which can cleave C3 complex to form opsonin C3b and anaphylatoxin C3a
fragments. The lectin pathway uses mannose-binding lectin (MBL) that triggers the
complement cascade in a similar manner to C1q in the classical pathway. The MBL
recognises and binds to sugar residues to form patterns that allow subsequent binding
to pathogens. A C3-like complex in the lectin pathway is formed when MBL assembles
with MBL-associated serine proteases-1 and 2 (MASP-1 and 2). MASPs share similar
structures to C1r and C1s, with MASP-2 capable of cleaving both C4 and C2 to
generate the C3 complex (Ricklin et al., 2010). In contrast to the previous pathways,
the alternative pathway is activated through spontaneous hydrolysis of C3 into
C3(H2O), which then allow binding with plasma protein factor B. Bound factor B and
C3(H2O) is cleaved by factor D to form C3Bb that acts as a C3 convertase complex.
The subsequent complement activation occurs similarly in all of the complement
pathways. Generation of C3 convertase complex from all three pathways leads to the
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formation of C5 convertase, that cleaves C5 molecules into anaphylatoxin C5a and
fragment C5b. Fragment C5b binds with C6 and C7 to form the C5b-7 complex that
inserts itself into cell membrane. Subsequently, the C5b-7 complex interacts with C8
and several units of C9 to form a lytic pore called the membrane attack complex
(MAC) that induces cell lysis (Murphy, Travers, Walport, & Janeway, 2012; Ricklin
et al., 2010). Activation of the complement cascade promotes inflammation, direct
lysis, and opsonisation of pathogens or targeted cells and immune complexes (D. D.
Kim & Song, 2006). The process of complement activation is regulated by CRPs and
is essential to prevent self-damage on host cells.
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Figure 1.3 The complement activation pathways.
The classical pathway is activated when C1q molecule of C1 complex (comprises of C1q, C1r, and C1s) binds to antigen-antibody complex.
Following activation, C1s cleaves C4 and C2 complex that subsequently form C3 convertase (C4bC2a or C4bC2b). The lectin pathway is triggered
following binding of mannose binding lectin (MBL) with its associated proteins, MBL-associated serine proteases (MASP). MASPs have similar
structures to C1r and C1s, which can also cleave C4 and C2 to form C3 convertase. Alternative pathway is initiated spontaneously through
hydrolysis of C3 molecules into C3(H2O), which then allows the binding of plasma protein factor B. Both C3(H20) and bound factor B complex is
cleaved by factor D (FD) to generate C3Bb that act as C3 convertase. The generation of C3 convertase from all three pathways lead to C5
convertase formation, comprising of C4bC3bC2a or C3bBbC3b. C5 convertase cleaves C5 to form proinflammatory anaphylatoxin C5a and C5b,
the latter combined with C6-C9 to form membrane attack complex (MAC). Complement pathways are regulated by fluid-phase and membranebound regulators (highlighted in red textbox). Adapted from (Kolev et al., 2014).
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1.3.2

Complement-fixing antibodies in malaria

Recently, it has been shown that complement plays an instrumental role in malarial
immunity (Boyle et al., 2015b; Liriye Kurtovic et al., 2018; Reiling et al., 2019).
Antibodies can fix C1q to the merozoite surface and activate complement through the
classical pathway to inhibit RBC invasion during malaria (Figure 1.4) (Boyle et al.,
2015b). Similar antibody-complement mechanism has also been demonstrated with
the sporozoite (Behet et al., 2018; Liriye Kurtovic et al., 2018; Zenklusen et al., 2018).
Complement-fixing antibodies are better correlates of malaria protection than
antibody-mediated growth inhibition assay (GIA), and complement fixation is
predominantly mediated by IgG and IgM antibodies (Boyle et al., 2019; Boyle et al.,
2015b; Reiling et al., 2019; Zenklusen et al., 2018). Indeed, recent studies have
demonstrated strong associations between high levels of complement-fixing antibody
and clinical protection from P. falciparum malaria (Boyle et al., 2015b; Liriye
Kurtovic et al., 2018; Reiling et al., 2019; Valmaseda et al., 2018). Highly neutralizing
C1q-fixing antibodies have also been reported in viral studies (Feng, Mozdzanowska,
& Gerhard, 2002; Mehlhop et al., 2009). However, in mouse models the roles of
complement in mediating protection against malaria was minimal (Akter et al., 2019;
Sack et al., 2015; P. R. Taylor, Seixas, Walport, Langhorne, & Botto, 2001).
Nevertheless, it is currently unknown if similar protective mechanisms by
complement-fixing antibodies also occur in P. vivax infection. Although the
mechanism is unclear, previous studies have linked cytophilic IgG1 and IgG3
antibodies with protection from P. vivax malaria (Braga et al., 2002; Lima-Junior et
al., 2011; Nogueira et al., 2006; Soe, Theisen, Roussilhon, Aye, & Druilhe, 2004).
Complement-fixation is predominantly mediated by the cytophilic IgG1 and IgG3
antibodies in malaria (Beeson et al., 2016). Other than the cytophilic IgG antibodies,
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IgM also has high affinity to C1q. To achieve complement activation, C1q needs to
bind to two or more IgG molecules within 30-40 nm distance of each other compared
to only a single bound IgM with C1q (Murphy et al., 2012). Thus, IgM is more efficient
in activating complement than IgG. Indeed, recent findings have demonstrated the
important roles of IgM antibodies in inhibiting P. falciparum merozoite invasion in a
complement-dependent manner (Boyle et al., in press). Concurrently, the same study
found protective associations between IgM and clinical disease (fever and >5000
parasites/µL) in a longitudinal cohort of children. Other studies have also shown IgM
levels to be associated with a reduced risk of clinical P. falciparum malaria (Adu et
al., 2016; Dodoo et al., 2008). Nevertheless, more studies are required to fully define
the protective functional mechanism of IgM against malaria parasites, especially in P.
vivax.
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Figure 1.4 Mechanism of antibody-mediated complement inhibition to merozoites.
Functional antibody can interact with complement to activate the classical pathway
that results in merozoite lysis and prevent invasion. Additionally, antibodies can also
fix C1q on the surface of merozoite to inhibit invasion independently of lysis.

1.3.3

Kinetics of antibody acquisition

Functional antibodies are essential components of protective immunity to malaria, and
can prevent blood-stage and pre-liver stage parasite invasion and replication (Boyle et
al., 2015b; Liriye Kurtovic et al., 2018). Despite this, the kinetics of antibody
induction and maintenance are poorly understood, particularly for functional
antibodies. Acquisition of immunity to malaria often requires repeated infections and
constant exposures (Langhorne et al., 2008), and antibody responses generated are
considered to be short-lived and age-dependent (Akpogheneta et al., 2008; Kinyanjui,
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Bull, Newbold, & Marsh, 2003; Kinyanjui, Conway, Lanar, & Marsh, 2007; Partey et
al., 2018; Yman et al., 2019). A modelling study on longitudinal dynamics of antibody
responses demonstrated that young children generate less long-lived antibody
secreting cells (ASCs) than older children (M. T. White et al., 2014a). Although
maintenance and long-lived antibody responses have been described previously in
both P. falciparum and P. vivax infection (Clark et al., 2012; Fowkes et al., 2012;
Kaneko et al., 2014; Wipasa et al., 2010), these are relatively short compared to viral
infections such as measles and smallpox, which can generate a lifetime half-life
(Crompton et al., 2014; Fowkes et al., 2012). The development of antigen-specific
memory B-cells does ensue in malaria, but gradually and following repeated infections
(Weiss et al., 2010).
Current data on induction and maintenance of functional antibodies are limited. A
recent study showed that complement-fixing antibodies against circumsporozoite
protein (CSP) decay rapidly within months after RTS,S vaccination (L. Kurtovic et al.,
2019). This rapid decay on functional antibodies was attributed to decline in IgG1 and
IgG3 antibodies. Indeed, the composition of IgG subclasses can determine the rate of
decay of antibodies as different subclasses are catabolised at different rates, notably
IgG3 with the shortest half-life (Damelang, Rogerson, Kent, & Chung, 2019;
Vidarsson, Dekkers, & Rispens, 2014; M. T. White et al., 2014a). Understanding key
factors that modulate functional antibody induction and maintenance is vital to assist
strategies in developing effective and long-lasting vaccine-induced responses.
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1.4 T and B-cell responses involved in acquisition of functional
antibodies
1.4.1

Development of antibody secreting cells

The production of antibodies associated with effective immune response to pathogens
is mediated by the antibody secreting cells (ASCs), specifically long-lived plasma cells
and short-lived plasmablasts. ASC formation arises from differentiation and
maturation processes by B-cells, that is regulated by extrinsic signals and transcription
factors (Schmidlin, Diehl, & Blom, 2009). B-cells development originates in the bone
marrow, where immature B-cells differentiate into transitional B-cells and migrate to
the spleen to mature (J. B. Chung, Silverman, & Monroe, 2003). Mature B-cells
located in the secondary lymphoid organs, such as spleen and lymph nodes, have two
major subsets; the marginal-zone (MZ) B-cells or follicular B-cells. During infection,
mature B-cells are activated upon encounter with antigens through either T-cell
dependent (TD) or T-cell independent (TI) process (Schmidlin et al., 2009). Activation
of follicular B-cells is primarily through TD process while MZ B-cells respond rapidly
to TI activation. Traditionally, production of antibodies from B-cells activated by TI
pathways is thought to be rapid but with lower affinity and short half-life (Bortnick et
al., 2012). Conversely, TD activation involves two-step process, in which antigen
bound B-cells interact with CD4+ T-helper (Th) cells to initiate B-cells activation.
Antibodies generated from TD activation often have higher affinity but with slower
development compared to TI activation (Nutt, Hodgkin, Tarlinton, & Corcoran, 2015).
The first step, known as extrafollicular response, occurs when B-cells are engaged with
antigen and subsequently grow and differentiate into plasmablasts (MacLennan et al.,
2003). During this process, immunoglobulin class switching may occur with little
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somatic hypermutation (SHM). The second step of the follicular response begins when
activated B-cells enter the lymphoid follicle and form germinal center (GC) through
interactions with Th cells (Nutt et al., 2015). Inside the GC, B-cells undergo rapid
proliferation and somatic hypermutation that results into immunoglobulin class
switching and affinity maturation to specific antigens (Gatto & Brink, 2010). This
process is facilitated by GC B-cells interaction with T-follicular helper (TfH) cells and
follicular dendritic cells, which leads to formation of long-lived plasma cells and
memory B-cells (MBCs). MBCs are long-lived cells that can rapidly differentiate into
ASCs following re-exposure to antigen during infection (Gatto & Brink, 2010). The
activation of MBC and generation of ASC can also be triggered in the absence of
antigen, mediated by polyclonal stimuli from microbial products such as
lipopolysaccharide or unmethylated single-stranded DNA motifs, which stimulate Bcells via TLR4 and TLR9, or from bystander T-cell help (Bernasconi, Traggiai, &
Lanzavecchia, 2002).
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Figure 1.5 B-cell development into antibody secreting cells.
Mature B-cells have two major subsets, marginal-zone (MZ) B-cell and follicular Bcell. Activation of follicular B-cells is mainly mediated by T-cell dependent process
while MZ B-cells respond rapidly to T-cell independent activation. During initial
antigens encounter, B-cells differentiate into plasmablast that produce short-lived
antibody responses. Subsequently, some B-cells migrate to lymphoid follicle and form
germinal centre (GC). GC B-cells interact with T-helper cells to produce long-lived
plasma cells and memory B-cells. B-cell differentiation is controlled by various
transcription factors (indicated in figure). Adapted from (Nutt et al., 2015).
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1.4.2

Role of T-follicular helper (TfH) cells in malaria immunity

T-follicular helper (TfH) cells are essential for B-cell differentiation, affinitymaturation, and class-switching within the GC to produce long-lived and high-affinity
antibodies against pathogens. The development of TfH originates from naïve CD4+ Tcells and is a multistep and multifactorial process by various signalling pathways
(Crotty, 2014). Naïve CD4+ T-cells differentiation into TfH is mediated by dendritic
cell priming that leads to upregulation of Bcl6 and CXCR5 expression, enabling early
TfH migrate to the B-cell follicle border (Crotty, 2014). Aside from their primary
functions in the lymphoid organs, TfH can exit GC to form circulating TfH (cTfH or
also known as memory TfH) that circulate in peripheral blood (Hale & Ahmed, 2015;
Hale et al., 2013). Circulating TfH have similar functions and transcriptional profiles
to that of GC TfH, and hence, have been used to study the importance of TfH in human
infection from peripheral blood samples (Locci et al., 2013). Human TfH can be
further grouped into Th1-like (CXCR3+CCR6-), Th2-like (CXCR3-CCR6-), Th17-like
(CXCR3-CCR6+), and Th1/17-like (CXCR3+CCR6+) subsets, each with different
functional and cytokine profiles that mimic Th lineages (Morita et al., 2011).
In viral infection, the Th2-like subset of cTfH were previously associated with
induction of broadly neutralizing antibodies against HIV, and Th2-like cells provide
the highest capacity for B-cell help in-vitro (Locci et al., 2013). In contrast, other
reports argued that Th1-like TfH are the primary responses that drive induction of
antigen-specific antibodies in HIV and influenza (Baiyegunhi et al., 2018; Bentebibel
et al., 2013). Although current knowledge on TfH importance in induction of
protective antibodies is well reported in malaria mouse models (Butler et al., 2011;
Perez-Mazliah et al., 2015; Perez-Mazliah et al., 2017; Sebina et al., 2016; Zander et
al., 2015), very limited studies are available from human samples in clinical settings.
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Only two clinical studies are available on looking at TfH in malaria (Figueiredo et al.,
2017; Obeng-Adjei et al., 2015). Both studies demonstrated that P. falciparum and P.
vivax infection preferentially activate the less functional Th1-like cTfH, previously
shown to have poor capacity at helping B-cells and GC formation (Locci et al., 2013;
Morita et al., 2011; Ryg-Cornejo et al., 2016). An in-vitro P. falciparum study have
also demonstrated Th1-like cTfH drive the differentiation of “dysfunctional” atypical
MBCs (Obeng-Adjei et al., 2017). Atypical MBCs are associated with upregulation of
inhibitory receptors and decreased effector functions (Joosten et al., 2016; Moir et al.,
2008; Portugal et al., 2015; Sullivan et al., 2015).
TfH responses are regulated by T-follicular regulatory cells (TfR). TfR cells are key
mediators of immune homeostasis, functioned to control the magnitude and output of
GC response (Vinuesa, Linterman, Yu, & MacLennan, 2016). The development of
TfR originates when CD4+FoxP3+ T-regulatory (Tregs) cells gain CXCR5 and Bcl6
expression (Y. Chung et al., 2011; Linterman et al., 2011), allowing migration of these
cells to B-cell follicle where they contribute to control B-cell maturation (Wing,
Tekguc, & Sakaguchi, 2018). The discovery and characterisation of TfR is still
relatively new, and no studies have investigated the role of TfR in development of
malaria immunity. Increased frequency of Tregs have been directly associated with
increased parasite density and disease presentation in both P. falciparum and P. vivax
malaria (Boyle et al., 2015a; Jangpatarapongsa et al., 2008; Minigo et al., 2009;
Walther et al., 2009). It is possible that appropriate TfH:TfR ratios are necessary for
effective B-cell responses against infection. Indeed, functional studies on mouse
models of infection have demonstrated that the depletion of TfR resulted in reduced
GC functionality and lower number of antigen-specific B-cells (Jandl et al., 2017;
Linterman et al., 2011). Collectively, a large knowledge gap still remains in our
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understanding of the direct link between specific TfH subsets, TfR, and induction of
functional antibodies to malaria.
1.4.3

Dysregulation of B-cell responses in malaria

It is widely believed that long-lived antibody responses require generation of MBCs
and long-lived plasma cells. Antibody response to viral infections is generally longlived (Portugal, Pierce, & Crompton, 2013), with half-lives reaching up to 50 years
and a lifetime for varicella-zoster and measles antigens, respectively (Amanna,
Carlson, & Slifka, 2007). In comparison, half-lives of antibody responses to malaria
are much shorter (Fowkes et al., 2016), ranging from less than 2 weeks to 3 months in
some studies (Akpogheneta et al., 2008; Bousema et al., 2010; Kinyanjui et al., 2007).
These data prompt the debate whether MBCs are generated during Plasmodium
infection. Emerging evidence suggests that MBCs are generated during malaria,
although inefficiently (Portugal et al., 2013). Hence it has been proposed that the shortlived antibody responses generated from malaria are due to dysregulation of B-cell
differentiation into MBCs (Portugal et al., 2013). In HIV and hepatitis C virus
infections, a specific type of “exhausted” MBCs (CD21-CD27-) with decreased
proliferative capacity and effector function has been described previously (Charles et
al., 2011; Moir et al., 2008). A phenotypically similar subset of exhausted MBCs,
called atypical MBCs has been identified in malaria, and found to increase along with
Plasmodium exposures (Illingworth et al., 2013; Obeng-Adjei et al., 2017; Requena et
al., 2014; Sullivan et al., 2015; Ubillos et al., 2017; Weiss et al., 2009). In contrast,
other studies have reported functional atypical MBCs with capacity to rapidly
differentiate into ASCs upon rechallenge and actively secrete broadly neutralizing
antibodies against P. falciparum blood-stage (C. C. Kim, Baccarella, Bayat, Pepper,
& Fontana, 2019; Muellenbeck et al., 2013). It is currently unknown if atypical MBCs
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have positive or detrimental roles in the production and longevity of functional
antibodies and whether certain TfH subsets influence B-cell differentiation into
atypical MBCs.

1.5 Complement and malarial anaemia pathogenesis
While complement-fixing antibodies are essential components in protective immunity,
complement also plays a role in malarial pathogenesis. The activation of complement
and loss of CRPs on RBCs have been linked with severe malarial anaemia. However,
whether there is a pathogenic cost of complement-fixing antibodies in protection and
activation of complement pathways is unknown.
1.5.1

Epidemiology of malarial anaemia

Malarial anaemia is a major cause of morbidity and mortality in young children and
pregnant women (Poespoprodjo et al., 2009; Price et al., 2001). The criteria of anaemia
are defined according to age, gender, and pregnancy (WHO, 2011). In holoendemic
regions of Africa, anaemia prevalence in young children and pregnant women can
reach up to 70% (Matteelli et al., 1994; Premji et al., 1995). In many areas of intense
malaria transmission, malaria is the major cause of severe anaemia requiring hospital
admission (Newton et al., 1997; Slutsker, Taylor, Wirima, & Steketee, 1994). The
prevalence of malarial anaemia is largely influenced by transmission intensity, and this
in turn is affected by the density, longevity, biting behaviour, and efficiency of the
mosquito vector (N. J. White et al., 2014b). Children are mostly affected by anaemia
in high transmission setting while individuals of all ages may be affected by malarial
anaemia in low transmission regions (N. J. White, 2018). Children maturing into
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adolescence through frequent exposures to malaria develop malaria immunity in which
infections become asymptomatic and the risk of anaemia declines (N. J. White, 2018).
The impact of malarial anaemia towards mortality is difficult to assess. Previous
reports demonstrated increased case-fatality rates in patients with severe malarial
anaemia (Douglas et al., 2013; Marsh et al., 1995; Schellenberg et al., 1999). Anaemia
conditions can also contribute indirectly to mortality from other unknown causes
(Ekvall, 2003), and the aetiology of malarial anaemia is complex and multifactorial
(Anstey et al., 2009; Perkins et al., 2011). Conditions such as haemoglobinopathies,
nutritional deficiency, helminth infections, and other bacterial or viral infections can
also contribute to anaemia and are very common in malaria endemic regions (Calis et
al., 2016; Fleming & Werblinska, 1982).
1.5.2

Pathogenesis of malarial anaemia

Malarial anaemia can result from intraerythrocytic life cycle of Plasmodium parasites
that causes destruction of RBCs during schizont rupture. Infection by P. falciparum
generates higher parasite biomass than P. vivax, due to P. vivax preference for infecting
reticuloctyes (Anstey et al., 2009). In the case of P. knowlesi infection, parasitemia
can exceed 10% (Cox-Singh et al., 2010). However, malarial anaemia is not simply
due to destruction of infected RBCs but also results from loss of uninfected RBCs.
Previous studies have suggested that for each loss of a single infected RBCs, there are
an additional 8 uninfected RBCs removed in P. falciparum (Jakeman, Saul, Hogarth,
& Collins, 1999; Price et al., 2001), and 34 in P. vivax infection (Collins, Jeffery, &
Roberts, 2003). Pathogenesis of malarial anaemia can be mediated through different
overlapping mechanisms, including but not limited to bone marrow dysfunction
resulting dyserythropoiesis, splenic sequestration of deformed RBCs, and
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complement-mediated destruction (reviewed by (Douglas et al., 2012; Menendez,
Fleming, & Alonso, 2000; N. J. White, 2018)). In this thesis, I will explore the role
complement-mediated RBCs destruction through loss of CRPs.
1.5.3

Complement regulatory proteins (CRPs)

CRPs ensures cell and tissue integrity against excessive complement activation that
can result in immunopathology and autoimmune disease (Zipfel & Skerka, 2009).
Numerous regulatory proteins have been identified and can be categorised into either
fluid phase or membrane-bound regulators. Examples of fluid phase regulatory
proteins include factor H, properdin, carboxypeptidase N, clusterin, and vitronectin.
These proteins are specific in regulating any of the complement pathways. In contrast,
membrane-bound regulators regulate all three major complement pathways by
interrupting both C3 and C4 (Zipfel & Skerka, 2009). In relevance to intraerythrocytic
malaria, this review will specifically discuss membrane-bound regulators expressed
on the surface of RBCs; complement receptor 1 (CD35/CR1), decay-accelerating
factor (CD55/DAF), and protectin (CD59). Each of the CRPs has a different
mechanism of action to inhibit complement activity. CRPs are composed of mostly
independently folding domains called complement control protein repeats (CCPs),
with each CCP containing 59-75 amino acids (Krych-Goldberg & Atkinson, 2001).
CR1 is a single chain, type 1 transmembrane glycoprotein expressed on all peripheral
blood cells, except on platelets, natural killer cells, and most T-cells (Fearon, 1980;
Tedder, Fearon, Gartland, & Cooper, 1983). CR1 expressed on RBCs plays an
important role as a receptor for immune adherence of C3b-opsonised immune
complexes and its clearance from the circulation (Krych-Goldberg & Atkinson, 2001;
Stoute, 2005). Furthermore, CR1 also protects RBC from complement-mediated attack
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by promoting degradation of C3 convertases and the inactivation of C3b molecules
(Devine, 1991). The expression of CR1 is gradually reduced as RBC ages (Fishelson
& Marikovsky, 1993; Ripoche & Sim, 1986), causing aged RBCs to be cleared. CR1
is therefore critical to homeostatic process of recognition and clearance of aged RBCs.
Several types of CR1 polymorphisms have been previously described, including
polypeptide size variants, quantitative variants, and Knops blood group system
(Schmidt, Kennedy, & Tham, 2015). Similarly, CD55 is a GPI-anchored protein with
65-70 kDa molecular size and expressed on most cells. The protein functions by
accelerating the decay of C3 and C5 convertases on the cell surface (Lublin &
Atkinson, 1989). CD59 also regulates complement activation by sequestering C8 and
C9 components to prevent MAC formation that is responsible for complementmediated cell lysis (D. D. Kim & Song, 2006; Morgan, 1999; Stoute, 2005).
1.5.4

CD47 (integrin-associated protein)

Other than CRPs, the RBC surface also expresses CD47, which functions as a selfmarker. Binding of CD47 with the inhibitory signal regulatory protein-α (SIRPα)
expressed on macrophage creates a negative signal for macrophage activation and
inhibits RBC phagocytosis (Oldenborg et al., 2000). In mouse model, CD47-deficient
mice were more susceptible to autoimmune haemolytic anaemia and had rapid RBC
clearance by macrophages than the wild-types (Oldenborg, Gresham, Chen, Izui, &
Lindberg, 2002; Oldenborg et al., 2000). However, in-vitro data with P. falciparum
did not find any changes in RBC CD47 expression after infection (Hempel et al.,
2014). Of note, aging-induced conformational changes on RBC CD47 has been
previously reported, whereby thrombospondin-1 binds to CD47 that results into “eatme” signal after interaction with SIRPα (Burger, Hilarius-Stokman, de Korte, van den
Berg, & van Bruggen, 2012). Additionally, previous reports have demonstrated that
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Plasmodium preferentially infect RBCs expressing high CD47, suggesting an immune
protective mechanism by the parasite to avoid phagocyte clearance (Ayi et al., 2016;
Banerjee, Khandelwal, Kozakai, Sahu, & Kumar, 2015). Nevertheless, the exact role
of CD47 towards malarial anaemia in humans has not been fully elucidated.
1.5.5

Complement activation and CRP expression in malarial anaemia

While antibody-mediated complement inhibition is an important mechanism of
malaria protection, complement activation has also been associated with
immunopathogenesis of malarial anaemia (Biryukov & Stoute, 2014; Stoute, 2005).
Activation of complement on uninfected RBCs occurs when RBC collides with
immune complex bound to C3b (Dasari et al., 2014). In malaria, these immune
complexes are formed through the binding of antibody with antigen proteins released
during blood-stage schizont ruptures (Dasari et al., 2014). Normally, RBCs are
protected from complement-mediated attack by the presence of CRPs expressed on the
RBC surface, such as CR1 (CD35), DAF (CD55), and protectin (CD59) (D. D. Kim
& Song, 2006). However, CRPs are removed from RBCs during Plasmodium
infection. Aside from complement regulation, CR1 is also responsible for removing
immune complexes from the circulation, whereby C3b-opsonised immune complexes
bind to CR1 on RBC and are taken up by macrophage in the spleen and liver. Although
RBCs are recirculated into the bloodstream after immune complex clearance, the
process simultaneously strips CR1 from the RBCs (Reinagel et al., 1997). CD55 is
also removed through a similar process (Craig, Waitumbi, & Taylor, 2005). The
clearance of CRPs reduces RBC’s capacity to regulate complement deposition, thus
making RBCs more susceptible to complement-mediated destruction and macrophage
phagocytosis (Figure 1.6) (Stoute, 2005). Indeed, reduced expression of CR1 and
CD55 has been associated with malarial anaemia and haemoglobin levels in African
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children with P. falciparum infection (Gwamaka, Fried, Domingo, & Duffy, 2011;
Stoute et al., 2003; Waitumbi, Opollo, Muga, Misore, & Stoute, 2000). Furthermore,
lower expression of CR1 and CD55 is linked with increased C3b deposition on RBC
(Odhiambo, Otieno, Adhiambo, Odera, & Stoute, 2008; Owuor et al., 2008).
It is unknown if CRP loss is also a mechanism of P. vivax malarial anaemia. Since P.
vivax results in a greater RBC loss per circulating parasite than P. falciparum (Collins
et al., 2003; Jakeman et al., 1999), further studies are warranted to investigate this
mechanism. The importance of CRP loss in adults with malarial anaemia is also
unclear. Increased CRP expression has been linked with age (Waitumbi, Donvito,
Kisserli, Cohen, & Stoute, 2004). In malaria, functional antibodies interact with C1q
to activate the classical pathway (Boyle et al., 2015b). However, the possible role of
functional antibodies in mediating CRP removal, and the possible interplay between
complement activation in malarial anaemia and complement activation in malaria
immunity have not been investigated.
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Figure 1.6 Mechanism of malarial anaemia through CRP loss.
During schizont rupture, proteins released form immune complexes with antibody.
Subsequently, the immune complexes bind to CRPs expressed on RBC, and are taken
up by macrophage to the liver and spleen for clearance. After clearance, RBCs are
recirculated to the bloodstream but with reduced level of CRPs and increased
susceptibility to complement-mediated attack. When C3b deposits on RBCs,
complement activation and destruction occur followed by RBC removal by
macrophage. The overall process contributes to malarial anaemia.
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1.6 Focus on human studies in understanding malaria immunity
Our current understanding of the development, regulation, and maintenance of malaria
immunity is still lacking. Further investigations on immunological responses that
translate into protection from the disease are required to develop effective anti-malarial
vaccine. This thesis will use samples from volunteer infection studies of malaria in
humans because they provide best-fit model that mimic natural malaria infection and
course of naturally acquired immunity. In this section, I discuss the importance of
human experimental and field studies in malaria immunity, and their comparisons with
animal models.
1.6.1

Differences between human and mouse model

The use of mouse models to study human immune responses to malaria has been highly
beneficial in advancing our understanding of the complex biology of the malaria
parasite and the disease outcome. Malaria mouse models allow the use of specific
techniques such as gene manipulations, controlled stages of infection, and dissections
of immune organs that cannot be applied in human subjects (Scholzen & Sauerwein,
2016). However, there are significant differences between mouse and human that need
to be carefully considered when interpreting result outcomes. Additionally, malaria
mouse models represent non-natural host-pathogen interactions that may produce
different immune responses than human malaria infection. For example, cerebral
malaria and spleen in mice have different histopathological features and
microanatomical structures than the human counterparts (Steiniger, 2015; N. J. White,
Turner, Medana, Dondorp, & Day, 2010). Further, Ig isotypes between mice and
humans are different and are not of direct homologous proteins. In mice, IgG
subclasses include IgG1, IgG2a, IgG2b, and IgG3 while humans have IgG1, IgG2,
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IgG3, and IgG4 (Mestas & Hughes, 2004). Additionally, Ig class-switching by
cytokines production may results in different Ig isotypes between humans and mice
(Mestas & Hughes, 2004). Similar differences have also been reported with T-cell
subset differentiation. IFN-α induces T-cell differentiation into Th1 subset in humans,
but not in mice (Farrar et al., 2000).
1.6.2

The importance of studying malaria immunology in diverse transmission
settings

Malaria transmission intensity is spatially diverse and can vary within local
transmission pockets (Wesolowski et al., 2018). Geographically, malaria distribution
is highest in the sub-Saharan Africa where P. falciparum is the dominant species. In
other regions with lower endemicity, both P. falciparum and P. vivax are widespread
(Gething et al., 2012; Gething et al., 2011). Transmission intensity is influenced by
many variables including local climate factors and vector capacity of the Anopheles
mosquitoes (Brady et al., 2016). Notably, transmission intensity is often measured by
entomological inoculation rate (EIR), defined as the number of infectious mosquito
bites per year (Doolan et al., 2009). Changes in transmission intensity has important
consequences for morbidities and age patterns from malaria disease (Snow et al., 1997;
Snow et al., 2001). In areas with high endemicity and stable malaria exposures,
symptomatic infection is restricted to young children while adults are generally semiimmune or asymptomatic. Collective studies in Kenya, where malaria is highly
endemic, demonstrated that protection against severe disease increased with age
(Gupta, Snow, Donnelly, Marsh, & Newbold, 1999; Marsh & Kinyanjui, 2006). In
comparison, individuals of all age groups are susceptible to clinical malaria in low
transmission areas (Fowkes et al., 2016). These observations indicate that malaria
immunity develops after constant exposures and repeated infections. Hence
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comparison of malaria immune responses between regions of contrasting endemicity
can provide valuable information on development of malaria immunity, including
functional antibodies and cellular responses.
1.6.3

Volunteer Infection Study (VIS)

Volunteer infection study (VIS) was first demonstrated by the neurosyphilis studies in
1920s-1960s, where Plasmodium parasites were injected into humans for anti-syphilis
treatment (Boyd & Kitchen, 1937; Ciuca et al., 1934; Covell & Nicol, 1951).
Currently, VIS is used in many trials for assessment of drug or vaccine efficacy as well
as to gain further understanding of primary immune response to malaria (Engwerda,
Minigo, Amante, & McCarthy, 2012; Scholzen & Sauerwein, 2016; Stanisic,
McCarthy, & Good, 2018). Field-based studies are limited due to variation in the
duration of infection, number of previous exposures, and potential co-infections and
morbidities (Scholzen & Sauerwein, 2016). These limitations prevent clear
characterisation of immune responses towards malaria at specific time points. Whilst
VIS trials overcome some of these limitations, they are often undertaken in adult
volunteers whereas in a natural setting malaria is mostly first encountered during
childhood. Furthermore, the low parasitaemia infection used in VIS trials may not
represent endemic settings where high parasite burdens often occur (Scholzen &
Sauerwein, 2016). Additionally, the administration of cryopreserved parasites in VIS
trials may reduce the viability of the parasites, in which non-viable/dead parasites
could potentially induce biased immunological responses, and thus may not reflect the
natural infection biology.
Two types of VIS are available: sporozoite induced infection and asexual blood-stage
induced infection (Sauerwein, Roestenberg, & Moorthy, 2011). Sporozoite infection
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can be administered via sporozoite-infected mosquito bites or by direct injection of
cryopreserved sporozoites. Direct sporozoite injection method is more consistent for
parasite dose estimation and comparisons between studies, since mosquito-bite VIS
can have highly variable number of sporozoites injected into each participant
(Ponnudurai, Lensen, van Gemert, Bolmer, & Meuwissen, 1991; Stanisic et al., 2018).
Induced blood-stage malaria (IBSM) VIS uses cryopreserved infected RBCs isolated
from a parasitemic donor, that are administered via intravenous injection to the
volunteers (Engwerda et al., 2012). IBSM provides a more uniform but also greater
flexibility to vary size of inoculum given to each volunteer compared to sporozoite
induced infection (Duncan & Draper, 2012; Engwerda et al., 2012). These enable the
calculation of parasite multiplication rate (PMR) with a greater degree of confidence
(Duncan & Draper, 2012; Sanderson et al., 2008). Furthermore, IBSM studies do not
require mosquito insectarium facilities, and thus have logistical ease benefit in various
settings (Duncan & Draper, 2012). However, IBSM investigation is only limited to
erythrocytic and gametocyte stage of the parasite, and has a requirement for EpsteinBarr virus (EBV) and cytomegalovirus (CMV) seropositive volunteers, due to original
donor seropositivity (Duncan & Draper, 2012; Engwerda et al., 2012).
Assessments for P. vivax infection present additional challenges for VIS studies. The
difficulties in maintaining long-term in-vitro culture for P. vivax require sporozoite
generation to be strictly derived from mosquito gametocyte feeding, and this can only
be undertaken in endemic areas with P. vivax infected patients. Additionally,
sporozoite induced VIS requires stringent assessments and exclusions for participants
with G6PD deficiency and CYP2D6 polymorphism to ensure anti-hypnozoite
treatment (Stanisic et al., 2018). VIS using blood-stage P. vivax relies on
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cryopreserved blood samples of infected individuals (P. Griffin et al., 2016; McCarthy
et al., 2013).

1.7 Aims and Rationale
The complement cascade is a key mechanism of the human immune response against
Plasmodium infection. In the previous subchapters, I have outlined the mechanism and
importance of antibody-mediated complement fixation, capable of targeting
sporozoites and merozoites to inhibit parasite replication and mediate clinical
protection from malaria. The development of an anti-malarial vaccine will require a
comprehensive understanding of complement-fixing antibodies role in the protection
from and pathogenesis of malaria and the factors influencing the induction of
complement fixing antibodies. Several key knowledge gaps need to be addressed.
First, antibody-mediated complement-fixing mechanisms have not been demonstrated
in P. vivax infection, now the predominant cause of human malaria in most of the AsiaPacific and Americas. Characterising specific TfH and cellular responses that induce
complement-fixing antibodies and other functional antibodies, is also critical for the
development of effective vaccines. Age has also been implicated as a determining
factor of immune maturity and effective immune responses against malaria. As such,
it is important to investigate the influence of age towards the induction of complementfixing antibodies that target malaria parasites. Aside from its protective roles,
complement activation has been associated with P. falciparum anaemia and
pathogenesis. It is currently unknown if similar pathogenic mechanism from loss of
CRPs occur in P. vivax infection, and whether protective complement-fixing
antibodies play any role in malarial anaemia pathogenesis. Additionally, the causality
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of this pathogenic mechanism and the onset of haemoglobin loss or anaemia has yet to
be determined. The importance of using human samples, instead of mouse model, in
understanding immune response to malaria has also been addressed. In this thesis, I
aim to improve our understanding of the role of complement in the protection and
pathogenesis of malaria, with a specific focus on functional antibody production and
malarial anaemia pathogenesis. Using human samples from multiple unique cohorts, I
will address the following objectives:
1. Characterisation of antibody-mediated complement mechanism in children
and adults with P. vivax malaria
The functional and protective roles of complement-fixing antibodies have been
demonstrated in P. falciparum malaria, and are capable of inhibiting merozoite-RBC
invasion and sporozoite liver-stage infection (Boyle et al., 2015b; Liriye Kurtovic et
al., 2018). Antibody-fixing complement mechanisms have never been described in P.
vivax malaria, and it is unknown the degree to which age influences functional
antibody induction. To address this, I will investigate and quantify the induction profile
of complement-fixing antibodies against P. vivax MSP3α in a cohort of individuals
from an endemic setting. PvMSP3α is a promising candidate vaccine target for P. vivax
malaria and anti-PvMSP3α cytophilic antibodies were previously associated with
disease protection. Specific antibody isotypes mediating complement mechanism will
be investigated and compared between children and adults with P. vivax malaria. These
findings are presented in Chapter 3 and published in the Journal of Infectious Diseases.
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2. Characterisation of T-follicular helper cell and B-cell components that
mediate complement-fixing antibodies induction
Development of effective and long-lived functional antibodies depends on appropriate
TfH and B-cell responses. Despite this, specific subsets of TfH and B-cells linked with
production of complement-fixing and other functional antibodies have yet to be
identified in malaria. It is also unclear whether the induction of certain TfH and B-cell
subsets is age-dependent, and whether this has any effect on functionality and antibody
production during malaria. I will characterise TfH and B-cell subsets activation in
children and adults with P. falciparum and P. vivax malaria. I will also investigate
whether the TfH and other cellular responses are associated with acquisition of
complement-fixing and other functional antibodies. These findings are presented in
Chapter 4 and is currently being drafted into a manuscript.
3. Assess the link between complement-fixing antibodies, CRPs, and
complement-mediated anaemia in P. vivax and P. falciparum malaria
Complement activation and loss of CRPs resulting in RBC destruction have been
identified as pathogenic mechanisms of P. falciparum malarial anaemia in children.
However, the same mechanism has not been demonstrated in P. vivax infection and in
adults with malaria. The role of complement-fixing antibodies in mediating CRP loss
and complement activation, and hence their contribution to malarial anaemia, is
unknown. In this project, I will quantify and compare the level of CRPs on RBCs in
patients with P. falciparum and P. vivax anaemia. In addition, I will also explore the
association between complement-fixing antibodies, CRPs, and malarial anaemia.
Distinct characterisation of CRPs on uninfected RBCs and infected RBCs will be
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investigated. These findings are presented in Chapter 5 and published in the Journal
of Clinical Investigation: Insight.
4. Elucidating pathogenic role of CRP loss in mild malarial anaemia and during
low density infection
Loss of CRPs on RBCs is a pathogenic mechanism that has been clearly demonstrated
in severe malarial anaemia. Whether the same mechanism also contributes to the early
progression of mild anaemia and during low density infection is unclear. Further, the
cause and effect relationship between loss of CRPs and the onset of anaemia is yet to
be evaluated. Past studies were only able to investigate this relationship in endemic
settings where study enrolments were from patients presenting with clinical malaria.
In this project, I will quantify levels of CRPs in patients with mild malarial anaemia
from a low transmission setting in Sabah, Malaysia. Additionally, I will investigate the
causality between CRP expression and haemoglobin levels in volunteers from
volunteer infection study (VIS) with low density infection. These findings are
presented in Chapter 6 and the manuscript has been accepted for publication in
Malaria Journal.
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Chapter 2: General Methodology and Study
Design
2.1 Human cohort samples
2.1.1

Ethics statement

Written informed consent was obtained from all study participants or, in the case of
children, was obtained from parents or guardians. For clinical cohorts, the study was
approved by the ethics committees of the Northern Territory Department of Health,
Menzies School of Health Research, Charles Darwin University Human Research
Ethics Committee, the Indonesian National Institute of Health Research and
Development, the Oxford Tropical Research Committee, Malaysian Ministry of
Health Medical Research and Ethics Committee, and QIMR Berghofer Ethics
Committee.
2.1.2

Timika, Papua, Indonesia

Timika is a forested lowland town located in south-central Papuan province, Indonesia.
Estimated population of the area is 200,000 people from diverse ethnic origins
comprising of lowland Papuans, highland Papuans, and non-Papuan migrants, and
with 16% of projected annual growth due to economic migration (Karyana et al.,
2008). Malaria transmission in the region is unstable with three main mosquito vectors:
Anopheles koliensis, An. farauti, An. punctulatus (Kenangalem et al., 2019). A houseto-house survey in 2013 documented an overall malaria prevalence of 37.7%, based
on both microscopic and submicroscopic detection (Pava et al., 2016). The majority
of patients with parasitaemia were due to P. falciparum (53%) and P. vivax (32%),
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with few occurrences from P. malariae and P. ovale (Douglas et al., 2013).
Chloroquine-resistant P. falciparum and P. vivax are widely reported in this region
(Tjitra et al., 2008), but changes in national treatment policy have successfully reduced
malaria incidence in the past decade (Kenangalem et al., 2019; Poespoprodjo et al.,
2015; Ratcliff et al., 2007). Both children and adults are affected by clinical malaria.
The incidence of overall anaemia cases is common in this region, where 12-15% were
attributed to non-falciparum and P. falciparum mono infection (Douglas et al., 2013).
This thesis will use samples collected within previous clinical trials, described
previously (Randall et al., 2010; Ratcliff et al., 2007; Russell et al., 2008; Yeo et al.,
2007). Patients were recruited into the studies between 2004 and 2007 in Timika,
Papua. Children and adults with slide microscopy confirmed malaria and with fever or
history of fever within the last 48 hours were enrolled for artemisinin combined
therapy and in-vitro efficacy study. Pregnant and lactating women and children under
10 kg body weight were excluded from the study. For severe malaria patients, ³18 year
old adults with P. falciparum malaria and with acute moderately severe and severe
malaria were enrolled. Severe malaria patients were treated with intravenous quinine
or artemisinin according to national policy guidelines. Plasma, PBMC, and glycerolpreserved RBC samples from this region will be used to address aim 2 and 3, with
results presented in Chapter 4 and 5.
2.1.3

Sabah, Malaysia

Sabah is a region in north-east Malaysia with an estimated population of 3.2 million.
The region has tropical climate with high humidity and rainfall all year round.
Mosquito vectors transmitting malaria include An. balabacensis and An. donaldi
(William et al., 2013). Sabah is at the pre-elimination malaria phase due to strong

CHAPTER 2: General methodology

46

malaria control programmes. Incidence of P. vivax and P. falciparum is now very low,
however, the number of cases of P. knowlesi is rising with up to 98% of total malaria
cases (Cooper et al., 2019). In this region P. knowlesi transmission is maintained by
animal reservoirs; the long-tailed and pig-tailed macaques (Cooper et al., 2019;
William et al., 2014). Local hospital guidelines recommend artemether-lumefantrine
for uncomplicated P. falciparum and P. knowlesi malaria, chloroquine + primaquine
or ACT for uncomplicated P. vivax malaria, and intravenous artesunate for severe
malaria (Barber et al., 2013).
This thesis will use samples collected within previous clinical trials, described
previously (Barber et al., 2013; Grigg et al., 2018). Patients of all ages with PCRconfirmed P. vivax malaria and with fever were enrolled in the cohort study.
Additional inclusion criteria include if patients were within 18 hours of commencing
malaria treatment, without major comorbidities, and non-pregnant. For studies in this
thesis, mixed species infection was excluded. All malaria patients were treated
according to hospital guidelines. Plasma and glycerol-preserved RBC samples from
this region will be used to address aim 1 and 4, with results presented in Chapter 3 and
6.
2.1.4

Plasmodium falciparum induced blood-stage malaria (IBSM)

Preparation of the parasite inocula has been described previously (Cheng et al., 1997).
Briefly, An. stephensi mosquitoes were fed with gametocyte of chloroquine-sensitive
P. falciparum clone 3D7 derived from a naturally-infected human isolate.
Subsequently, a healthy human male volunteer with no evidence of blood-borne virus
infection was infected with P. falciparum through the infected mosquitoes. Blood was
withdrawn from the volunteer 13 days after mosquito bites, when disease presentation
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of high fever occurred. After leukocyte depletion processing, the blood was
cryopreserved with Glycerolyte 57 and stored in liquid nitrogen for further use. The
volunteer was repeatedly assessed for any indications of blood-borne infections.
Protocol for blood-stage P. falciparum VIS has been described previously (McCarthy
et al., 2011). Administration of blood-stage P. falciparum to healthy volunteers
involves preparation of the stock inocula, quantification of viable parasites using
quantitative PCR (qPCR), and determination of parasite dose to administer. After
intravenous inoculation, volunteers were monitored periodically as outpatients and
parasitemia was quantified by real-time qPCR. Anti-malarial intervention treatment
begun when parasitemia is ≥5,000 parasites/mL by qPCR. Following treatment,
volunteers were monitored to ensure successful therapy and for safety review.
This thesis will use samples collected within previous IBSM trials, registered at NIH
ClinicalTrials.gov, NCT03542149. Glycerol-preserved RBC samples from this region
will be used to address aim 4, with results presented in Chapter 6.

2.2 General methods
2.2.1

Recombinant proteins

Recombinant proteins used in this thesis were obtained from the following sources:
PvMSP3α (Lima-Junior et al., 2011) (Mary Galinski, Emory University), PfMSP23D7 (Boyle et al., 2014) (Robin Anders, Burnet Institute), recombinant FcgRIIα and
FcgRIII dimer (Wines et al., 2016) (Bruce Wines and Mark Hogarth, Burnet Institute).
2.2.2

Antibody response and functional antibody determination by ELISA

Complement deposition assay was performed as previously described (Boyle et al.,
2015b; Reiling et al., 2019). Ninety-six well flat-bottom Maxisorp® plates (Nunc)
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were coated with recombinant antigens at 0.5 µg/ml in PBS or purified whole
merozoites (~40,000 merozoite/ml) overnight at 4oC. Washing steps were done three
times with PBS-Tween (0.5% w/v) (Thermo-Fisher). After washing, plates were
blocked with 1% casein salt in PBS for 2 hours at 37oC, followed by the addition of
diluted plasma (1/250) in 0.05% Azide with 2 hours incubation time at room
temperature (RT). Recombinant C1q at 10 µg/ml (Quidel) was added and incubated
for 30 minutes at RT. C1q was detected with rabbit anti-C1q antibodies (Dako) at
1/2000 dilution and goat anti-rabbit HRP (Bio-Rad) at 1/4000 dilution. C1q deposition
by antibodies was detected using Tetramethylbenzidine (TMB) (Sigma) with 1M HCl
added to stop the reaction, and absorbance was measured at 450 nm. For detection of
antibody isotypes and subclasses, the following antibodies were used: sheep
polyclonal anti-human IgG-HRP (Life Technologies), mouse monoclonal anti-human
IgM (clone HP6083, Life Technologies), mouse monoclonal anti-human IgG1 (clone
HP6069, Life Technologies), and mouse monoclonal anti-human IgG3 (clone
HP6050, Life Technologies), all incubated for 1 hour at RT and at 1/2000 dilution.
Antibody response was detected with goat polyclonal anti-mouse IgG-HRP (Merck
Millipore) at 1/4000 dilution.
For detection of antibody-mediated Fcg receptor binding, following incubation with
plasma, plates were added with biotin-conjugated recombinant FcgRIIα and FcgRIII at
0.2 and 0.1 µg/ml respectively, and incubated for 1 hour at 37oC. Secondary HRPconjugated streptavidin was then added for 1 hour at 37oC, followed by TMB substrate
and HCl to measure enzymatic reactivity. All dilution steps were done with 1% BSA
in PBS.
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2.2.3

Antibody purification

IgG and IgM purification from plasma were performed using ammonium sulfate
precipitation and Nab™ Protein G Spin Column (Thermo Scientific) as per
manufacturer’s instructions. For crude immunoglobulins precipitation, ammonium
sulfate was added dropwise to plasma to obtain 50% final concentration. After 30
minutes incubation, plasma was centrifuged at maximum speed (~15,000 rpm) for 10
mins and supernatant was discarded. Immunoglobulin pellet was then washed once
with 50% ammonium sulfate before resuspended in PBS and dialysed overnight in
PBS.
Immunoglobulin suspension was loaded into Protein G Spin Column to obtain IgG and
IgM fraction. Where indicated, IgM fraction refers to non-IgG fraction purified from
the column. IgM fraction was re-loaded into the column to further purify from IgG
antibody. Both IgG and IgM fractions were concentrated using 10kDa spin columns
(Amicon, Merck Millipore) and tested for purity using ELISA. ELISA steps to test for
fraction purity were similar as described in section 2.2.2, including antibody dilutions
and incubation times. Briefly, 50 µl purified fractions were coated to 96 well flatbottom Maxisorp® plates (Nunc) overnight at 4oC. Purified IgG and IgM (full purified
concentration) were detected using sheep polyclonal anti-human IgG-HRP (Life
Technologies), mouse monoclonal anti-human IgM (clone HP6083, Life
Technologies), and goat polyclonal anti-mouse IgG-HRP (Merck Millipore) at 1/2000
dilution. TMB substrate and HCl stop solution were used to measure enzymatic
reactivity.
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2.2.4

Parasite culture and synchronization

P. falciparum strains isolates (D10-GFP and 3D7) were cultured and synchronized as
described previously (Boyle, Richards, Gilson, Chai, & Beeson, 2010a; Wilson,
Crabb, & Beeson, 2010). RPMI-HEPES containing 50 µg/ml hypoxanthine, 20µg/ml
gentamicin, 25 mM sodium bicarbonate, and 10% of 50:50 ratio of human serum and
Albumax I (Gibco) was used as culture medium. Red blood cells from O+ blood group
donors (supplied by the Australian Red Cross) were used to feed the parasites. Parasite
cultures were maintained under the following conditions: ~5% haematocrit and 1-5%
parasitemia inside the incubator. Incubator settings were as follow: 1% O2, 4% CO2,
95% N2 at 37oC. Blood smears using 10% Giemsa (Merck) were prepared to count
parasitemia and distinguish parasite life stages.
For parasites synchronization, 30 IU inhibitory heparin (Sigma) was added into the
cultures to prevent merozoite invasion. Parasites were cultured under heparin until the
majority are at schizont stage. Heparin was then removed by centrifugation
(supernatant discarded) and RBCs were resuspended in fresh culture medium. Cultures
were then incubated for 6-8 hours to allow merozoite invasion and ring-stage
formations before re-added with heparin to block any further invasion.
2.2.5

Magnet separation of mature parasites

To purify schizont-stage (40-46 hours post invasion) infected RBCs from uninfected
RBCs, VarioMACS magnet system and CS column (Miltenyi Biotec) were used.
Columns were pre-washed with incomplete medium before parasite purification steps.
Where indicated, incomplete medium refers to culture medium without the addition of
serum or Albumax I. Typically, 100 ml of cultures at 3-5% parasitemia were passed
through the column and washed thoroughly with incomplete medium. Parasites were
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then eluted with culture medium, and incubated with E64 at 10 µM (Millipore Sigma)
for 6-8 hours to prevent schizont rupture. After incubation, blood smears were made
to assess proportion of mature schizonts containing merozoites. Merozoites were then
purified by filtering schizonts culture through 1.2 µm filter unit (Sartorius). Merozoite
yield was estimated at 4 x 108 for 100 ml of cultures at 3% parasitemia. Isolated
merozoites were used for ELISA-based assays.
2.2.6

Flow cytometric measurements for CRPs on uninfected and infected
RBC

Frozen glycerol-preserved RBCs were used to determine expression of CRPs on RBC.
To thaw RBCs, thawing solution (3.5% NaCl in H2O) was added dropwise and allowed
to rest for 5 minutes. RBCs were then pelleted by centrifugation at 1500 rpm for 5
minutes. Half thawing solution at 50:50 ratio with 1x PBS was then added dropwise
to the RBCs, and pelleted again by centrifugation. Lastly, 1x PBS solution was used
to wash and resuspend the RBCs. All thawing solutions were added at 4x volume of
starting RBCs.
For CRP staining, RBC pellet was added into 96-well V-bottom plate (Greiner) along
with staining solutions and incubated for 25 minutes in the dark at room temperature.
CRP staining antibodies and dilutions were as follow: 1 µl mouse anti-human CR1
BV421 (clone E11, BD Bioscience), 1 µl CD47 BV421 (clone B6H12, BD
Bioscience), 2.5 µl CD55 APC (clone IA10, BD Bioscience), 2.5 µl CD59 BV421
(clone p282, BD Bioscience). In addition to each individual CRP markers, 25 µl
SYBR-Green (1:10,000 dilution in PBS, Thermo Fisher) and 0.5 µl CD71 (clone
CY1G4, BD Bioscience) was added to bring a total of 50 µl of staining solution volume
in PBS. SYBR-Green and CD71 were used to distinguished infected RBCs and
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reticulocytes from uninfected RBCs. Samples were washed 3 times with 1x PBS
before acquisition with flow cytometer. Cell acquisition was performed using
Beckman Coulter Gallios flow cytometer. Compensation was performed using BD™
CompBeads and the values were calculated using FlowJo (version 10.4).
2.2.7

PBMC surface and intracellular staining

Peripheral blood mononuclear cells (PBMCs) were previously isolated and
cryopreserved using Ficoll density gradient method and stored in 10% DMSO in FCS
media at -80oC for 24 hours, followed by long-term storage in liquid nitrogen. Prior to
flow cytometry staining, cryopreserved PBMCs were thawed in 37oC water bath and
transferred dropwise into sterile R10 media (RPMI + 10% FCS) with 50 U/ml
benzonase. Cells were then washed with R10 media before counting using trypan blue.
After counting for viable cells, useable cell samples were resuspended in R10 media,
transferred into 96-well V-bottom plate (Greiner), and rested for 2 hours at 37oC in
incubator.
For surface staining, PBMCs were pelleted by centrifugation at 1200 rpm for 5
minutes. Surface staining was then added and cells were incubated for 15 minutes at
room temperature. Details of antibodies used for staining are described in Chapter 4.
At least 3 million and 1 million of viable cells were used for staining T-cell and B-cell,
respectively. Washing and resuspension were done with 2% FCS/PBS. Intracellular
stain was done using eBioscience™ FoxP3 staining buffer set (Thermo Fisher)
according to manufacturer’s instructions. Cells were resuspended in 2% FCS/PBS
before acquisition. Data analysis and gating strategy were performed using Kaluza
(version 1.3) and FlowJo (version 10.4), described in more details in results chapter.
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2.2.8

Data analysis

For data analysis approaches, see specific chapter results. All statistical analyses and
graphic output were performed in R (version 3.1.4), STATA (version 15.1), and Prism
(version 7.03).
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Induction of Complement-fixing Antibody in P.
vivax Malaria
3.1 Chapter Overview
Antibody-mediated complement fixation plays central roles in mediating protective
immunity from malaria by directly inhibiting merozoite invasion and by causing
merozoite lysis (Boyle et al., 2015b). This functional mechanism of antibodies is a
better indicator of malaria protection than total antibody titre (Boyle et al., 2015b;
Reiling et al., 2019). Nonetheless, the importance of complement-fixing antibodies in
malaria has only been demonstrated in P. falciparum infection, and not in P. vivax.
Identifying antigenic targets and understanding the role of complement-fixing
antibodies in P. vivax malaria are critical to inform vaccine development. In this
chapter, levels of complement-fixing antibody, IgG subclasses, and IgM to a P. vivax
blood-stage antigen were examined and compared within a longitudinal cohort of
children and adults with acute P. vivax malaria. The findings from this chapter were
published in the Journal of Infectious Diseases on 17 August 2019; the published
manuscript is presented.

CHAPTER 3: Induction of complement-fixing antibody in P. vivax malaria

55

The work related to this chapter also contributed to a publication in the journal Science
Advances:
Boyle, M. J., Chan, J. A., Handayuni, I., Reiling, L., Feng, G., Hilton, A., Kurtovic,
L., Oyong, D. A., Piera, K.A., Barber, B. E., William, T., Eisen, D. P., Minigo, G.,
Langer, C., Drew, D. R., de Labastida Rivera, F., Amante, F. H., Williams, T. N.,
Kinyanjui, S., Marsh, K., Doolan, D. L., Engwerda, C. R., Fowkes, F. J. I., Grigg, M.
J., Mueller, I., McCarthy, J., Anstey, N. M. & Beeson, J. G. (2019). IgM in human
immunity to Plasmodium falciparum malaria. Science Advances, Accepted for
publication.
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3.2 Published Manuscript
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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3.3 Supplemental Material
Supplementary Experimental Procedure
ELISA based complement fixation and antibody isotypes assays
ELISAs were carried out as described previously [6, 8]. Ninety-six well flat bottom
Maxisorp® plates (Nunc) were coated overnight at 4oC with recombinant PvMSP3α
proteins at 0.5 µg/ml. Washing steps were done three times with PBS-tween (0.5%
w/v). Plates were blocked with 1% casein for 2 hours at 37oC, followed by plasma
samples incubation at 1/250 in 0.1% casein for 2 hours at room temperature (RT).
Levels of total IgG was quantified by adding polyclonal horseradish peroxidase
(HRP)-conjugated sheep anti-human IgG at 1/2000 in 0.1% casein for 1 hour at RT
(Life Technologies). For quantification of IgM and IgG subclasses, monoclonal mouse
anti-human IgM (clone HP6083, Life Technologies), mouse monoclonal anti-human
IgG1 (clone HP6069, Life Technologies), mouse monoclonal anti-human IgG3 (clone
HP6050, Life Technologies), and goat polyclonal anti-mouse IgG HRP (Merck
Millipore) were added, each diluted at 1/2000 in 0.1% casein and incubated for 1 hour
at RT. For detection and quantification of C1q fixation, recombinant C1q at 10 µg/ml
(Quidel) in 0.1% casein was added after human plasma step and incubated for 30
minutes at RT. C1q fixation was detected with rabbit anti-C1q antibodies at 1/2000
(Dako) and goat anti-rabbit HRP (Bio-Rad) at 1/4000, each incubated for 1 hour at
RT. Antibodies and C1q binding were detected using Tetramethylbenzidine (TMB)
(Sigma) substrate, with reactions being stopped after 30 minutes to 1 hour by adding
1M HCl. Absorbance was then measured using spectrophotometer at 450 nm.
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Antibody purification
Plasma samples were pooled from 1) P. vivax-infected patients with high IgG and IgM
responses to PvMSP3α Central region (n = 5, Absorbance @450 nm >1) and 2) malaria
naïve controls (n = 15). Crude immunoglobulins were obtained using saturated
ammonium sulfate precipitation method. All steps were performed on ice. Pooled
plasma samples were first centrifuged at high speed for 5 minutes to remove insoluble
precipitates. Saturated ammonium sulfate was added dropwise in increasing
concentration of 0-50% to the pooled plasma with continuous agitation. Mixture was
then incubated for 30 minutes with occasional gentle swirl to allow immunoglobulin
precipitation. To obtain immunoglobulin pellet, samples were centrifuged at maximum
speed for 10 minutes and supernatant was discarded. Pellet was then washed once with
50% ammonium sulfate, centrifuged, and any remaining supernatant was carefully
removed. Immunoglobulin pellet was resuspended and dialysed overnight in PBS with
dialysis tubes (Sigma).
Purification of IgG and IgM from crude immunoglobulins was performed using
NAb™ Protein G Spin Column (Thermo Scientific) as per manufacturer’s instructions.
Where indicated, IgM fraction refers to non-IgG fraction purified from the Protein G
column. IgM fraction was re-loaded once into the column to further purify from IgG
antibody. Both IgG and IgM fractions were then dialysed overnight in PBS and
concentrated using 10 kDa spin columns (Amicon, Merck Millipore). Subsequent
ELISA procedures to determine IgG/IgM purity and quantify C1q fixation were as
above.
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Supplementary Figures
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Supplementary Figure 1. Seroprevalence and magnitude of C1q-fixing antibodies
against different PvMSP3α regions. (A) Seroprevalence of C1q-fixing antibodies
against different regions of PvMSP3α. Positive threshold for seroprevalence was
calculated as above the mean plus three standard deviations of absorbance detected
in malaria naïve Australian donors. Chi-square test is indicated for comparison
between antigen regions (B) Magnitude of C1q-fixing antibodies against different
regions of PvMSP3α. Friedman test and Wilcoxon-matched pair test is indicated for
comparison between protein regions. For boxplot, lower and upper hinges represent
first and third quartiles, and whisker lines correspond to highest and lowest values no
further than 1.5 interquartile range from the hinges. Data beyond the whisker lines
are treated as outliers. Median line is indicated across the box.
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Supplementary Figure 2. Seroprevalence and magnitude of IgG and IgM antibodies
against different PvMSP3α regions. (A) Seroprevalence of IgG and IgM antibodies
against different regions of PvMSP3α. Chi-square test is indicated for comparison
between antigen regions. Positive threshold for seroprevalence was calculated as
above the mean plus three standard deviations of absorbance detected in malaria
naïve Australian donors (B) Magnitude of IgG and IgM antibodies against different
regions of PvMSP3α. Friedman test and Wilcoxon-matched pair test is indicated for
comparison between protein regions. For boxplot, lower and upper hinges represent
first and third quartiles, and whisker lines correspond to highest and lowest values no
further than 1.5 interquartile range from the hinges. Data beyond the whisker lines
are treated as outliers. Median line is indicated across the box.
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Supplementary Figure 3. Seroprevalence and magnitude of IgG1 and IgG3
antibodies against different PvMSP3α regions. (A) Seroprevalence of IgG1 and IgG3
antibodies against different regions of PvMSP3α. Chi-square test is indicated for
comparison between antigen regions (B) Magnitude of IgG1 and IgG3 antibodies
against different regions of PvMSP3α. Friedman test and Wilcoxon-matched pair test
is indicated for comparison between protein regions. For boxplot, lower and upper
hinges represent first and third quartiles, and whisker lines correspond to highest and
lowest values no further than 1.5 interquartile range from the hinges. Data beyond the
whisker lines are treated as outliers. Median line is indicated across the box.
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Supplementary Figure 4. Correlations matrixes between Total IgG, IgG1, IgG3,
IgM, and C1q fixation against PvMSP3α antigens from different groups; children,
adults, and uninfected individuals. Spearman’s correlation coefficient is indicated.
Coloured boxes indicate statistical significance, P < 0.05.
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Supplementary Figure 5. Comparison of fold change to anti-PvMSP3α antibody
response between children and adults over 28 days follow-up periods. Mann-Whitney
test is indicated for comparison between age groups. NOTE: Fold change is defined
as Day 7 and Day 28 follow-up absorbance (OD 450nm) divided by Day 0. Bar graph
indicates median and whisker lines correspond to interquartile range.
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Supplementary Figure 6. Comparison of magnitude change to anti-PvMSP3α
antibody response between children and adults over 28 days follow-up periods.
Mann-Whitney test is indicated for comparison between age groups. NOTE:
Magnitude change is defined as Day 7 and Day 28 follow-up absorbance (OD 450nm)
subtracted with Day 0. Lower and upper hinges represent first and third quartiles, and
whisker lines correspond to highest and lowest values no further than 1.5 interquartile
range from the hinges. Data beyond the whisker lines are treated as outliers. Median
line is indicated across the box.
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Supplementary Figure 7. Correlations between IgG and IgM antibody responses and
parasite count in P. vivax-infected patients. (A) At day 0 follow-up and (B) day 28
follow-up. Spearman’s correlation test is indicated. Parasite count was determined
by blood smear microscopy at enrolment.
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Functional antibody induction, and the quantity
and quality of T-follicular helper cells is agedependent in P. falciparum malaria
4.1 Chapter Overview
In the previous chapter, I have discussed induction kinetics of complement-fixing
antibodies in P. vivax malaria and the important impact of age in influencing the types
of antibody induced. Antibody function to mediate complement fixation, and along
with other Fc-mediated functions, are important protective mechanisms against
Plasmodium. The induction of antigen-specific and broadly neutralizing antibody
requires optimal response from the cellular compartments of the immune system, such
as T-follicular helper cells (TfH) and B-cells. It is currently unknown which distinct
subsets of TfH and B-cells are required for the development of functional antibodies
against malaria. Understanding correlates of immune protection is essential to inform
the development of effective anti-malarial vaccines. Further, it is unclear if age also
influences the type of cellular response induced during malarial infection, and whether
this has important consequences on the development of antibodies and malaria
immunity. In this chapter, levels of different antibody functions and frequency of
circulating TfH and B-cells were examined and compared between a cohort of children
and adults with acute P. falciparum infection. The findings from this chapter are being
drafted into a manuscript.
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4.2 Introduction
Antibodies play extensive roles in mediating protective immunity against malaria. This
significance was well documented in a passive transfer study, in which the transfer of
antibodies from immune adults to children with clinical malaria resulted in reduced
parasite burden and alleviation of clinical symptoms (Cohen et al., 1961). Antibodies
are also integral in vaccine-induced immunity to malaria. In RTS,S trials, induction of
antibody subclasses and antibody titres were associated with reduced risks of malaria
following vaccination (Dobano et al., 2019; M. T. White et al., 2015). More recently,
the apparent importance of complement fixation and other antibody functions, rather
than total antibody titres, has been highlighted as key predictors of malaria protection,
both in naturally acquired (Boyle et al., 2015b; Osier et al., 2014; Reiling et al., 2019)
and vaccine-induced immunity (Behet et al., 2018; Liriye Kurtovic et al., 2018).
However, immunity to malaria appears to be driven by immune factors that change
with age. Studies on migrant populations moving from a malaria free region into a
holoendemic setting have demonstrated that adults acquired protective immunity and
anti-malarial antibodies more rapidly compared to children, independent of exposure
histories (Baird et al., 1991; Baird et al., 1993). In RTS,S trials, vaccine efficacy (VE)
was higher in children (age 5-17 months, VE 36.3%) compared to infants (age 6-12
weeks, VE 25.9%) (RTS, 2015). Further, antibody titres and antibody subclass
specificity to different antigens were also age dependent in the same RTS,S cohort
(Dobano et al., 2019; M. T. White et al., 2015). Our current understanding of the
specific mechanisms responsible for the induction of functional antibodies, and
whether these are impacted by age during malaria infection is limited, significantly
hampering the development of effective anti-malarial vaccines.
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The induction of antibodies requires appropriate cellular responses, primarily from Tfollicular helper cells (TfH). TfH provide crucial help for B-cells to undergo affinity
maturation, class-switching, and differentiation into memory B-cells (MBCs) and
antibody secreting cells (ASCs) (Crotty, 2014; Vinuesa et al., 2016). Although
primarily functioning in the lymphoid organs, TfH can also exit the germinal centre
(GC) to form circulating TfH (cTfH) in the peripheral blood (Hale & Ahmed, 2015;
Vinuesa et al., 2016). cTfH expressing CXCR5 and PD1 have similar phenotypic,
functional, and transcriptional profiles to that of lymphoid TfH (Morita et al., 2011),
and thus provide a platform for the use of peripheral blood samples to investigate roles
and importance of TfH during human infection. When activated, cTfH upregulate the
expression of surface molecules that are necessary for cell development and function,
such as inducible co-stimulator (ICOS), CD38, and Ki67 (Akiba et al., 2005; Herati et
al., 2017). Human cTfH are further classified into different subsets, including Th1-like
(CXCR3+CCR6-), Th2-like (CXCR3-CCR6-), Th17-like (CXCR3-CCR6+), and
Th1/17-like (CXCR3+CCR6+) cTfH, in which each subset has different functional
and cytokine profiles (Morita et al., 2011). The transcriptional profile of CXCR3cTfH (Th2-like and Th17-like) have been shown to resemble that of GC TfH (Locci
et al., 2013). It is proposed that CXCR3- cTfH have greater capacities to induce naïve
B-cell, that in turn produce antibodies, compared to Th1-like cTfH (Morita et al.,
2011). Indeed, increased CXCR3- cTfH have been associated with superior induction
of MBCs, plasma cells, and broadly neutralizing antibodies in HIV infection (Locci et
al., 2013). In contrast, other studies have suggested that Th1-like cTfH are also
functional, capable of activating MBCs and were associated with increased levels and
breadth of antigen-specific antibodies in HIV and influenza (Baiyegunhi et al., 2018;
Bentebibel et al., 2013; Martin-Gayo et al., 2017). Malaria studies investigating the
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interplay between TfH responses and antibody induction are very limited. Clinical data
from human samples suggest that malaria drives the expansion and activation of Th1like cTfH with low functional characteristics (Bowyer et al., 2018; Obeng-Adjei et al.,
2015). One study with Malian children showed that acute P. falciparum infection
preferentially activate Th1-like cTfH, but this activated subset was not correlated with
plasma cell nor antibody responses (Obeng-Adjei et al., 2015). Similarly, infection by
P. vivax also increased Th1-like cTfH frequency (Figueiredo et al., 2017). In vaccine
trials, co-administration of RTS,S with a potent T-cell inducer led to a skewed Th1like cTfH response that was associated with reduced antibody quantity and quality
(Bowyer et al., 2018).
The activity of TfH is regulated in part by T-follicular regulatory cells (TfR). TfR
development is initiated when CD4+FoxP3+ T-regulatory cells (Tregs) express
CXCR5 and PD1, allowing these cells to migrate into the B-cell follicle and control
GC response. Circulating TfR have also been described previously (Sage, Francisco,
Carman, & Sharpe, 2013). In malaria, elevated frequency of Tregs have been directly
associated with parasite density and clinical symptoms (Boyle et al., 2015a;
Jangpatarapongsa et al., 2008; Minigo et al., 2009; Walther et al., 2009). Nevertheless,
no studies have investigated the role of TfR in the development of malaria immunity.
A balanced ratio between TfR and TfH may be necessary to develop effective immune
responses against diseases. Lack of TfR leads to over production of non-antigen
specific B-cells in the GC (Linterman et al., 2011). In comparison, expansion of TfR
during HIV infection dysregulates TfH activity and function, and can lead to reduced
viral clearance (Miles et al., 2015).
Induction of antibody requires proper B-cell development into antibody secreting
plasma cells and MBCs. Although antibody responses in malaria are generally shortCHAPTER 4: Age-dependent induction of functional antibody and T-follicular helper cells
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lived compared to viral infections (Amanna et al., 2007), MBCs have been shown to
develop during malaria infection, albeit gradually (Weiss et al., 2010). This slow
acquisition of malaria immunity has been linked with the development of an atypical
subset of MBCs (Portugal et al., 2015), with exhausted-like characteristics of
decreased proliferative capacity and effector function (Moir et al., 2008). Indeed,
atypical MBCs were greatly expanded in malaria, particularly during chronic infection
(Portugal et al., 2015; Sullivan et al., 2015; Ubillos et al., 2017; Weiss et al., 2009).
Consistently, Th1-like cTfH have also been shown to upregulate Tbet expression
associated with CD21-CD27- atypical MBC expansion (Obeng-Adjei et al., 2017).
Nevertheless, a recent study showed that atypical MBCs are in fact, functional and
rapidly differentiated into ASCs upon rechallenge (C. C. Kim et al., 2019).
Understanding the relationship between TfH and B-cell responses and how these lead
to induction of functional antibodies against malaria is crucial to guide the
development of effective anti-malarial vaccines. Vaccine strategies that increase the
induction of Th2-like or Th17-like cTfH may help to improve protective immunity
against malaria. To date, the relationship between specific cTfH and B-cell subsets and
induction of functional and protective antibodies in malaria has not been investigated.
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4.3

Recent unpublished findings from the Boyle’s laboratory

Th2-like cTfH was associated with functional antibody induction in malaria
volunteer infection studies (VIS)
Others in our research team (led by Dr. Jo-Anne Chan and Dr. Michelle Boyle) used
samples from volunteer infection study (VIS) to investigate specific cTfH subsets that
induce functional antibodies (unpublished). In VIS, healthy and malaria naïve
volunteers were inoculated with blood-stage P. falciparum, monitored using qPCR,
and treated with anti-malarial drugs at day 8 (McCarthy et al., 2011).
VIS samples were quantified for the induction profile of antibodies and antibody
functional mechanisms which have previously been shown to be associated with
protection (Boyle et al., 2015b; Osier et al., 2014). These include IgG subclasses, IgM,
and functional antibodies to fix complement C1q (Boyle et al., 2015b), antibody
capacity to cross-link FcgRIIα and FcgRIII (McLean et al., 2017; Wines et al., 2016),
and to mediate opsonic phagocytosis by THP-1 monocytes (Osier et al., 2014). The
results showed that IgG subclasses and IgM responses targeting merozoites were
significantly elevated at end-of-study (EOS; day27/28/36) following induced infection
(Figure 4.1A). Similarly, a significant increase was also observed for antibody
functions targeting merozoites (Figure 4.1B), except for FcgRIIα to merozoites. The
association between antibody response and antibody function indicated that C1q
binding and FcgRIII cross-linking function were most strongly correlated with IgG1,
followed by IgM and IgG3 response (Figure 4.1C). Antibody scoring was generated
for each VIS participant to assess the overall breadth and magnitude of antibody
responses (Figure 4.1D/E).
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Figure 4.1 Functional merozoite and MSP2 antibodies are induced following VIS
A) IgG subclasses and IgM responses and B) functional capacity to fix complement
(C1q), cross-link FcgRIIa or FcgRIIIa and to promote opsonic phagocytosis (OPA) to
merozoites were assessed prior to inoculation and at end-of-study time points (EOS).
Positive threshold for each response is indicated by dotted line (calculated as mean +
3 SD of day 0 responses and the proportion of positive responders is indicated in the
top left of each panel. Wilcoxon paired t test is <0.001 for all comparisons of antibody
responses at day 0 to EOS, except for merozoite FcgRIIa which was not significant
p=0.11. C) Relationships between responses was investigated by network plots, which
depict the strength and direction of correlation. The closer the distance between
variables, the stronger the correlation. Blue indicates negative correlation while red
indicate positive correlation. Correlations were tested with Spearman’s correlation.
D/E) Antibody responses from each individual were categorised into negative/zero (0,
blue)) (below positive threshold obtained from malaria naïve samples), low (1,
red/pink)) (below median value of all positive responders), and high (2, yellow) (above
median value of all positive responders) responders, plotted on a D) heatmap and E)
histogram. Unpublished figure (Jo-Anne Chan & Michelle Boyle, 2019).
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Having shown that antibodies were induced following infection (Figure 4.1), cTfH
responses in VIS was assessed to identify the associations between cTfH and antibody
responses. In this work, activation marker ICOS+ of cTfH was significantly increased
at EOS compared to baseline day 0 (Figure 4.2A/B). Further, the frequency increase
of ICOS+ cTfH at day 8 was positively associated with antibody score at EOS (Figure
4.2E). At the subset level, there was a significant expansion of activated Th2-like cTfH
at day 8 following infection. Increased frequency was also observed for activated Th1, Th2-, and Th1/17-like cTfH at day 14/15 and EOS, indicating all cTfH subsets were
activated following infection (Figure 4.2C). Preferential activation of Th1-like subset
was observed at day 14/15 onwards, where the composition of activated cTfH was
dominated by Th1-like cTfH (Figure 4.2D). Importantly, frequency change and
antibody score at day 8 were significantly correlated with activated Th2-like cTfH, but
not other cTfH subsets (Figure 4.2F). Taken together, this work has indicated that the
quantity and quality of cTfH responses are likely important in mediating broad
induction of functional antibody profile, and this was associated with early activation
of Th2-like cTfH.
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Figure 4.2 VIS using P. falciparum infection activates cTfH and Th2-like cTfH.
A/B) cTfH (PD1+CXCR5+CD4 T cells) were assessed by flow cytometry at day 0, 8,
14/15 and EOS. A) Representative fluorescence-activated cell sorting (FACs) of
activated (ICOS+) cTfH following VIS. B) Activated cTfH (ICOS+) as a frequency of
CD4 T cells. C/D) cTfH (PD1+CXCR5+ CD4 T cells) were differentiated into subsets
based on CXCR3 and CCR6 expression into Th1- (CXCR3+CCR6-), Th1/17(CXCR3+CCR6+), Th2- (CXCR3+CCR6+) and Th17-like (CXCR3-CCR6+) subsets.
C) Activated (ICOS+) cTfH subsets as a frequency of CD4 T cells after CHMI. D)
Activated cTfH subsets as a proportion of total cTfH. Colours indicate: Th1- (red),
Th1/17- (green), Th2- (blue), and Th17 (purple). For A-D Wilcoxon paired t test
compared to day 0 are indicated. For D) *<0.05, **<0.01, ***<0.001, ****<0.0001.
E/F) Association between antibody score and E) the frequency change of ICOS+ cTfH
at each time point and F) the frequency change of each specific subset of ICOS+ cTfH
at day 8 following infection. Spearmans correlation and p-values are indicated.
Frequency changes of ICOS+ cTfH (PD1+CXCR5+ CD4 T cells) were calculated by
subtracting frequencies of ICOS+ cTfH prior to inoculation (day 0). Unpublished
figure (Jo-Anne Chan & Michelle Boyle, 2019).
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4.4

Chapter rationale

Findings from VIS have established that robust induction of broadly functional
antibodies is mediated by higher quantity and quality of cTfH responses. Specifically,
functional antibody induction was associated with the activation of Th2-like cTfH
early in infection. The sole study in natural infection showed that only Th1-like cTfH
were activated in children during P. falciparum infection, and this was characterised
with a lower functional capacity than Th2-like cTfH (Obeng-Adjei et al., 2015).
Further, activation of Th1-like cTfH was also associated with upregulation of
transcription factor that drives the expansion of the less-functional atypical MBCs
(Obeng-Adjei et al., 2017). Given that age has a significant impact on antibody
development, it is possible that the preferential activation of certain cTfH subsets with
different functionality is also dependent on host age, and may influence the
differentiation of B-cells and acquired immunity to malaria. This hypothesis is
supported by the evidence shown from a seminal study with migrant population, where
adults achieved protective immunity and anti-malarial antibodies more rapidly than
children (Baird et al., 1991; Baird et al., 1993). Findings from RTS,S trials have also
demonstrated that vaccine efficacy was higher in young children than infants (RTS,
2015), and that antibody titres and specificity were positively associated with age
(Dobano et al., 2019; M. T. White et al., 2015). To date, no studies have attempted to
investigate if the induction and activation of TfH and B-cells are influenced by age,
and whether these differences may play an important role in age-dependent protective
immunity to malaria.
This chapter aims to investigate the impact of age on the magnitude and longevity of
functional antibody production, and on the quantity and quality of TfH and B-cell
activation during malaria. Samples from clinical cohorts of children and adults with P.
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falciparum malaria were obtained from a malaria endemic region of Timika, Papua,
Indonesia, where antibody profile along with cTfH and B-cell responses are assessed.
4.5

Methods

Study site, Timika
Plasma and peripheral blood mononuclear cell (PBMC) samples were obtained from
previous clinical trials conducted between 2004 and 2007 in Timika, Papua, Indonesia.
This lowland region has unstable malaria transmission, with malaria occurring in both
children and adults (Karyana et al., 2008; Kenangalem et al., 2019; Pava et al., 2016).
Children and adult patients with slide-confirmed uncomplicated malaria and fever or
a history of fever within the last 48 hours were enrolled for artemisinin combined
therapy trial and an ex vivo drug susceptibility study (Ratcliff et al., 2007; Russell et
al., 2008). Pregnant or lactating women and children under 10kg were excluded from
both studies. Patients were followed-up for 42 days with blood samples taken at
enrolment (day 0), day 7 and day 28 follow-up. Blood samples from patients with
severe malaria, included individuals ≥18 years old presenting with acute P. falciparum
malaria with moderately severe and severe malaria manifestations (Randall et al.,
2010; Yeo et al., 2007). Patients with uncomplicated malaria were treated with
artemisinin combination therapy and patients with severe malaria with either
intravenous quinine or artesunate, according to national antimalarial guidelines.
For the purposes of the current analysis, patients were categorised into two age groups:
children <12 years old and adults ≥12 years old. Plasma samples were available at all
follow-up time points, while PBMC was only available at baseline. For the analysis of
cellular responses (cTfH and B-cell), uninfected healthy controls were also included.
Healthy controls were defined as malaria negative individuals confirmed by PCR at
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the time of blood withdrawal and with no history of malaria infection in the previous
month (Yeo et al., 2007).

Flow cytometry of PBMC samples
PBMCs previously were previously collected from previous studies. Isolation and
cryopreservation of PBMCs were processed from lithium heparin whole blood using
Ficoll density gradient method and stored in 10% DMSO in FCS media at -80oC for
24 hours, followed by long-term storage in liquid nitrogen. Cryopreserved PBMC
samples were available in fetal calf serum (FCS) containing 10% dimethyl sulfoxide
(DMSO). Thawing of PBMC samples was done using RPMI 1640 (Gibco) containing
10% FCS and 0.02% Benzonase. Viable cells in each sample were counted using
haemocytometer and Trypan blue staining. A minimum of 3 million and 1 million
viable cells per sample was required for TfH and B-cells staining, respectively. The
cells were transferred into 96-well V-bottom plate (Corning).
For TfH panel, cells were incubated at 37oC for 2 hours prior to staining. Cells were
stained for 15 minutes at room temperature and in the dark. The following surfacelabelled antibodies were used: anti-PD-1 PE (BD Biosciences, clone EH12.1), antiCD25 PE/CF594 (BD Biosciences, clone M-A251), anti-CD4 PerCP-Cy5.5
(Biolegend, clone RPA-T4), anti-CXCR5 Pe-Cy7 (Biolegend, clone J252D4), antiCCR6 APC-R700 (BD Biosciences, clone 11A9), anti-ICOS APC-Cy7 (Biolegend,
clone C398.4A), anti-CXCR3 BV421 (BD Biosciences, clone 1C6), anti-CD14
BV500 (BD Biosciences, clone M5E2), anti-CD19 BV500 (BD Biosciences, clone
HIB19), and LIVE/DEAD stain (Invitrogen). Cells were then washed with 2%
FCS/PBS and intracellular staining was done using FoxP3 Fix/Perm staining kit
(eBiosciences) as per manufacturer’s instructions. The following intracellular
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antibodies were used: anti-Ki67 FITC (BD Biosciences, clone B56), anti-FoxP3
AF647 (Biolegend, clone 206D).
B-cells staining include the following 2 panels of surface-labeled antibodies: 1) antiIgG FITC (BD Biosciences, clone G18-145), anti-CD19 PE (Biolegend, clone HIB19),
anti-CD21 PE/CF594 (BD Biosciences, clone B-Ly4), anti-IgM PerCP-Cy5.5 (BD
Biosciences, clone G20-127), anti-IgD Pe-Cy7 (BD Biosciences, clone IA6-2), antiCD38 APC (BD Biosciences, clone HIT2), anti-CD3 AF700 (Biolegend, clone SK7),
anti-CD20 APC-Cy7 (Biolegend, clone 2H7), anti-CD27 BV421 (BD Biosciences,
clone M-T271), anti-CD14 BV500 (BD Biosciences, clone M5E2), and LIVE/DEAD
stain (Invitrogen) and 2) anti-CD86 AF488 (Biolegend, clone IT2.2), anti-CD19 PE
(Biolegend, clone HIB19), anti-CD21 PE/CF594 (BD Biosciences, clone B-Ly4), antiCD24 PerCP-Cy5.5 (Biolegend, clone ML5), anti-IgD Pe-Cy7 (BD Biosciences, clone
IA6-2), anti-CD38 APC (BD Biosciences, clone HIT2), anti-CD20 APC-R700 (BD
Biosciences, A019D5), anti-PD1 APC/Fire750 (Biolegend, clone EH12.2H7), antiCD27 BV421 ((BD Biosciences, clone M-T271), anti-CD14 BV500 (BD Biosciences,
clone M5E2), and LIVE/DEAD stain (Invitrogen).
All cells were resuspended in 2% FCS/PBS in FACS tube prior to acquisition using
Beckman Coulter Gallios flow cytometer. Data analysis was done using FlowJo
(version 10.4). Populations were gated as indicated; cTfH (Figure 4.3), B-cells
(Figure 4.4 & 4.5).
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Figure 4.3 Gating strategy for T-follicular helper cells in malaria patients
Gating strategy to identify cTfH, including activation and subsets and Tf-Regulatory
cells. PBMCs were stained and analysed by flow cytometry, CD4 Tcells were gated
after removing doublets and dead cells. cTfH cells were gated as based on
PD1+CXCR5+ CD4 T cells. cTfH subsets were analysed based on CXCR3 and CCR6
staining into Th1 (CXCR3+CCR6-), Th1/17 (CXCR3+CCR6+), Th17 (CXC3CCR6+) and Th2 (CXCR3-CCR6-) subsets. Activation was gated as ICOS+ and
proliferation was gated as Ki67+. T follicular regulatory cells (TfReg) were gated as
CXCR5+PD1+, FoxP3+ cells.
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Figure 4.4 Gating strategy for B-cell subsets in malaria patients
Gating strategy to identify B-cell subsets, including IgG and IgM expression. PBMCs
were stained and analysed by flow cytometry, CD19 B-cells were gated after removing
doublets and dead cells. CD19 B-cells were classified into CD38hiCD27hiCD20antibody secreting plasma cells and CD20- non-ASC. IgD- switched and IgD+
unswitched population of non-ASC were analysed based on CD21 and CD27 staining
into 1) IgD- switched subsets: active atypical MBCs (CD21-CD27-), active classical
MBCs (CD21-CD27+), resting atypical MBCs (CD21+CD27-), and resting classical
MBCs (CD21+CD27+), and 2) IgD+ unswitched subsets: active naïve B-cells
((CD21-CD27-), MZ-like B-cells (CD21+CD27+IgM+), and naïve B-cells
(CD21+CD27-). Antibody class-switching was analysed with IgG and IgM staining.
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Figure 4.5 Gating strategy for B-cell activation in malaria patients
Gating strategy to identify B-cell PD1 and CD86 activation, including regulatory Bcell (Bregs). PBMCs were stained and analysed by flow cytometry, CD19 B-cells were
gated after removing doublets and dead cells. CD20- non-ASC were categorised into
IgD- switched and IgD+ unswitched population, and further analysed based on CD21
and CD27 staining into 1) IgD- switched subsets: active atypical MBCs (CD21-CD27), active classical MBCs (CD21-CD27+), resting atypical MBCs (CD21+CD27-), and
resting classical MBCs (CD21+CD27+), and 2) IgD+ unswitched subsets: active
naïve B-cells ((CD21-CD27-), MZ-like B-cells (CD21+CD27+), and naïve B-cells
(CD21+CD27-). Activation was gated as PD1+ and CD86+. Bregs were gated as
CD38hiCD24hi of CD19 B-cell.
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Antibody responses to PfMSP2-3D7
Levels of different antibody isotypes against recombinant PfMSP2-3D7 were
measured using standard enzyme-linked immunosorbent assay (ELISA), as described
previously (Boyle et al., 2015b). Briefly, 96-well flat bottom plate (MaxiSorp, Nunc)
was coated with 50 µl of 0.5 µg/ml recombinant PfMSP2-3D7 antigen in PBS
overnight at 4oC, followed by washing. All washing between steps were done three
times using 0.05% PBS-Tween. Subsequently, plates were blocked using 1% caseinPBS for 2 hours at 37oC. Plasma samples were then added in duplicates at 1:250
dilution in 0.1% casein-PBS, with 2 hours incubation at room temperature (RT).
Levels of IgG subclasses and IgM were quantified by adding mouse anti-human IgM
(clone HP6083, Life Technologies), IgG1 (clone HP6069, Life Technologies), and
IgG3 (clone HP6050, Life Technologies) antibodies and goat polyclonal anti-mouse
IgG horseradish peroxidase (HRP) (Merck Millipore) at 1/2000 dilution in 0.1%
casein-PBS and incubated for 1 hour at RT. Antibody levels were detected using TMB
(Sigma) substrate, with enzymatic reactions stopped using 1M HCl. Optical density
was measured at 450nm.
Fcg receptor-binding assay
Fcg receptor-binding assay was performed using a modified standard ELISA protocol,
described previously (McLean et al., 2017; Wines et al., 2016). Ninety-six-well flat
bottom plate (MaxiSorp, Nunc) was coated with 50 µl of 0.5 µg/ml recombinant
PfMSP2-3D7 in PBS overnight at 4oC, followed by washing. All washing between
steps were done three times using 0.05% PBS-Tween. Subsequently, plates were
blocked using 1% BSA for 2 hours at 37oC. Plasma samples were then added in
duplicates at 1:100 dilution in PBS-BSA, with 2 hours incubation at RT. 50 µl of
biotin-conjugated recombinant FcgRIIα or FcgRIII was added at 0.2 and 0.1 µg/ml
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respectively, followed by 1 hour incubation at 37oC. HRP-conjugated streptavidin was
then added with 1 hour incubation at 37oC, followed by TMB substrate to measure
enzymatic reactivity. The reaction was stopped using 1M sulfuric acid (H2SO4). The
level of binding was measured as optical density at 450nm.
Coating fluorescent latex beads with PfMSP2-3D7
Aqueous amine-modified red fluorescent latex beads (2µm) (Sigma) were washed
twice with 400µl of PBS and centrifuged at 3,000g for 3 minutes. 400 uL of 8%
glutaraldehyde (diluted in PBS) was added to the beads and incubated on a roller
overnight at 4°C. After washing with PBS, 1mg/ml of recombinant PfMSP2-3D7 was
added to the mixture and incubated for 4 hours on a vortex. The mixture was then
centrifuged, and the pellet was collected as the bound protein fraction. 200ul of
ethanolamine was added to the pellet to quench amine groups and the pellet was
incubated for 30 minutes on the vortex. The pellet was subsequently washed in PBS
and blocked with 1% BSA overnight at 4°C. The antigen-coated beads were stored
4°C in the presence of 0.1% SDS and 0.02% sodium azide.
Opsonic phagocytosis assay using antigen-coated beads and isolated cells
The assay to detect antibody capacity to mediate opsonic phagocytosis by THP-1
monocyte was previously described (Osier et al., 2014). Briefly, density of latex beads
coated with recombinant PfMSP2-3D7 was standardised to 5x107 beads/ml and was
opsonized with plasma samples (1/10 dilution in FACS buffer) in 96-well U-bottom
plates (Greiner), incubated for 1 hour at room temperature in the dark. Samples were
then washed three times with RPMI-1640 (Gibco) before co-incubation with THP-1
for phagocytosis. Phagocytosis was let to occur for 20 minutes at 37oC and samples
were subsequently washed with FACS buffer at 300g for 4 minutes. The proportion of
THP-1 cells containing fluorescent-positive beads was measured using flow cytometry
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(FACS Verse, BD Biosciences) and analysed using FlowJo (version 10.4) to determine
phagocytosis frequency.
Data analysis
For antibody and functional antibody ELISA and opsonic phagocytic assay, pooled
plasma from individuals enrolled in Papua with high antibody responses were used as
positive controls. Positive controls in each plate were used to standardised variations
of absorbance results between plates. Malaria naïve controls obtained from Australian
donors were used as negative controls. Positive responses were defined as greater than
average absorbance of malaria naïve controls plus 3 standard deviations. All samples
were tested in duplicates. Additionally, each plate includes blank wells without sample
plasma. Absorbance values from blank wells were regarded as background nonspecific readings and deducted from test sample readings.
Automated unsupervised identification analysis of cell cluster using Citrus
(cluster identification, characterization, and regression)
The expression of TfH cell markers PD1, CD25, CXCR5, CCR6, CXCR3, ICOS,
Ki67, and FoxP3 was analysed using Citrus, as previously described (Bruggner,
Bodenmiller, Dill, Tibshirani, & Nolan, 2014). Citrus package in R was used to
generate the result output. Comparison analysis was done between P. falciparuminfected children and adults. Each of the sample flow cytometry fcs data was pre-gated,
anchored on CD4+ T-cell, and exported using FlowJo (ver 10.4) with gating strategy
as described (Figure 4.4). The pre-gated CD4+ T-cell data were then imported into
Citrus for analysis. Nearest Shrunken Centroid (PAMR) association model with 1standard error rate (cv.1se) and cluster characterization of abundance were used. A
minimum cluster size of 5% was set to consider rare populations. Transformation
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cofactor was set at 150 along with 10 cross-validation folds, and equal event sampling
(5,000 events size).
Statistical analysis
Continuous data were compared using non-parametric Wilcoxon paired and unpaired
T-test. Correlations were analysed using non-parametric Spearman’s correlation
coefficient test. All analyses were performed in R (3.1.4) or Prism (7.03).

4.6

Results

Functional antibody induction following symptomatic P. falciparum infection is
dependent on host age
To characterise antibody induction profiles during natural infection, we quantified IgG
subclasses, IgM, and antibody functions (C1q binding, FcgRIIα and FcgRIII crosslinking and opsonic phagocytic ability) against PfMSP2 antigen in children and adults
with P. falciparum malaria from Timika, Papua, Indonesia. In this setting, children
and adults were susceptible to symptomatic malaria disease due to the majority being
of highland origin and not historically exposed to malaria, hence low immunity
(Karyana et al., 2008). We assessed antibody responses in 41 children and 91 adults at
enrolment (day 0), and day 7 and 28 follow-up following anti-malarial treatment
(Table 4.1). There was no difference in parasite density between children and adults
with malaria.
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Table 4.1 Clinical cohort participants for antibody studies in Timika, Papua,
Indonesia.
Children

Adults

Pvalue

Day

0

7

28

0

7

28

n

38

21

16

91

62

54

Male (n, %)

15, 39.5%

8, 38.1%

4, 25%

58, 63.7%

42, 67.7%

35,
64.8%

0.01*

Age (median,
IQR)

7 [6-8]

7 [7-8]

7 [7-8]

25 [19-33]

26 [16.535

28.5 [2036]

NA

Parasitemia/µ
l
(median,
IQR)

3793 [79911856]

NA

NA

5663 [183612710]

NA

NA

0.42#

P-values indicate comparison between children and adults
*Indicates Chi-square test
#
Indicates Wilcoxon rank sum test
Levels of IgG subclasses and IgM were comparable between children and adults
during and following acute infection (Figure 4.6A). Functional antibody responses
were also similar in children and adults, except for FcgRIII cross-link ability, where
adults had significantly higher responses at day 7 and 28 follow-up compared to day 0
(Figure 4.6C). To analyse further the breadth and magnitude of antibody responses,
we calculated an antibody score for each individual for total antibodies (IgG1, IgG3,
and IgM) and functional antibodies (C1q, FcgRIIα, FcgRIII, and opsonic
phagocytosis), based on categorisation into zero (0, below positive threshold), low (1,
below median value of all positive responders), and high (2, above median value of all
positive responders) responders (Figure 4.6E). Antibody score was calculated from
the summed of score categorisation. Functional antibody score was significantly
higher in adults than children by day 28 following acute infection (Figure 4.6D). In
comparison, total antibody score was similar between the two age groups throughout
all timepoints (Figure 4.6B). Our data suggest that adults induce higher breadth of
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functional antibodies than children following acute infection, largely mediated by
antibody function to cross-link FcgRIII.
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Figure 4.6 Adults induced higher magnitudes of functional antibodies following P.
falciparum malaria compared to children.
Antibody responses in 41 children and 91 adults with P. falciparum malaria were
measured during acute infection (day 0) and 7 and 28 days after treatment. A)
Magnitude of IgG, IgM antibodies and C) functional antibodies in children and adults
at day 0, 7, 28 to MSP2 antigen. B/D) Combined antibody scores, and antibody scores
based on B) IgG/M and E) functional responses were calculated and compared
between children and adults. Responses were calculated as summed of categorised
responses; zero (0), low responders (1), and high responders (2). E) Heatmap of
categorised antibody response at day 28 follow-up. For A/B/C/D P is Wilcoxon ranksum t-test.
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Rapid induction and decay of antibody responses following acute P. falciparum
infection
Antibody kinetic profile targeting PfMSP2 was assessed by comparing antibody
responses at enrolment and day 7 and 28 follow-up (Figure 4.7A/B). IgG subclasses,
IgM and functional antibody responses were significantly elevated at day 7 compared
to day 0 in adults, except for opsonic phagocytosis function (Figure 4.7B). In
comparison, there was no significant induction of antibody nor functional antibody
responses in children following acute P. falciparum infection (Figure 4.7A). By day
28, IgG1, IgM, C1q-fixing antibody, and FcgRIIa antibodies in adults had decreased
significantly to levels seen at enrolment (Figure 4.7A/B). This pattern of antibody
kinetics, where induction and decay of antibody responses were rapid following acute
malaria, is consistent with findings from previous malaria studies (Boyle et al., in
press; Kinyanjui et al., 2007; Oyong et al., 2019).
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Figure 4.7 Induction of antibody responses were followed by a rapid decay following
P. falciparum malaria.
Antibody responses targeting recombinant PfMSP2 in 132 individuals (41 children
and 91 adults) with P. falciparum malaria were quantified and compared between
follow-up timepoints at day 0, 7, and 28. Magnitude of A) IgG1, IgG3, IgM, and B)
functional antibodies. P values indicates Wilcoxon paired t test, tested on available
matched time points.
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Higher frequency of activated cTfH in adults compared to children with P.
falciparum malaria
To assess if the higher induction of functional antibody in adults compared to children
could be due to differences in cTfH activation, we characterised and quantified cTfH
in a smaller subset of children and adults with uncomplicated P. falciparum malaria
from the same studies, based on PBMC sample availability (Table 4.2). We first
quantified parasite biomass and antibody levels at acute infection in our cohort.
Parasite biomass and antibody levels were similar between children and adults during
acute malaria (Figure 4.8A), suggesting that both age groups were exposed with a
similar density of infection.

Table 4.2 Clinical cohort participants for cellular studies in Timika, Papua,
Indonesia.
Children

Adult

Healthy

Pf

n

6

14

Male (n, %)

4,

6,

66%

50%

7.5

7

[6.59.25]
NA

Age (median, IQR)

Parasitemia/µl
IQR)*

(median,

P1

P1

Healthy

Pf

8

25

0.5

7,
87.5%

11, 48%

0.05

0.36

28.5

22

0.02

[5-7.75]

[27-31]

[20-28]

194

NA

263

[9.8308]

P2

0.3

[451388]

P1 – comparison of healthy to Pf
P2 – comparison of Pf adults to Pf children
Pf; uncomplicated P. falciparum malaria
* tested by HRP2-ELISA, for Pf adults only 17 tested
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We first analysed all phenotypic surface markers on CD4 T-cells in children and adults
with malaria using Citrus (cluster identification, characterization, and regression).
Citrus provides a fully automated and unsupervised algorithm for identification of
phenotypically distinct cell populations by hierarchical clustering and compares these
features between groups (Bruggner et al., 2014). This approach identified two distinct
clusters that differentiated between children and adults. Frequency of Cluster 1 was
higher in adults compared to children and contained cell populations with the
characteristics of activated cTfH with relatively higher expression of CXCR5, PD1,
and ICOS. Cluster 2 was more abundant in children with relatively lower expression
of all markers, suggesting this subset may possibly be naïve or non-activated CD4 Tcell (Figure 4.8B/C).
cTfH were then further analysed by manual gating (Figure 4.3). Frequency of cTfH
(PD1+CXCR5+) was similar between children or adults with malaria and healthy
controls (Figure 4.8D). Activated (ICOS+) and proliferating (Ki67+) cTfH were
significantly higher in both children and adults during P. falciparum infection
compared to healthy controls (Figure 4.8E/F). Between the infected groups, adults
had significantly higher activated cTfH than children, consistent with Citrus analysis
(Figure 4.8D/E/F). To investigate if FoxP3+ T-follicular regulatory cells (cTfR)
played a role in regulating differences in age-dependent cTfH activation during
malaria, we quantify cTfR in children and adults with P. falciparum malaria.
Frequency of cTfR did not differ between age (Figure 4.8G), indicating that the
increased of cTfH activation in adults was not balanced by higher cTfR.
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Figure 4.8 Adults have higher quantity of activated TfH and B cells during malaria
compared to children
cTfH and B cell responses were analysed in 14 children and 25 adults with malaria
A) Parasite density during infection. B) CITRUS analysis of CD4 T cells during
malaria comparing children and adult C) Characteristics of Cluster 1 and 2. D-G)
cTfH responses were analysed in children and adults with P. falciparum malaria (Pf),
or healthy controls (H). D) cTfH (PD1+CXCR5+) E) Activated ICOS+ cTfH and F)
proliferating Ki67+ cTfH. G) T-follicular regulatory cells (Tfreg) were analysed based
on FoxP3 expression. P value indicates Wilcoxon rank sum t test.
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The quality of activated cTfH is higher in adults compared to children with
malaria
Infection by P. falciparum has previously been shown to activate the less functional
Th1-like cTfH in children (Obeng-Adjei et al., 2015). In comparison, findings from
VIS on healthy adult volunteers demonstrated that activated Th2-like cTfH was
associated with robust functional antibody induction (Figure 4.2). To assess if
activation and expansion of cTfH subset are age-specific, we quantified and
characterised cTfH subsets based on CXCR3 and CCR6 expression. Frequency of
Th2-like cTfH was significantly increased in adults with malaria, but not in children,
when compared with healthy controls (Figure 4.9A). Further, activation (ICOS+) and
proliferation (Ki67+) markers were significantly increased in cTfH subsets in adults
(Figure 4.9 B/C). In contrast, there was a significant increase for activated and
proliferating Th1-like cTfH in children, but not for the other subsets (Figure 4.9B/C).
For comparisons between age groups, most of the cTfH subsets, including activation
and proliferation markers, were significantly higher in adults compared to children
with P. falciparum malaria (Figure 4.9A/B/C). Our data indicates that Th2-cTfH are
expanded, activated and proliferating in adults but not children with acute malaria
infection, indicating that age impacts both the quantity and quality of cTfH activation
during malaria.
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Figure 4.9 Increased in activated and proliferation cTfH subsets in adults with
malaria
cTfH were analysed in 13 children and 19 adults with malaria and healthy controls,
and cTfH analysed based on CXCR3 and CCR6 expression into Th1- (CXCR3+CCR6), Th1/17- (CXCR3+CCR6+), Th2- (CXCR3+CCR6+) and Th17-like (CXCR3CCR6+) subsets. A) cTfH (PD1+CXCR5+) subsets as a proportion CD4 T cells. B)
Activated (ICOS+) as a proportion of cTfH. C) Proliferating (Ki67+) as a proportion
of cTfH. P value is Wilcoxon rank sum t-test.
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Increased in activated B-cells and antibody secreting cells (ASCs) in adults
compared to children with P. falciparum malaria
To characterise the age-dependent differences in cellular immune responses, we
quantified B-cell and ASC abundance in a subset of 10 children and 20 adults with P.
falciparum malaria. Although the frequency of CD19+ B-cells was similar between
children and adults during acute illness (Figure 4.10A), the expression of activation
markers, PD1 and CD86 were significantly higher in adults compared to children
(Figure 4.10B). Antibody producing plasma cells (CD38hiCD27hiCD20-) were also
significantly elevated in adults with malaria (Figure 4.10C). Regulatory subset of
human B-cell (Bregs) was assessed based on CD24hiCD38hi expression. There was no
evidence of expansion for Bregs during infection nor there was any difference between
children and adults with malaria (Figure 4.10D).
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Figure 4.10 Increased in activated B-cells and antibody secreting cells in adults with
malaria
B-cell responses were analysed in 10 children and 20 adults with malaria and healthy
controls. A) B-cell (CD19+CD3-). B) PD1+ and CD86+ B-cells. C) Plasma cell ASC
CD38hiCD27hiCD20- B-cells. D) Regulatory B-cells (CD24hiCD38hi). P-value
indicates Wilcoxon rank sum t test between groups.
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Increased activated memory B-cells (MBCs) in adults compared to children with
P. falciparum malaria
Subsets of B-cell were also characterised based on IgD, CD21, and CD27 expression
(Figure 4.4 & 4.5), classified as 1) IgD- switched subsets; active atypical MBC
(aaMBC), active classical MBC (acMBC), resting atypical MBC (raMBC), and resting
classical MBC (rcMBC) and 2) IgD+ unswitched subsets; active naïve B-cell,
marginal zone-like (MZ-like) B-cell, and naïve B-cell. Overall, frequency of IgDMBCs and unswitched (IgD+) subsets were similar between children and adults with
malaria (Figure 4.11A/B). However, PD1 activation marker was significantly higher
in adults than children for all B-cell subsets, except for raMBC and rcMBC which
were trending towards, but not significantly elevated in adults (Figure 4.12A/B).
Further, activated PD1 and CD86 MBCs were significantly increased in P. falciparum
infected adults but not in children compared to healthy controls (Figure
4.12A/B/C/D). IgG and IgM expression on B-cell subsets were also assessed. Children
had higher IgG expression on rcMBCs, MZ-like MBCs, and naïve B-cells while adults
had higher IgM+ acMBCs (P<0.05; data not shown). Taken together, our findings
suggest that adults have a higher frequency of B-cell activation compared to children
during acute P. falciparum infection.
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Figure 4.11 B-cell subset responses in children and adults with malaria
B-cell subsets were analysed in 10 children and 20 adults with malaria and healthy
controls, and were classified based on IgD expression for switched (IgD-) and
unswitched (IgD+) responses. A) Switched responses were further categorised into
aaMBC (CD21-CD27-), acMBC (CD21-CD27+), raMBC (CD21+CD27-), rcMBC
(CD21+CD27+). B) Unswitched responses were categorised into active naïve B-cell
(CD21-CD27-),

MZ-like

B-cell

(CD21+CD27+IgM+),

and

naïve

B-cell

(CD21+CD27-). P-value indicates Wilcoxon rank sum t test between groups.
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Figure 4.12 Increased PD1 and CD86 activated B-cell subsets in adults with malaria
B-cell subsets were analysed in 6 children and 15 adults with malaria and healthy controls. A/B) PD1 expression on A) IgD- switched subsets B)
IgD+ unswitched subsets. C/D) CD86 expression on C) IgD- switched subsets D) IgD+ unswitched subsets. P-value indicates Wilcoxon rank sum
t test between groups
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Activated ICOS+ and proliferating Ki67+ cTfH were correlated with antibody
secreting plasma cell in P. falciparum malaria
To investigate the role of cTfH in providing B-cell help during malaria, we assessed
the association between cTfH and B-cell subsets. Plasma cells were positively
correlated with activated (ICOS+) and proliferating (Ki67+) cTfH, but not with the
frequency of cTfH alone (Figure 4.13A/B). Further, activation and proliferation
markers of cTfH subsets were correlated positively with activated PD1 and CD86 Bcell (Figure 4.13A), and these correlations were strongest with ICOS+ and Ki67+
Th2-like cTfH (Figure 4.13C/D).
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Figure 4.13. Activated and proliferating cTfH were associated with ASC and activated B-cells.
A) Correlation matrix between cTfH and B-cell subsets with activation markers expression. Colored boxes indicate statistically significant
correlations. Scatter plots between B) ICOS+ and Ki67+ cTfH and ASC, C) ICOS+ and Ki67+ cTfH and PD1+ B-cells, and D) ICOS+ and Ki67+
cTfH and CD86+ B-cells. Spearman’s correlation test is indicated.
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4.7

Discussion

Acquisition of malaria immunity is dependent on host age, as seen both in naturally
acquired (Baird et al., 1991) and vaccine-induced immunity (RTS, 2015; M. T. White
et al., 2015). However, the underlying mechanism of age-dependent immunity is
poorly understood, and whether age-specific differences in cellular TfH and B-cell
responses can influence the induction of antibodies which mediate malaria protection
has yet to be investigated. Here, we quantify and compare responses of functional
antibodies, cTfH, and B-cells in children and adults with acute P. falciparum malaria
from a malaria endemic setting in southern Papua, Indonesia. During malaria, adults
induced higher functional antibodies as well as higher quantity and quality of activated
cTfH and B-cells compared to children. At the subset level, there was evidence of agespecific induction of cTfH subsets, where adults had expansion of the Th2-like cTfH
while children only activate the Th1-like compartment of cTfH. More importantly,
activated and proliferating cTfH were associated with B-cell activation and plasma cell
production, in which the strongest correlation was observed with Th2-like cTfH. Our
findings provide important insights into the distinct cTfH and B-cell induction profile
between children and adults, and suggest that the lack of activated Th2-like cTfH in
children during P. falciparum infection contributes to the reduction of functional
antibody induction, and possibly protective immunity to malaria.
Age-specific immune responses observed in our cohort support the proposition that
malaria immunity is driven by host development of immune maturity rather than
parasite exposure. Studies on migrant population have clearly described the impact of
host age on acquired immunity and antibody quantity to malaria (Baird et al., 1991).
Host resistance to P. falciparum infection has also been shown to increase with puberty
(Kurtis, Mtalib, Onyango, & Duffy, 2001). Consistently, we observed higher level of
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functional antibodies in adults compared to children with acute malaria. The
magnitude of functional antibody is a better predictor of malaria protection than total
antibody titres (Boyle et al., in press; Liriye Kurtovic et al., 2018; Osier et al., 2014;
Reiling et al., 2019). Age-dependent induction of functional antibodies have also been
reported previously, in antibody-mediated complement fixation (Reiling et al., 2019)
and opsonic phagocytosis (Osier et al., 2014). Unique to our study, we calculated
functional antibody scoring, which may provide a better assessment of the collective
breadth and magnitude of different functional antibody mechanisms. Nevertheless,
antibody kinetic profile in our cohort indicated that antibodies were short-lived and
rapidly decayed following a month of acute infection. This data suggested that those
antibodies observed in our cohort were being predominately generated by short-lived
ASCs instead of long-lived ASCs. Studies using mathematical modelling
demonstrated that two types of ASCs are simultaneously produced during malaria
infection, short-lived and long-lived ASCs (M. T. White et al., 2014a).
Consistent with the observed higher level of functional antibodies, adults in our cohort
also induce higher activated cTfH with skewing towards Th2-like responses, while
children showed preferential Th1-like cTfH activation following acute P. falciparum
infection. Expansion of activated cTfH has been positively correlated with antigenspecific IgG following a malarial vaccination trial (Hill et al., 2019). Between cTfH
subsets, Th2-like cTfH has the greatest capacity to induce naïve B-cell to produce
antibodies (Morita et al., 2011) and has gene expression, cytokine, and functional
profiles that closely resemble GC TfH (Locci et al., 2013). Frequency of Th2-like
cTfH was highly associated with broadly neutralizing antibodies in HIV infection
(Locci et al., 2013). Infection with P. falciparum has been reported to preferentially
activate Th1-like cTfH in Malian children (Obeng-Adjei et al., 2015). The activated
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subset however, was associated with suboptimal capacity to help B-cell and was not
correlated with antibody responses (Obeng-Adjei et al., 2015). Consistently, the
expansion of Th1-like cTfH was also associated with low antibody quantity and quality
in a RTS,S trial co-administered with viral-vectors (Bowyer et al., 2018).
Nevertheless, other reports from HIV (Baiyegunhi et al., 2018; Martin-Gayo et al.,
2017) and influenza (Bentebibel et al., 2013) study have suggested that Th1-like cTfH
are the functional responses that drive the induction of antigen-specific antibodies. It
is important to note that the age-dependent activation of TfH may also be diseasespecific. HIV-infected children have higher frequency of blood cTfH and lymphoid
tissue TfH than adults, and increased cTfH responses were correlated with neutralizing
antibodies (Roider et al., 2018). Whilst we could not exclude the possibility that past
exposures may influence differences in immune responses observed in our cohort, both
parasitemia and antibody levels were comparable between the two age groups,
indicating similar baseline levels of immunity. Additionally, duration from disease
presentation to the time of treatment may also contribute to differences in immune
response between children and adults, which could not be investigated in this study.
The lack of longitudinal follow-up in the cellular studies limits the assessments to
match humoral and cellular immune responses between TfH, B-cells and functional
antibodies. Activation of different composition of cTfH subsets in children and adults
following acute malaria may also be observed in our cohort, as demonstrated from VIS
where activation of Th2-like was followed by Th1-like cTfH at day 14/15 onwards.
The overall cTfH activation and proliferation were associated with frequencies of
plasma cells as well as with the expression of PD1 and CD86 on B-cells, both of which
were only increased in adults during infection. Age-specific differences in B-cell
induction profile were also observed in influenza. Here, increase in ASCs was
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observed in adults following influenza vaccination, and was correlated with antibody
responses (Bentebibel et al., 2013). Within the same cohort, a number of children
failed to induce ASCs following vaccination, and the frequency of ASCs were not
correlated with antibody titre (Bentebibel et al., 2013). Adults with malaria in our
cohort had a markedly increased expression of PD1 and CD86 in classical and atypical
subset of MBCs. Consistently, both classical and atypical MBCs have been shown to
produce neutralizing antibodies against P. falciparum, though active antibody
secretion was only observed from atypical MBC subset (Muellenbeck et al., 2013). A
recent finding has also demonstrated that murine atypical MBCs were functional and
able to rapidly differentiate into ASCs, and that human atypical MBCs share similar
phenotypic and transcriptional profiles with those in mice (C. C. Kim et al., 2019).
Contrastingly, findings from other studies have suggested that atypical MBC is an
“exhausted” subset with decreased proliferative capacity and effector functions in
malaria (Obeng-Adjei et al., 2017; Portugal et al., 2015; Sullivan et al., 2015) and
other infections (Charles et al., 2011; Joosten et al., 2016; Moir et al., 2008). The
increased expression of PD1 and CD86 indicated that B-cells were activated in adults
compared to children. CD86 plays an essential role in B-cell expansion, providing
positive signals for proliferation and antibody secretion (Suvas, Singh, Sahdev, Vohra,
& Agrewala, 2002). Although PD1 is a regulatory marker and its downregulation is
required for GC B-cells, high-affinity circulating B-cells express PD1 upon exit from
GC (Thibult et al., 2013).
In previous trials utilizing co-administration of RTS,S with viral-vectored vaccines, it
was demonstrated that Th1-like TfH cells were preferentially induced and that this cell
subset was associated with reduced antibody quantity and quality against malaria
parasites (Bowyer et al., 2018). Based on our results, the induction of functional
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antibody requires the activation of Th2-like TfH subset, and that children preferentially
activate Th1-like TfH. Malaria vaccines are often targeted for young children and
infants (RTS, 2015), where majority of the burden is most in children under 5 years
old (WHO, 2019). Thus, vaccine strategies that specifically induce Th2-like TfH
response could potentially improve vaccine efficacy and reduce burden of malaria.
While adjuvant that induces Th2-like TfH response is currently unknown, Th2-type
responses can be induced using aluminium hydroxide gel (alum), shown previously in
mice (Brewer et al., 1999; Brewer, Conacher, Satoskar, Bluethmann, & Alexander,
1996; Serre et al., 2011). Further, expansion of Th2-like TfH was previously
associated with the deletion of transcription Ets1 on CD4+ T-cell in mice (C. J. Kim
et al., 2018). Further studies investigating strategies of malaria vaccine administration
that can specifically direct immune response towards Th2-like TfH subset is
paramount.
4.8

Conclusion

We have demonstrated that the induction of humoral and cellular immune responses
against P. falciparum malaria is age-specific. Children with malaria have reduced
functional antibody induction, and lower quantity and quality of TfH and B-cells
activation compared to adults. The specific activation of Th2-like cTfH seen in adults
was associated with plasma cell production and B-cell activation. Our findings provide
important understanding of the role of host age in influencing the induction of humoral
and cellular immune responses against malaria. Together, these results will have
significant implications to inform the development strategies for anti-malarial
vaccines, of which vaccine administration is often targeted for infants and young
children.
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Complement and Pathogenesis of Malarial
Anaemia: The Role of Complement-fixing
Antibody
5.1 Chapter Overview
Previous chapters have shown the importance of complement-fixing antibodies in
protection against human malaria. However, complement activation and loss of
complement regulatory proteins (CRPs) on RBCs have been previously described as a
major pathogenic mechanism of malarial anaemia. It is currently unknown if
complement-fixing antibodies, which play an instrumental role in malaria protection,
also has pathogenic roles in progression of malarial anaemia. In this chapter, levels of
complement-fixing antibody, complement activation, and RBC CRPs were examined
in malaria patients with different degrees of anaemia severity. The findings from this
chapter have been accepted for publication on 16th October 2018 in Journal of Clinical
Investigation: Insight; the published manuscript is presented.
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5.2 Published Manuscript
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5.3 Supplemental Material

Figure S1. Gating strategy for measuring CR1, CD55, CD59, and CD47 on RBCs.
(A) RBCs were characterized into uninfected RBC (uRBC) and infected RBC (iRBC)
using SYBR-Green DNA dye; uRBC = SYBR-Green (-), iRBC = SYBR-Green (+).
For P. vivax samples, CD71 Pe-Cy7 was added to distinguish reticulocytes (CD71+).
Histogram graph indicates CRP MFI; green = uRBC, red = iRBC. (B) CRPs and CD47
antibody staining optimisation. Staining volumes were optimised to maximise
fluorescent intensity (x-axis) between negative isotype control and antibody stains.
Histogram graph indicates MFI; green = isotype control, red = CRPs and CD47
antibody.
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Figure S2. Relationship between CRP expression and haemoglobin level in P.
falciparum infected patients. Level of CR1, CD55, and CD59 was correlated with
haemoglobin level from patients with P. falciparum infection (n = 79). Spearman’s
correlation coefficient is indicated. Red line indicates Loess non-parametric regression
and grey band indicates 95% confidence interval.
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Figure S3. Level of CD47 on uninfected RBC surface. A) Expression of CD47 from
P. falciparum infected patients was compared between 3 different anaemia statuses
(non-anaemia, n = 11; mild-anaemia, n = 37; severe anaemia, n = 30). B) Expression
of CD47 from P. vivax infected patients was compared between non-anaemia (n = 9)
and anaemia (n = 10) status. Kruskal-Wallis test and Mann-Whitney non-parametric
test between groups is indicated. Lower and upper hinges represent first and third
quartiles, and whisker lines correspond to highest and lowest values no further than
1.5 interquartile range from the hinges. Data beyond the whisker lines are treated as
outliers. Median line is indicated across the box.
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Figure S4. Uninfected RBC CRPs comparison between children and adults with
P. vivax malaria. Expression of CR1 and CD55 was compared between children (n =
4) and adults (n = 8) with severe anaemia. Children <15 years old; adults ≥15 years
old. Mann-Whitney non-parametric test between groups is indicated. Lower and upper
hinges represent first and third quartiles, and whisker lines correspond to highest and
lowest values no further than 1.5 interquartile range from the hinges. Data beyond the
whisker lines are treated as outliers. Median line is indicated across the box.
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Figure S5. Comparison of reticulocyte population percentage and CRP and CD47
expression between severe anaemia (n = 12) and non-anaemia (n = 9) P. vivax
infected patients. A) Percentage of reticulocyte population measured by flow
cytometry. B) Expression of reticulocytes CR1, CD55, CD59, and CD47. MannWhitney non-parametric test between groups is indicated. Lower and upper hinges
represent first and third quartiles, and whisker lines correspond to highest and lowest
values no further than 1.5 interquartile range from the hinges. Data beyond the whisker
lines are treated as outliers. Median line is indicated across the box.
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Figure S6. Comparison of CRP and CD47 expression between uninfected mature
RBCs (n = 24) and reticulocytes (n = 24) from P. vivax infected patients. MannWhitney non-parametric test between groups is indicated. Lower and upper hinges
represent first and third quartiles, and whisker lines correspond to highest and lowest
values no further than 1.5 interquartile range from the hinges. Data beyond the whisker
lines are treated as outliers. Median line is indicated across the box.
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Figure S7. Relationship between CRP expression and P. falciparum C1q fixing
antibodies. Expression of CR1, CD55, and CD59 was correlated with magnitude of
C1q fixing antibodies targeting purified P. falciparum whole merozoite (n = 76).
Spearman’s correlation coefficient is indicated. Red line indicates Loess nonparametric regression and grey band indicates 95% confidence interval.
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Figure S8. Relationship between CRP expression and P. vivax C1q fixing
antibodies. Expression of CR1, CD55, and CD59 was correlated with magnitude of
C1q fixing antibodies targeting P. vivax MSP3α (n = 24). Spearman’s correlation
coefficient is indicated. Red line indicates Loess non-parametric regression and grey
band indicates 95% confidence interval.
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Figure S9. Relationship between complement activity and haemoglobin level in
P. falciparum and P. vivax infected patients. Level of complement C3a and C5a was
correlated with haemoglobin level (P. falciparum – C3a/C5a, n = 24, P. vivax –
C3a/C5a, n = 27). Spearman’s correlation coefficient is indicated. Red line indicates
Loess non-parametric regression and grey band indicates 95% confidence interval.
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Complement-mediated Pathogenic Mechanism
in Mild Malarial Anaemia and Low Dose
Infection
6.1 Chapter Overview
The pathogenic mechanism of severe malarial malaria through removal of CRPs has
been thoroughly discussed in the previous chapter. Nonetheless, the importance of this
mechanism in mild malaria anaemia is unclear. Further, no studies have attempted to
investigate the causal relationship between malaria infection, CRP removal, and
haemoglobin reduction. In this chapter, the expression of CRPs (CR1, CD55, CD59)
and CD47 was quantified in human with malaria infection from two different
experimental settings; 1) from a low malaria transmission setting in Sabah, Malaysia
and 2) from longitudinal VIS on P. falciparum IBSM. The findings from this chapter
has been accepted for publication in Malaria Journal; the accepted manuscript is
presented.
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Abstract
Background
Anaemia is a major consequence of malaria, caused by the removal of both infected
and uninfected red blood cells (RBCs) from the circulation. Complement activation
and reduced expression of complement regulatory proteins (CRPs) on RBCs are an
important pathogenic mechanism in severe malarial anaemia in both Plasmodium
falciparum and Plasmodium vivax infection. However, little is known about loss of
CRPs on RBCs during mild malarial anaemia and in low-density infection.
Methods
The expression of CRP CR1, CD55, CD59, and the phagocytic regulator CD47, on
uninfected normocytes and reticulocytes were assessed in individuals from two study
populations: 1) P. falciparum and P. vivax-infected patients from a low transmission
setting in Sabah, Malaysia; and, 2) malaria-naïve volunteers undergoing P. falciparum
induced blood-stage malaria (IBSM). For clinical infections, individuals were
categorized into anaemia severity categories based on haemoglobin levels. For IBSM,
associations between CRPs and haemoglobin level were investigated.
Results
CRP expression on RBC was lower in Malaysian individuals with P. falciparum and
P. vivax mild malarial anaemia compared to healthy controls. CRP expression was also
reduced on RBCs from volunteers during IBSM. Reduction occurred on normocytes
and reticulocytes. However, there was no significant association between reduced
CRPs and haemoglobin during IBSM.
Conclusions
Removal of CRPs occurs on both RBCs and reticulocytes during Plasmodium
infection even in mild malarial anaemia and at low levels of parasitaemia.
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Background
Human infection with Plasmodium species is often complicated by anaemia, which is
a major contributor to morbidity and mortality in malaria endemic regions (Menendez
et al., 2000; Slutsker et al., 1994). Young children and pregnant women typically
suffer the most from malarial anaemia (Kenangalem et al., 2016; Poespoprodjo et al.,
2009; Price et al., 2001). The pathophysiology of malarial anaemia is multifactorial
(Calis et al., 2016) with reduction in haemoglobin largely driven by loss of uninfected
red blood cells (RBCs) (Collins et al., 2003; Jakeman et al., 1999). Different
overlapping mechanisms are involved in the progression of malarial anaemia,
including bone marrow dysfunction and dyserythropoiesis, splenic retention of RBCs,
and complement-mediated destruction of RBCs (Douglas et al., 2012; Menendez et
al., 2000; N. J. White, 2018). Destruction of RBCs by complement attack is mediated
through the removal of complement regulatory proteins (CRPs) on the RBC surface
and consequent complement deposition (Craig et al., 2005; Stoute et al., 2003;
Waitumbi et al., 2000).
Activation of the complement system can occur under the classical, alternative, and
lectin cascade pathway, all of which are regulated by CRPs. Membrane-bound CRPs
are expressed on the surface of cells, including RBC, and serve to protect from
complement attack (Zipfel & Skerka, 2009). Three different CRPs are expressed on
RBC surface: complement receptor 1 (CR1/CD35), decay-accelerating factor
(DAF/CD55), and protectin (CD59). Membrane-bound CRPs can be removed during
Plasmodium infection through the binding of antigen-antibody complexes to RBC
CRPs (Craig et al., 2005; Reinagel et al., 1997; Reinagel & Taylor, 2000; Stoute et al.,
2003). Together, the whole complexes are transported by macrophages to the liver and
spleen for removal while RBCs, striped of CRPs, are recirculated. After repeated
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cycles, the CRP-deficient RBC becomes susceptible to C3b deposition and destruction
by

macrophages

(Biryukov

&

Stoute,

2014).

Macrophage-mediated

erythrophagocytosis is also regulated by the self-marker protein CD47, expressed on
the RBC surface (Oldenborg et al., 2000). A recent study shown that the loss of CRPs
during malaria is mainly restricted to uninfected RBCs, rather than parasitized RBCs
(Oyong et al., 2018).
Significant reductions of CR1 and CD55 have largely been reported in patients with
severe anaemia from Plasmodium falciparum infection (Odhiambo et al., 2008; Stoute
et al., 2003; Waitumbi et al., 2000), and more recently from Plasmodium vivax
infection (Oyong et al., 2018). One study also showed reduction of CD55 in anaemic
children with haemoglobin <10 g/L, which includes mild and severe anaemia cases.
However, most previous studies have focused on the loss of CRPs on RBC during
severe malarial anaemia, and the role of RBC CRP removal in the substantial burden
of mild but often chronic anaemia in low transmission settings is not fully elucidated.
Further, whether RBC CRPs are also lost prior to the onset of anaemia during low
density infections is yet to be evaluated. Here, the reduction of CRPs was investigated
in two settings, P. falciparum and P. vivax-infected patients from low transmission
settings of Sabah, Malaysia and malaria naive volunteers undergoing P. falciparum
induced blood-stage malaria (IBSM).

Methods
Ethics statement
Written informed consent was obtained from all study participants, with consent
obtained from parents or guardians in the case of children enrolled in the Malaysian
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studies. For clinical cohorts, sample collection was approved by the Ethics Committee
of Menzies School of Health Research, Darwin, Australia and from Medical Research
and Ethics Committee, Ministry of Health Malaysia. The IBSM trial was approved by
QIMR Berghofer Ethics Committee, Brisbane, Australia.

Study cohort
Sabah, Malaysia
Patients with malaria were enrolled from an observational study conducted in Sabah,
Malaysia, described previously (Barber et al., 2013). Briefly, patients with positive
malaria by microscopy detection were enrolled if they were non-pregnant, ≥12 years
old, within 18 hours of commencing malaria treatment, and had no major
comorbidities or concurrent illness. Infection status was later confirmed using
polymerase chain reaction (PCR), and mixed-species or parasite negative infection
were retrospectively excluded. In this study, samples were used from patients with
PCR-confirmed falciparum and vivax malaria. Patients were treated using hospital
guidelines with chloroquine-primaquine or artemisinin combination therapy (ACT).
Samples were also obtained from healthy controls, who were visitors or patients’
relatives with no history of fever in the last 48 hours and who were blood film negative
by microscopy and were confirmed negative to Plasmodium infection by PCR.
Glycerol-preserved RBC samples were obtained from 24 individuals (n, P. falciparum
= 10, P. vivax = 10, healthy control = 4). Samples were selected based on availability.
Selected samples were grouped into anaemia categories based on World Health
Organization (WHO) recommendation (WHO, 2011). Non-anaemia was defined as
haemoglobin levels higher than 130 g/L for men and 120 g/L for women. Mild-
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anaemia was defined as haemoglobin levels between 80-129 g/L for men and 80-119
g/L for women.
Plasmodium falciparum induced blood-stage malaria (IBSM) trial
The administration of blood-stage parasites to healthy volunteers, including inoculum
preparation, volunteer recruitment, viable parasite quantification, monitoring and
treatment were performed as previously described (McCarthy et al., 2013). Briefly,
healthy malaria-naïve volunteers were inoculated with 2,800 viable P. falciparum
3D7-parasitized RBCs, and parasitaemia was quantified daily by qPCR. Participants
were treated with anti-malarial medication at day 8 of infection. For this study,
glycerol-preserved RBCs samples were also collected from participants enrolled in a
P. falciparum IBSM study in Brisbane, Australia. The IBSM study trial was registered
at NIH ClinicalTrials.gov, NCT03542149. For the purpose of the current sub-study,
blood from 16 healthy malaria-naive volunteers (18-55 years old) was collected at day
0 prior to infection (defined as day 0 in analysis), and immediately prior to treatment
(day 8), and 10, 12, 13, 15, 17/18, and 45 days after inoculation from two cohorts in
one infection study. Haemoglobin was measured at days 0, 8, 11, 22, 29, 36, 42, and
45.
Measurement of CR1, CD55, CD59, and CD47 on RBCs surface
Frozen glycerol-preserved RBCs from patients were thawed using 3.5% NaCl in
distilled water and PBS. To account for variation between thawing and staining
batches, median fluorescent intensity (MFI) were standardized using RBCs collected
from malaria naïve, Australian individuals (n = 3), cryopreserved in multiple aliquots
for use across study. Antibody staining of CRPs was done in individual panels with
the addition of SYBR-Green for parasite staining and CD71 to distinguish normocytes
and immature reticulocytes (Fig. 1). Briefly, 5 µl of blood pellet were stained with the
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following antibodies: SYBR-Green (1/10,000 dilutions from 10,000x concentrates in
DMSO, Thermo Fisher), anti-human CD71 PE-Cy7 (clone CY1G4, Biolegend), antihuman CR1 BV421 (clone E11, Becton Dickinson), anti-human CD55 APC (clone
IA10, Becton Dickinson), anti-human CD59 BV421 (clone p282 H19, Becton
Dickinson), anti-human CD47 BV421 (clone B6H12, Becton Dickinson), and isotype
controls for each antibody (Becton Dickinson). Samples were stained for 25 min in the
dark and at room temperature, followed by washing with PBS and acquisition on
Gallios (Beckman Coulter) flow cytometer. For IBSM samples, additional anti-human
CR1 PE (clone E11, Biolegend) antibody was used and samples were analysed on a
BD LSRFortessa™ (BD Bioscience) flow cytometer. Parasitaemia cut-off point was
set at 0.1% for infected RBC measurements. Acquisition data was analysed with
Kaluza (version 1.3) and FlowJo (version 10).
Statistics
All analyses were performed in STATA (version 15.0) and GraphPad Prism (version
7.03). Differences in CRPs and CD47 expression were compared using Wilcoxon
signed-rank test. For comparisons between anaemia group, Mann-Whitney
nonparametric test was used. Spearman’s nonparametric method was used to
determine correlations between CRPs and haemoglobin level.

Results
Reduced CR1, CD55, and CD59 on uninfected normocytes and reticulocytes in
Malaysian malaria patients with mild anaemia
To establish whether changes in CRP expression on RBC and reticulocyte was a
feature of mild anaemia during malaria in low transmission settings, RBC samples
were examined from P. falciparum and P. vivax-infected patients living in Sabah,
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Malaysia. Demographic and clinical characteristics of the study participants from
Sabah, Malaysia are summarized in Table 1. Blood samples were available from 24
participants, including 10 with P. falciparum infection, 10 with P. vivax infection, and
4 uninfected healthy controls.
In P. falciparum-infected individuals, CR1 (p = 0.043) and CD55 (p = 0.021)
expression on uninfected normocytes was lower in mildly-anaemic patients compared
to healthy controls (Fig. 2A). CR1 was also lower on normocytes in mildly-anaemic
compared to non-anaemic patients, although this difference was not statistically
significant (p = 0.088). CD55 expression on normocytes was significantly lower in
infected individuals with mild anaemia compared to healthy controls and to infected
but non-anaemic patients (p = 0.021 and p= 0.019 respectively Fig. 2A). Additionally,
CR1 and CD55 expression were positively correlated with haemoglobin level on
enrolment, albeit only statistically significant for CD55 (CR1, R = 0.62, p = 0.055;
CD55, R = 0.68, p = 0.032). No significant differences were observed for CD47 and
CD59 expression on normocytes during falciparum malaria.
In vivax malaria, CR1 on uninfected normocytes was lower in mildly anaemic
individuals compared to healthy controls and infected non-anaemic individuals (p=
0.032 and p = 0.016 respectively Fig. 2B). CD59 expression on uninfected normocytes
was reduced in mildly-anaemic compared to non-anaemic vivax malaria patients
(p=0.017, Fig. 2B). CD59 expression was positively associated with haemoglobin
level on enrolment (R = 0.64, p = 0.048). Again, no significant differences were
observed for CD47 and CD55 expression on uninfected normocytes during vivax
malaria.
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Expression of CR1, CD55, CD59, and CD47 were also assessed in reticulocytes during
falciparum and vivax malaria and healthy controls (Fig. 3). There was evidence for
reduced levels of CR1 on reticulocytes in infected individuals with mild anaemia in
both falciparum and vivax malaria (Fig. 3B). Patients with mild P. falciparum and P.
vivax malarial anaemia also had lower CR1 (p = 0.055) and CD59 (p = 0.053) on
reticulocytes compared to non-anaemic malaria patients, respectively (Fig. 3A and B).
Further, the level of CD55 and CD59 on reticulocytes was positively associated with
haemoglobin level for falciparum and vivax malaria, respectively (CD55: R = 0.53, p
= 0.053; CD59: R = 0.55, p = 0.027). Overall, the levels of CRPs on uninfected
reticulocytes was higher when compared to uninfected normocytes, including in
healthy controls (Fig. 4). No differences were observed for CD47 expression on
reticulocytes during falciparum and vivax malaria.
Transient drop in RBC CRPs following IBSM infection
To understand the dynamics of changes in RBC and reticulocyte CRP expression
during malaria, blood samples were examined from volunteers participating in IBSM
studies. Demographic and clinical characteristics of the P. falciparum IBSM
volunteers are summarized in Table 2. Blood samples were available from 16
participants over 45 days following inoculation. Volunteers were treated with antiparasitic drug at day 8 when parasitaemia reached approximately 20 000 parasite/mL.
Expression of CD55 and CD59 on uninfected normocytes was reduced after primary
P. falciparum infection (Fig. 5A). Compared to day 0, CD55 expression was lower at
day 12 (p = 0.05) while CD59 was significantly lower at all time-points except for day
8 and day 45 (Fig. 5A). By day 45, levels of CD55 and CD59 had returned to that of
baseline levels. There were no changes in CR1 and CD47 expression on uninfected
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normocytes over 45 days of follow ups. CRP expression was also assessed on
reticulocytes (Fig. 5B). Compared to day 0, CR1 was significantly reduced on days 13
(p = 0.029), 15 (p = 0.011), and 17/18 (p = 0.022), while CD55 was reduced on days
10 (p = 0.039) and 15 (p = 0.005). The expression of CD59 was significantly reduced
at all time-points compared to day 0 (Fig. 5B). Again, there were no changes in CD47
expression on reticulocytes over 45 days follow up.
Changes in CRP expression on reticulocytes and RBC normocytes were compared by
calculating percentage change from day 0 (before infection). Percentage loss of CR1
was significantly greater in reticulocytes than in uninfected normocytes at all timepoints except for day 8 and 12 (Fig. 5C). For CD59, reticulocyte percentage loss was
significantly greater at day 45. No significant difference was observed for CD55
percentage loss between normocytes and reticulocytes at all time-points.
Relationship between haemoglobin and CRPs
To understand the causal and effect relationship between haemoglobin and CRPs,
haemoglobin level was examined in volunteers participating in IBSM studies and this
was correlated with CRP expression on RBC. Overall there were only small changes
to haemoglobin levels following IBSM. During primary P. falciparum infection,
haemoglobin was reduced at all follow-up time-points compared to baseline (day 0),
except for day 11 and 42 (Fig. 6A). However, these reductions were small, with only
5 individuals developing mildly-anaemia (cut-off: 129 g/L for men and 119 for women
g/L) and none developing moderate anaemia (cut-off: 109 g/L for men and women).
The fluctuations in haemoglobin during IBSM may be due the multiple and
overlapping mechanisms mediating changes to haemoglobin during infection. For
example, the drop in haemoglobin at day 8 (peak infection) maybe due to the rupture
of infected RBCs at this timepoint, which then returns to normal following treatment,
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but then is reduced again due to other pathogenic mechanisms including CRP
reduction, dys-erythropoiesis and others.
Due to differences in collection time-points for blood samples and haemoglobin
measurements, matched CRP and haemoglobin data were only available for day 8 and
45; there was no significant correlation between CRP expression on normocytes or
reticulocytes and haemoglobin level at these time points (Fig. 6B and C). To assess if
early reduction in CRPs was associated with subsequent loss of haemoglobin, CRP
expression was correlated with haemoglobin at later time-points. No significant
correlations observed between CRP expression on normocytes or reticulocytes at day
10 with that of haemoglobin at day 11 nor CRP expression at day 17/18 with that of
haemoglobin at day 22 (Fig. 6D and E). Taken together, the results found limited
relationship between changes in CRPs and haemoglobin levels in volunteers
participating in IBSM studies.

Discussion
In the present study, the relationship between CRP expression and anaemia was
investigated in two distinct human cohorts: 1) patients from a low malaria transmission
region with uncomplicated falciparum and vivax malaria and mild anaemia; and, 2)
volunteers undergoing P. falciparum IBSM. Consistent with previous studies
demonstrating that CRP loss is associated with severe malarial anaemia (Oyong et al.,
2018; Waitumbi et al., 2000), the current results show that the expression of CRPs on
RBC is also reduced in individuals with mild malarial anaemia associated with either
falciparum or vivax malaria. Loss of CRPs is associated with haemoglobin (Gwamaka
et al., 2011; Oyong et al., 2018; Waitumbi et al., 2004; Waitumbi et al., 2000),
suggesting that CRP loss may also be an important contributor to chronic malarial
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anaemia in low transmission settings. The present study also shows that CRPs are
reduced on RBCs following experimental IBSM with P. falciparum where
parasitaemia is very low. While there was no significant correlation in IBSM between
reduced CRPs on RBC and subsequent changes to haemoglobin, patients in this model
are treated very early following infection, well before they develop significant
haemoglobin loss. Overall, data in this study show that CRPs are reduced on RBC even
in mild malarial anaemia and also during low-density infections, supporting the
hypothesis that CRP loss on RCB is a driver of malarial anaemia.
In Malaysian malaria patients, CRPs on normocytes and reticulocytes were reduced in
patients with mildly anaemic P. falciparum and P. vivax infection, suggesting that the
removal of CRPs is occurring during early stages of anaemia. While well-documented
in severe malarial anaemia (Oyong et al., 2018), significant loss of CRPs during mild
malarial anaemia has not been fully described. Additionally, a positive association
between CD59 expression and haemoglobin level was observed in this study. An invitro study using P. falciparum-infected RBCs demonstrated that parasitized RBCs
were more resistant to complement-mediated lysis due to CD59 expression (Wiesner
et al., 1997), suggesting its important role in protection from complement-mediated
anaemia. The findings in this study also expand the evidence of a role for CRPmediated anaemia pathogenesis to another geographical region in Southeast Asia, in a
population with a different genetic background, suggesting this mechanism is
independent of the genetic background of infected individuals. Due to limited number
of samples available, some of the comparison of CRP expression may not necessarily
be representative and statistically sufficient. Nevertheless, data in present study
indicate that CRPs are removed in mild malarial anaemia, and is consistent with
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previous findings that suggest CRP removal is an important mechanism of malarial
anaemia.
Expression of CR1, CD55 and CD59 on normocytes and reticulocytes were reduced
in volunteers after P. falciparum infection. However, the magnitude of the loss of CR1
was greater on reticulocytes, suggesting that reticulocytes are more susceptible to
complement-mediated attack compared to normocytes. Higher expression of CRPs on
reticulocytes compared to normocytes has been described (Lach-Trifilieff, Marfurt,
Schwarz, Sadallah, & Schifferli, 1999; Miot et al., 2002; Oyong et al., 2018;
Rabesandratana, Toutant, Reggio, & Vidal, 1998), and the level of CR1 is directly
correlated with the binding of circulating immune complexes (Schifferli, Ng,
Estreicher, & Walport, 1988; R. P. Taylor, Pocanic, Reist, & Wright, 1991). The
mechanism of CRP removal is thought to occur through the formation of antigenantibody immune complexes that binds to RBC CRPs, with the immune-complex/CRP
then subsequently transported removed by macrophages (Craig et al., 2005; Reinagel
et al., 1997; Reinagel & Taylor, 2000; Stoute, 2005). As such, the relatively higher
CR1 expression on reticulocytes may result in reticulocytes binding more immune
complexes during circulation, resulting in a larger loss of CR1 compared to
normocytes.
The current study investigates longitudinal loss of CRPs for the first time and
demonstrated that reduction of CRPs occurs even during low density P. falciparum
infection prior to the onset of anaemia. This is consistent with a previous observation
that shows complement activation is increased in volunteers with P. falciparum
sporozoite induced infection (Roestenberg et al., 2007). Past clinical studies were not
able to confirm this parasite driven loss of CRPs as the study samples were collected
from cross-sectional enrolments of patients presenting with clinical malaria
CHAPTER 6: Complement-mediated pathogenesis in mild malarial anaemia

185

(Odhiambo et al., 2008; Oyong et al., 2018; Waitumbi et al., 2000). While the current
data do not formally demonstrate a link between CRP loss and reduced haemoglobin
levels and anaemia as there was no association between these two parameters in the
IBSM cohort, data from the Malaysian study is supportive of a role of CRPs in driving
anaemia. The pathogenic mechanism of malarial anaemia is complex and
multifactorial (Anstey et al., 2009; Calis et al., 2016; Douglas et al., 2012). Thus, it is
likely that malarial anaemia is mediated by collective combinations of different
pathogenic factors. Other major pathogenic mechanisms of malarial anaemia include
dyserythropoiesis through bone marrow dysfunction (Aguilar et al., 2014; Phillips et
al., 1986) and reduced deformability of both infected and uninfected RBC that is
thought to cause splenic accumulation of RBCs (Dondorp et al., 1999; Looareesuwan
et al., 1987). Volunteers from IBSM trial have very low parasite counts detected by
qPCR by the time they are treated. Therefore, it is likely that patients are treated before
this loss of CRPs from low density infections is insufficient to induce significant loss
of RBCs from complement attack; indeed, the reduction of haemoglobin during
experimental infection were very minor.

Conclusions
This study shows for the first time that the expression of CRPs on normocytes and
reticulocytes is reduced in mild anaemia in patients with falciparum and vivax malaria.
Further, reduction of CRPs occurs early in infection, during low density parasitaemia
and prior to the onset of anaemia. Taken together, the results demonstrate that removal
of CRPs from RBCs during Plasmodium infection takes place early during infection
and are consistent with CRP loss on RBCs as an important driver of the development
of malarial anaemia.
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Table 1 Demographic and clinical parameters of participants from Sabah,
Malaysia.
P. falciparum

P. vivax
Uninfected

Mild

Non-

Mild

Non-

anaemia

anaemia

anaemia

anaemia

n = 4 (1/3)

n = 6 (5/1)

n = 3 (3/0)

n = 7 (5/2)

n = 4 (3/1)

11.7 (10.0-

14.0 (13.2-

10.9 (10.3-

14.1 (12.5-

16.6 (16.3-

12.3)

14.2)

11.8)

15.0)

17.5)

Age (yr)

37 (26-48)

40 (30-54)

25 (21-36)

32 (19-46)

34 (30-34)

Parasite count

740 (220-

19,700

3,400 (430-

6,100 (370-

N/A

2,100)*

(6,800-

15,000)

10,300

Sample

size

(male/female)
Haemoglobin
g/dL (IQR)

(iRBC/µL)

33,600)*
Parasite count was determined using blood smear microscopy. Median and
interquartile ranges are indicated. Parasitaemia and age were compared between
mildly anaemic and non-anaemic P. falciparum and P. vivax patients using MannWhitney nonparametric test. *P<0.05.
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Table 2 Demographic and clinical parameters of Plasmodium falciparum IBSM
volunteers
P. falciparum IBSM
Sample size (male/female)

n = 16 (12/4)

Age (yr)

22.5 (21.75-28.25)

Parasite count (parasites/mL)

21,626 (6,125-41,675)
Days

Data availability
0

8

Haemoglobin

x

x

CRPs

x

x

10

11

12

13

15

17

x
x

x

x

x

22

29

36

42

45

x

x

x

x

x

x

x

Parasite count was determined using qPCR. Median and interquartile ranges are
indicated.
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Figures

Fig. 1 Gating strategy for CRP analysis
RBC was characterized into uninfected normocytes and reticulocytes using SYBRGreen and CD71. CRP expression was measured with anti-CR1, -CD55, -CD59 and CD47 antibodies. Histogram indicates MFI values of CRPs expression.
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Fig. 2 Expression of CR1, CD55, CD59, and CD47 on uninfected normocytes in
healthy, non-anaemic, and mildly-anaemic individuals from low malaria endemic
region Sabah, Malaysia
A/B) CRP and CD47 expression was measured on uninfected normocytes in healthy
controls, and patients with uncomplicated falciparum (A) or vivax (B) malaria. For
malaria patients, individuals were grouped as non-anaemic and mild anaemic. P-values
indicate Mann-Whitney nonparametric tests between groups. Boxplot’s lower and
upper hinges represent first and third quartiles with median line indicated across the
box. Whisker lines correspond to highest and lowest values no further than 1.5
interquartile range from the hinges whereas dot points beyond whisker lines are
outliers.
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Fig. 3. Expression of CR1, CD55, CD59, and CD47 on reticulocytes in healthy,
non-anaemic, and mildly anaemic individuals from low malaria endemic region
Sabah, Malaysia
A/B) CRP and CD47 expression was measured on uninfected reticulocytes in healthy
controls, and patients with uncomplicated falciparum (A) or vivax (B) malaria. For
malaria patients, individuals were grouped as non-anaemic and mild anaemic.
Boxplot’s lower and upper hinges represent first and third quartiles with median line
indicated across the box. Whisker lines correspond to highest and lowest values no
further than 1.5 interquartile range from the hinges whereas dot points beyond whisker
lines are outliers.
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Fig. 4 Comparison of CRP expression on uninfected normocytes and reticulocytes
population in Sabah patients
CRP and CD47 expression levels, expressed as MFI, in uninfected normocytes and
reticulocytes in malaria patients with falciparum (A) or vivax (B) infection. All
comparisons for CRPs expression between normocytes and reticulocytes were
statistically significant using Wilcoxon signed-rank nonparametric tests (p<0.05).
Boxplot’s lower and upper hinges represent first and third quartiles with median line
indicated across the box. Whisker lines correspond to highest and lowest values no
further than 1.5 interquartile range from the hinges whereas dot points beyond whisker
lines are outliers.
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Fig. 5 Expression of CR1, CD55, and CD59 on normocytes and reticulocytes in
volunteers during induced blood stage Plasmodium falciparum infection
Expression of CRPs on uninfected normocytes (A) and reticulocytes (B) in participants
during IBSM. Generalized estimating equation (GEE) and Wilcoxon signed-rank
nonparametric tests between each group are indicated. *P<0.05; **P<0.01. Data are
presented in connecting lines with mean values and error bars indicating standard
error. (C) Percentage change of CRPs expression was calculated on MFI change at
follow-up visits compared to baseline day 0. Bar chart indicates mean ± standard error.
Wilcoxon signed-rank nonparametric tests between each group are indicated. *P<0.05;
**P<0.01.
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Fig. 6 Relationship between changes to CRP and haemoglobin level in volunteers
from IBSM trial
A) Haemoglobin levels following induced blood stage malaria infection. Generalized
estimating equation (GEE) and Wilcoxon signed-rank nonparametric tests between
each group are indicated. *P<0.05; **P<0.01. Data are presented in connecting lines
with mean values and error bars indicating standard error. Dotted lines across the graph
indicate mild-anaemia threshold for men and non-pregnant women. B/C) Correlations
between CRPs expression on normocytes (B) and reticulocytes (C) and haemoglobin
levels at day 8 and 45 following inoculation. D/E) Correlations between CRPs
expression on normocytes (D) and reticulocytes (E) at day 10 and 17 and haemoglobin
levels at day 11 and 22 following inoculation. Spearman’s nonparametric correlation
test is indicated.
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Chapter 7: Concluding Discussion
The development of effective anti-malarial vaccines has been curtailed by the lack of
understanding of the mechanisms underlying functional humoral and cellular immune
responses. Further, more efforts are needed to investigate functional and protective
immunity in the understudied P. vivax malaria. My thesis focuses on understanding
the protective and pathogenic role of functional complement-fixing antibodies in P.
vivax and P. falciparum malaria. The chapters presented contribute to our
understanding of the induction mechanisms of functional antibodies and cellular
immune responses that underlie this induction, the role of complement-fixing
antibodies in the pathogenesis of malarial anaemia, and the impact of host age in
acquisition of malaria immunity.

7.1 Antibody-mediated

complement

fixation

is

a

functional

mechanism targeting blood-stage malaria
The importance of complement-fixing antibodies in mediating protection has been
established in blood-stage P. falciparum malaria (Boyle et al., 2015b). Since then,
multiple targets of complement-fixing antibodies have been identified (Reiling et al.,
2019) and role of antibody-mediated complement fixation in protective immunity
against sporozoites have also been described (Behet et al., 2018; Liriye Kurtovic et
al., 2018; Zenklusen et al., 2018). However, the roles of complement-fixing antibodies
in P. vivax malaria has remained largely unknown. Identifying antigenic targets of
complement-fixing antibodies and understanding factors that may affect its induction
in P. vivax malaria is crucial for the development of effective anti-malarial vaccines.
This thesis provides the first evidence that antibody-mediated complement fixation is
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a mechanism induced by the two major human malaria-causing parasites, P.
falciparum and P. vivax. The work presented also suggest that the induction of
functional antibody is antigen-specific, with high seroprevalence and magnitude of
antibodies observed against P. vivax MSP3α Central region and P. falciparum MSP23D7. Distinct induction of antibody subclasses against merozoite antigens may explain
the influence of antigen structure towards functional antibody induction. Our data and
prior studies have indicated that IgG1 and IgG3 responses are predominant against
merozoite surface antigens (Richards et al., 2010; Roussilhon et al., 2007; Stanisic et
al., 2013; R. R. Taylor, Allen, Greenwood, & Riley, 1998). Concurrently, these
cytophilic IgG1 and IgG3 antibodies are more effective than other IgG subclasses at
fixing complement, due to longer hinge structure that provide greater flexibility
(Bruggemann et al., 1987; Dangl et al., 1988). Further, the preferential induction of
antibody subclass may also be influenced by the polymorphism of antigen region.
Highly polymorphic regions are more likely to induce IgG3 antibody while conserved
regions tend to induce IgG1 (Cavanagh et al., 2001; Tongren et al., 2006). Indeed,
both PvMSP3α Central region and PfMSP2-3D7 tested in this thesis are highly
polymorphic (Fenton et al., 1991; Rayner et al., 2002; Smythe et al., 1991).
During acute malaria, the composition of complement-fixing antibodies was distinct
between children and adults. Our cohort with P. vivax malaria showed that children
mainly induced IgM while adults induced IgG3 antibodies. Nonetheless, both antibody
types were functional in fixing complement C1q against PvMSP3α. In comparison,
antibody magnitude and composition were similar between the two age groups with P.
falciparum malaria presented in this thesis. The degree of malaria exposure explains
some of the mechanism that underlies age-specific differences on antibody class
induction seen in our cohort. Individuals with their first malaria encounter induced
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higher IgM response compared to previously exposed individuals, whom mounted
higher IgG response (Soares et al., 1999; Tao & Uhr, 1966). Our cohort with P. vivax
malaria were obtained from Sabah, a region with pre-elimination status (William et
al., 2014), and thus children may not have prior malaria exposure while adults have
IgG3 switched response that arise from pre-existing memory B-cells. In contrast,
children and adults with P. falciparum malaria in the other cohort were from a higher
malaria transmission setting (Karyana et al., 2008) and may have already experienced
previous malaria episodes. It is also important to note that in the P. falciparum cohort,
adults induced a higher functional antibody score than children. Functional antibody
score, which is a measure of collective breadth and magnitude for antibody function,
may provide more robust characteristics of functional antibodies and malaria
protection mechanism compared to individual antibody function magnitude.
The kinetic profile of functional antibodies observed suggest that antibodies are
quickly induced following acute infection but are also short-lived with rapid decaying
profile. The short-lived antibody responses described in Chapter 3 and 4, both in P.
vivax and P. falciparum malaria, may be explained by malaria exposure. It is thought
that the induction of MBCs and ASCs require continuous exposure to malaria antigens
(Ochsenbein et al., 2000). Thus, regions with low or unstable malaria transmission
may not favour effective or rapid differentiation of MBCs into ASCs. However, it
should be noted that past studies have also reported short-lived antibody responses in
areas of high malaria transmission (Akpogheneta et al., 2008; Kinyanjui et al., 2007;
Partey et al., 2018). A mathematical modelling study proposed that both short-lived
and long-lived ASCs are produced during malaria infection, where short-lived ASCs
are responsible for rapid but short-term antibody responses while long-lived ASCs are
responsible for long-term maintenance of antibody responses (M. T. White et al.,
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2014a). As such, rapid induction and decay of antibodies observed in this thesis may
reflect antibody responses generated from short-lived ASCs. The lack of long-term
follow-ups in our cohorts limits the assessment for antibody maintenance that may
arise from long-lived ASCs. Induction and maintenance of complement-fixing
antibodies should be taken into consideration for vaccine designs, not only to provide
high efficacy, but also long-lasting protection. Indeed, rapid decline in vaccine efficacy
was observed for participants receiving RTS,S without a booster dose (VE; 28.3% in
children, 18.3% in infants) compared to those with a booster dose (VE; 36.3% in
children, 25.9% in infants) (RTS, 2015), and this was consistent with a rapid decay of
complement-fixing antibodies within months of RTS,S vaccination (L. Kurtovic et al.,
2019).
Although our findings highlight that complement-fixing antibodies target PvMSP3α,
it will be important to investigate functional antibody induction in other blood-stage
antigens as well as the pre-erythrocyte stage sporozoite in P. vivax. Here, we also did
a pre-liminary testing on complement-fixing antibody response to another P. vivax
merozoite antigen, PvMSP9, on children and adults with acute P. vivax infection from
Sabah, Malaysia (data not shown). Our pre-liminary results indicated that the tested
individuals had minimal antibody recognition to PvMSP9. In P. falciparum malaria,
complement-fixing antibodies were recently shown to target and inhibit sporozoite
hepatocyte invasion (Behet et al., 2018; Liriye Kurtovic et al., 2018; Zenklusen et al.,
2018). Investigating the breadth of complement-fixing antibody response to multiple
antigen targets and assessing combinations of responses with high protective effect
can be highly informative for vaccine development, as indicated in a recent study in
P. falciparum (Reiling et al., 2019). Due to study design, our findings could not
determine the association between complement-fixing antibodies and malaria
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protection. Assessing protective benefits of complement-fixing antibody using in-vitro
technique is also challenging in P. vivax malaria, since no tools are available for longterm culture. The use of P. cynomolgi as a surrogate model may provide useful insights
for P. vivax studies as the simian malaria parasite is very closely related to P. vivax, in
terms of morphology and biology. However, it appears likely that antibody-mediated
complement fixation plays a significant role in protective immunity against P. vivax.
Cytophilic IgG1 and IgG3 antibodies were the major antibodies that mediate
complement fixation (Boyle et al., 2015b), and these were also the predominant
antibodies induced against PvMSP3α and were associated with retrospective past
malaria exposures (Lima-Junior et al., 2011). Other functions of antibody, such as Fcg
receptor cross-link affinity and antibody-mediated opsonic phagocytosis, were
discussed in our cohort with P. falciparum malaria, in which these provided a clearer
understanding into antibody response that are associated with malaria protection.
Further studies are warranted to assess other antigen targets of complement-fixing
antibodies as well as other antibody functions, and to assess direct roles functional
antibodies in protection against P. vivax malaria.

7.2 Induction of functional antibodies requires high quantity and
quality of cellular responses
The development of effective and long-lived antibody requires an appropriate response
from TfH that facilitate B-cell affinity maturation and differentiation into MBCs and
ASCs. In malaria, infection by P. falciparum has been described to result in
preferential activation of Th1-like cTfH subset, which have poor B-cell help capacity
and antibody response in children (Obeng-Adjei et al., 2015). Given that the antibody
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response and malaria immunity are dependent on host age (Baird et al., 1991; Dobano
et al., 2019; RTS, 2015; M. T. White et al., 2015), it is unknown if TfH response is
also influenced by age, and whether this may have an important impact on functional
antibody induction and age-dependent acquisition of malaria immunity. The work
presented in this thesis demonstrated that adults with P. falciparum malaria have
increased frequency of activated and proliferating cTfH compared to children. At the
subset level, children predominantly activate Th1-like cTfH while adults had marked
expansion of Th2-like cTfH. Increased cTfH has also been reported in other studies,
and was associated with antigen-specific antibody response in experimental malaria
vaccination (Hill et al., 2019), and in other infections, such as HIV (Locci et al., 2013;
Yamamoto et al., 2015) and influenza (Herati et al., 2017). Consistent with high TfH
activation during malaria, adults within our cohort induced higher anti-malarial
functional antibodies than children following acute P. falciparum infection. Further
supporting our data, the induction of functional antibody was associated with Th2-like
cTfH subset in human volunteers from VIS (led by Dr. Jo-Anne Chan and Dr. Michelle
Boyle). Age-dependent Th1/Th2 skewing has also been described in mouse model
where cytokine secretion profile was altered with aging (Segal et al., 1997). Notably,
young mice tend to produce cytokines with Th1-type profile whereas older mice
produced Th2-type cytokines (Segal et al., 1997). Due to lack of cellular data in the P.
vivax cohort, we could not assess if TfH is responsible for the similar induction
magnitude of complement-fixing antibodies in children and adults. TfH responses
during acute infection may also be different due to malaria exposure history. One study
investigating TfH response in P. vivax malaria demonstrated that individuals with
multiple past exposures induced higher TfH (Figueiredo et al., 2017). Within the same
study, profound increase in Th1-like and Th17-like cTfH frequency were observed
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during acute infection (Figueiredo et al., 2017). The importance of Th1-like cTfH has
been highlighted in HIV and influenza, in which Th1-like cTfH was efficient in
activating MBCs and associated with antigen-specific antibody production
(Baiyegunhi et al., 2018; Bentebibel et al., 2013; Martin-Gayo et al., 2017).
Our results have important implications for the development and administration of
malaria vaccines. Anti-malarial vaccines are targeted for individuals with the highest
malaria burden, who are predominantly young children. Designing a vaccine that
promotes Th2-like cTfH response might improve vaccine efficacy by inducing higher
functional antibodies against malaria. Indeed, the co-administration of RTS,S with
viral vectors showed an expansion of Th1-like cTfH but were associated with lower
antibody quantity and quality (Bowyer et al., 2018). A recent vaccine trial
demonstrated that the addition of GLA-SE adjuvant could enhance cTfH frequency
and induce long-lived antibodies (Hill et al., 2019). Interestingly, the population of
Th1-, Th2-, and Th17-like cTfH did not change following different vaccination
adjuvants, indicating that the specific adjuvant improved cTfH quantity instead of
quality (Hill et al., 2019). Other adjuvants, such as CpG oligodeoxynucleotide (CpGODN), has been shown to specifically alleviate lower TfH responses observed in
neonate mice (Mastelic et al., 2012; Mastelic-Gavillet et al., 2019). While the CpGODN mice studies were able to elucidate that TfH development was arrested at preTfH stage in neonates, subsets of the expanded TfH before or following CpG-ODN
adjuvant administration was not described. Therefore, further investigation is
necessary to explore other adjuvants with boosting effect for TfH quality, and whether
this translate into better antibody response and disease immunity. Although specific
adjuvants that boost Th2-like TfH activation are currently unknown, aluminium
hydroxide gel (alum) has been previously shown to induce Th2-type response and TfH
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in mice (Brewer et al., 1996; Serre et al., 2011). It is worth noting that alum-based
adjuvants produced poor induction of immune responses when evaluated in human
vaccines, possibly due to lack of innate immune system stimulation (Cvjetanovic &
Uemura, 1965; Davenport, Hennessy, & Askin, 1968; Del Giudice, Rappuoli, &
Didierlaurent, 2018). Additionally, deletion of the transcription factor Ets1 on CD4+
T-cell was associated with expansion of Th2-like cTfH in mice (C. J. Kim et al., 2018).
In this thesis, ASCs and activated B-cells were greatly expanded in adults compared
to children during acute P. falciparum infection. Activated TfH were associated with
increased ASCs and activated B-cells. Further, both classical and atypical MBCs with
CD86 and PD1 activation markers were also higher in adults with malaria. Increased
population of ASCs in adults compared to children were also reported in influenza, in
which ASCs were positively correlated with antibody responses (Bentebibel et al.,
2013). However, the same study also suggested that the induction MBCs that
differentiate into ASCs was due to Th1-like cTfH expansion (Bentebibel et al., 2013).
Although all activated cTfH subsets from our cohort were associated with ASCs
production, strongest correlation was observed from Th2-like cTfH. It is possible that
the role of cTfH subsets in mediating functional B-cell and antibody response is
disease-specific. Past studies have suggested that malaria exposure drives the
expansion of atypical MBCs (Illingworth et al., 2013; Obeng-Adjei et al., 2017;
Obeng-Adjei et al., 2015; Portugal et al., 2015; Ubillos et al., 2017; Weiss et al., 2009).
These MBCs were described as exhausted/anergic in HIV infection, with reduced
proliferative and effector function (Moir et al., 2008). However, expansion of both
classical and atypical MBCs with capacities in producing anti-P. falciparum antibodies
has also been reported (Muellenbeck et al., 2013). Within the same study, only atypical
MBCs showed signs of active antibody secretion (Muellenbeck et al., 2013). T-bet
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expressing B-cells, of which the majority are atypical MBCs, also have high surface
expression of IgG3 compared to T-bet negative B-cells (Obeng-Adjei et al., 2017).
IgG3 antibody class switching may have important implications to complementfixation as indicated in our thesis. Such evidence suggest that perhaps atypical MBCs
are in fact functional. Indeed, a recent study have demonstrated that mice atypical
MBCs with similar phenotypic and transcriptomic signatures of human atypical MBCs
were long-lived, functional, and able to differentiate rapidly into ASCs (C. C. Kim et
al., 2019).
Past malaria exposure is an important factor that can influence the induction of
humoral and cellular responses (Biswas et al., 2014; Elias et al., 2014). Although our
data could not exclude the possibility that the difference in immune responses observed
in the cohort were due to previous history of malaria episodes, parasite biomass and
antibody levels at baseline were comparable between the two age groups, suggesting
similar levels of baseline immunity. Further studies are needed to investigate TfH and
B-cell responses in P. vivax malaria, and whether the specific age-dependent induction
and activation of TfH and B-cell subsets is a pan-species mechanism. The impact of
malaria exposures in driving TfH response during acute infection is also warranted for
future investigations. Additionally, the use of tetramers may also afford the
opportunity for identification of antigen-specific TfH and B-cell subsets.
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7.3 Malarial anaemia is mediated by the loss of complement
regulatory proteins but not functional complement-fixing
antibodies
The pathogenesis of malarial anaemia involves multiple mechanisms that result in
RBC destruction. The underlying mechanisms of red cell destruction in malaria
include, but are not limited to, dyserythropoiesis, RBC deformability and
accumulation in the spleen, and complement-mediated destruction of RBC through
removal of RBC CRPs (N. J. White, 2018). This thesis investigated the degree to which
malarial anaemia is mediated by the loss of CRPs on the surface of RBC. In addition
to its role in malaria protection, complement activation has been implicated in the
pathogenesis of malarial anaemia (Biryukov & Stoute, 2014; Nyakoe, Taylor,
Makumi, & Waitumbi, 2009). Removal of CRPs, that function as proteins regulating
complement activation on RBCs, is associated with severe anaemia in children during
P. falciparum infection (Waitumbi et al., 2000). Our findings demonstrated that the
pathogenic CRP loss in malarial anaemia is age-independent and pan-species,
occurring in both P. vivax and P. falciparum infection. Previous experiments indicated
that P. vivax infection evoked greater destruction of RBCs per circulating parasite
compared to P. falciparum (Collins et al., 2003; Jakeman et al., 1999). Consistent with
this, we showed that although level of CR1 reduction was similar between the two
species, parasite density was significantly higher in P. falciparum than P. vivax. Whilst
the mechanism underlying greater reduction of CR1 per circulating parasite in P. vivax
is unknown, other studies have indicated that P. vivax infection results in higher
inflammatory responses compared to P. falciparum (Anstey et al., 2007; Hemmer et
al., 2006), which may contribute to CRP removal in malaria. Our results also did not
find any significant association between parasite density and haemoglobin level,
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suggesting that malarial anaemia is not only due to the destruction of RBC by schizont
rupture. Given that immune complexes are formed by parasite proteins and antibodies,
it is likely that parasite density correlates with CRP expression. However, our results
found little evidence of this association, indicating that the removal of CRPs may also
be mediated by other mechanisms. Age is an important factor that influences CRP
expression, whereby CRP expression increases with host age and this likely
contributes to the greater risk of severe anaemia in infants (Waitumbi et al., 2004).
Nevertheless, past studies have not demonstrated the pathogenic mechanism of CRP
and anaemia in adults with malaria. Our findings demonstrated that adults are also
susceptible to CRP loss during malaria infection, which was associated with severe
anaemia.
By using samples obtained from a pre-elimination setting with very low endemicity
and patients enrolled into VIS, we demonstrated that the removal of CRPs occurred
early during infection and was associated with mild malarial anaemia. The data suggest
that in low transmission settings the mechanism of CRP removal is an important
contributor to the progression of mild, but often chronic malarial anaemia. Past studies
were only able to demonstrate the importance of this pathogenic mechanism in severe
anaemia and in malaria endemic clinical settings (Odhiambo et al., 2008; Stoute et al.,
2003; Waitumbi et al., 2000), where the causality relationship could not be
investigated due to multiple confounding factors. In our VIS cohorts, reduction of
CRPs was also observed during low density P. falciparum infection and prior to the
onset of mild anaemia. Although we could not demonstrate a significant association
between CRP expression and haemoglobin levels, patients in VIS trial were treated
early with anti-malarial and at low parasite density, which may be insufficient to drive
significant destructions of RBC from complement attack. Consistent with this,
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increased complement activation has been reported in VIS involving P. falciparum
sporozoite infection (Roestenberg et al., 2007). We also observed that during malaria,
reticulocytes lose CRPs at a greater rate compared to normocytes. Higher CRP
expression on reticulocytes compared to normocytes, as previously reported (LachTrifilieff et al., 1999; Miot et al., 2002; Rabesandratana et al., 1998), may also increase
binding availability for immune complexes that lead to significantly greater loss of
CRPs on reticulocytes. It is possible that mechanisms other than immune-complexes
formation may be responsible for CRP removal on RBC. The abundance of CRPs on
cell surfaces can also be influenced by cytokine levels. A number of cytokines, such
as TNFa and IFNg has been shown to upregulate CD55 expression on endothelial cells
(Ahmad et al., 2003; Mason et al., 1999). While the impact of cytokines on CRP
expression on RBC has not been assessed, the presence of interleukins can influence
RBC structure in an in-vitro study (Bester & Pretorius, 2016). It is also known that cell
aging diminishes CRP expression on RBCs (Fishelson & Marikovsky, 1993; Lutz,
Stammler, Fasler, Ingold, & Fehr, 1992).
Increases of RBC surface IgG and circulating immune complexes have also been
associated with reduced CRP expression and malarial anaemia (Stoute et al., 2003;
Waitumbi et al., 2000). Findings from this thesis provided an evidence that the
induction of complement-fixing antibodies did not have a major role in the
pathogenesis of malarial anaemia. The complement-fixing mechanism is likely
mediated by IgG1 and IgG3 subclass as well as IgM due to their longer hinge and
pentameric structure (Borsos & Rapp, 1965; Bruggemann et al., 1987; Dangl et al.,
1988). Indeed, data presented in this thesis, as well as others from the same study
population (Woodberry et al., 2008), demonstrate that IgG1 and IgG3 are the
predominant IgG subclasses targeting P. falciparum and P. vivax blood-stage antigens.
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Interestingly, IgG1 and IgG3-containing immune complexes bind poorly to CR1
(Lucisano Valim & Lachmann, 1991), and hence may not play a major role in CRP
removal during malaria. It is possible that antibody types other than functional
antibodies, are responsible for the mechanism of CRP removal. IgG4-containing
immune complexes has been previously implicated in severe malarial anaemia (Mibei,
Otieno, Orago, & Stoute, 2008), suggesting that it is the non-functional antibodies that
mediate binding and removal of CRPs from RBC surface. Further supporting the
evidence that complement-fixing antibody is not associated with malarial anaemia,
VIS cohort from another study have shown that antigen-specific IgG and IgM with
complement-fixing functionality were induced following 14-15 days of infection
(Boyle et al., in press). The removal of CRPs in our VIS cohort (Chapter 5) had
occurred early at day 8, well before the induction of complement-fixing antibodies as
indicated in another study. Taken together, our results suggest that the removal of
CRPs in malaria infection occurs through an independent pathway from complementfixing antibody induction.
Ex-vivo and in-vitro results demonstrated that the expression of CRPs was higher in
parasitised RBC compared to uninfected RBC population, indicating that RBCs
containing malaria parasites are better protected from complement-mediated attack.
Aside from its role as regulators of complement, both CR1 and CD55 are also
important receptors that facilitate P. falciparum invasion (Egan et al., 2015; Tham et
al., 2010). Thus, it is likely that malaria parasites preferentially invade RBCs with high
CRP expression to initiate invasion, and to evade immune complement clearance.
Although it is unknown if CR1 and CD55 also act as invasion receptors for P. vivax,
transferrin receptor 1 (CD71) which is expressed on reticulocytes is a known invasion
ligand for P. vivax invasion (Gruszczyk et al., 2018). Our findings, as well as that of
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others, have shown that reticulocytes express higher CRPs compared to normocytes,
further supporting our hypothesis of the complement immune evasion mechanism by
the parasites.

7.4 Strengths, limitations, and future directions
The work presented in this thesis utilized human samples collected from multiple
unique cohorts, which allowed comprehensive investigation across two Plasmodium
species causing malaria, in different and contrasting transmission settings
(experimental, pre-elimination, and perennial), and in study areas where all ages are
impacted by the disease. Conducting research on human samples instead of mouse
models provide a more realistic representation of human malaria infection. Phenotypes
of immune responses between mouse and human are distinct, and hence require careful
interpretations. The use of IBSM VIS in malaria research is highly advantageous as it
allows precise assessment of immune responses following a primary malaria infection
and without the presence of confounding factors that are normally found in endemic
settings. Nevertheless, VIS trials also have some limitations, including limited age
selection in volunteers and low parasite density infection model that does not represent
high parasite burden. This thesis overcame such limitations by including human
samples from endemic settings across wide age range and from both infection model,
in natural and induced experimental setting. Additionally, assessments done in this
thesis included two study sites with distinct malaria transmission intensity, geographic
background, and human demographics. Changes in these factors may have important
consequences in affecting malaria immunity. The samples obtained from the study
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sites were also taken longitudinally to ensure that the dynamics of immune responses
after malarial infection can be investigated.
Careful considerations into data analyses are necessary to ensure accuracy and to avoid
biases in data presentation. Here, we analysed different antibody isotype responses and
different functional antibody mechanisms to ensure that the breadth of antibody
function is fully explored. Calculating the breadth of antibody responses is important
in determining correlates of malaria protection as shown in a malaria study with
Kenyan children (Osier et al., 2008). Additionally, to ensure that the data generated
from flow cytometry was analysed accurately, we utilized novel bioinformatic
unsupervised clustering approach, termed Citrus, to delineate cell phenotypes that
differ between children and adults. This computational approach is highly useful to
complement results generated by the traditional manual gating, as the later technique
is often prone to subjectivity bias (Lugli, Roederer, & Cossarizza, 2010).
The data presented also have several limitations. Firstly, samples were collected from
patients presenting with acute infection and were followed for up to a month. As such,
prospective risks of malaria could not be assessed, and the direct protective
correlations of antibody and cellular responses quantified in this thesis are unknown.
Further, in-vitro techniques to assess antibody protective roles, such as invasion
inhibition assay (IIA) and growth inhibition assay (GIA) could not be applied since
long-term maintenance of P. vivax in-vitro culture has not yet been developed. The
lack of sample size with diverse age range may also limit the scope of investigation on
the distinct age-dependent immune responses presented in this thesis. Infants and
young children may induce different profiles of immune responses, as previously
demonstrated in vaccine trials where young children obtained better protective efficacy
than infants (RTS, 2015). Similarly, immune profiles between adults and aging
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individuals may also be different. In Chapter 6, we did not find a strong evidence of
causality between CRP expression and Hb loss following induced malaria infection.
This could be due to limitation in obtaining large sample size in VIS since the trial
requires stringent volunteer assessments, rigorous ethics approval, and large monetary
budget. Further, the samples used to measure CRP expression in Chapter 5 were
cryopreserved RBCs collected over 10 years prior. Although there is no evidence
describing significant changes in RBC CRP expression due to long-term storage, it is
still possible this may have occurred after long-term cryopreservation. Further studies
are therefore warranted to address these limitations.
Activation of TfH is dependent upon priming by the antigen-presenting cells that
display antigens to CD4+ T-cells through major histocompatibility complex-II (MHCII) molecule. Future studies should investigate whether antigen-presenting cells, such
as the dendritic cells, are also influenced by the host age during malaria infection,
which could possibly have detrimental impact to adaptive response. Changes in
frequency of dendritic cell subsets during malaria have been previously described, in
mice model (Pichyangkul et al., 2004; Voisine, Mastelic, Sponaas, & Langhorne,
2010; Wykes, Liu, Jiang, Hirunpetcharat, & Good, 2007) and human (Loughland et
al., 2016; Urban et al., 1999; Woodberry et al., 2017). Our team is planning to further
investigate this hypothesis by testing TfH and innate cell responsiveness in PBMCs
collected from malaria naïve children and adults. It is important to note that the cellular
responses reported here were of total responses, instead of antigen-specific response.
Therefore, future research could also continue to explore age-dependent TfH and Bcell responses in malaria, but with a special emphasize into Plasmodium antigenspecificity. Methods to determine antigen-specific T-cell and B-cell responses include,
but not limited to in-vitro cell stimulation assay, ELISPOT, and fluorescent-labelled
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antigen tetramer (Boonyaratanakornkit & Taylor, 2019; Phetsouphanh, Zaunders, &
Kelleher, 2015). With the cell stimulation assay, cytokine secretion can also be
analysed using intracellular cytokine staining followed by flow cytometry to determine
cell polyfunctionality. More recently, the use of antibody barcode array in
microchamber chip, the IsoPlexis IsoCode single cell technology, has allowed the
detection of 40+ cytokines in a single cell fashion, as demonstrated in a malaria
vaccine study (Zhou et al., 2017). Quantifying antigen-specific T-cells using MHCpeptide tetramers is more commonly applied for CD8+ T-cells, mainly due to multiple
factors contributing to the difficulty in producing robust antigen-MHC-II tetramer
complex for CD4+ T-cells (Phetsouphanh et al., 2015). Looking forward, future
studies should also utilize single-cell RNA sequencing (sc-RNAseq) technology to
elucidate the transcription genes modulating activation and differentiation of TfH
subsets and to profile the T-cell receptor (TCR) and B-cell receptor (BCR) repertoire.
This approach generates complex transcriptome data that can reveal in-depth gene
expression between cells and could potentially identify rare cell subsets that otherwise
standard flow cytometry could not. Further, the diversity of cell clonotypes can also
be determined using sc-RNAseq.

7.5 Concluding remarks
In summary, this thesis aimed to increase our understanding on the protective and
pathogenic roles of complement in malaria. My thesis present novel findings regarding
the specific cellular immune responses that mediate functional antibody induction
including complement-fixing antibody, and the significant influence of age in shaping
immune responses to malaria. Complement-fixing antibodies do not appear to be
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involved in the pathogenesis of malarial anaemia, further supporting its important roles
in protection from malaria. With the current progress to reduce malaria burden stalled,
effective vaccines are needed to achieve the malaria elimination goal. The work
described has improved our understanding on complement-mediated mechanism in
human malaria and may provide further guidance for vaccine development and
strategies.
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