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Abstract 

Malaria caused by Plasmodium remains a major global health problem, with 3.2 

billion people estimated at risk of infection. Protective immunity to malaria is slow 

to develop, incomplete and short-lived. Impairment of dendritic cell (DC) function is 

one way Plasmodium falciparum evades host immune responses.  

In malaria-naive adult volunteers, peripheral DC were examined before and after 

intra-venous inoculation of P. falciparum or P. vivax infected red blood cells. The 

viability, number, maturation (HLA-DR, CD86) and cytokine production (TNF, IL-

12, IL-10 and IFN-α) to toll like receptor (TLR) stimulation of plasmacytoid DC 

(pDC) and myeloid DC (CD1c
+
, CD141

+
 and CD16

+ 
mDC) were measured using 

flow cytometry. Total RNA sequencing examined longitudinal pDC gene expression 

changes in 5 adults before and at peak infection. 

During a first Plasmodium infection CD1c
+ 

mDC, CD141
+ 

mDC and pDC (not 

CD16
+ 

mDC) decline with increased apoptosis. HLA-DR expression significantly 

reduced on CD1c
+ 

mDC, CD141
+ 

mDC and pDC, but remained stable on CD16
+ 

mDC. P. falciparum infection compromised CD1c
+ 

mDC failed to upregulate HLA-

DR and CD86 upon TLR stimulation and produced significantly more TNF (with 

unchanged IL-12). In contrast, pDC and CD16
+ 

mDC retained appropriate 

maturation and cytokine responsiveness in a first P. falciparum infection. A primary 

P. falciparum infection altered a small set of pDC genes. 

DC subsets are differentially impacted during a primary Plasmodium infection. 

CD1c
+ 

mDC are functionally compromised while pDC and CD16
+ 

mDC retain 

function. We hypothesise Plasmodium induced DC subset modulation hampers 

immune responsiveness and assists parasite expansion. Understanding how and why 
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DC subsets are disproportionately impacted by P. falciparum and P. vivax may aid 

development of strategies to prevent parasite immune evasion and enhance 

protective immune responses, and potentially guide vaccine strategies for malaria 

elimination. 
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Chapter 1.                                         

Introduction and Literature Review 

1.1 Global Burden of Malaria 

Globally an estimated 3.2 billion people are at risk of Plasmodium infection (WHO 

2015). In 2015, there were an estimated 214 million reported cases of malaria and 

approximately 438,000 deaths (WHO 2015). Malaria is caused by the protozoan 

parasite Plasmodium, which is injected through the skin by the infectious bite of the 

female anopheles mosquito (WHO 2015). There are six species of Plasmodium 

known to cause disease in humans (WHO 2015): P.  falciparum, P. vivax, P. 

malariae, P. ovale curtisi, P. ovale wallikeri and P. knowlesi.  

1.1.1 Life Cycle of Plasmodium 

The Plasmodium life cycle occurs in both the vertebrate host and invertebrate vector 

and has two major stages: asexual development in the vertebrate host, followed by 

the sporogenic cycle, initiated when gametocytes (sexual stages) are ingested by the 

mosquito during a blood meal (Whitten, Shiao & Levashina 2006). Briefly, the 

mosquito vector takes a blood meal from a vertebrate host and subcutaneously 

injects sporozoites through the salivary glands (Figure 1.1). These sporozoites travel 

from the skin to the liver and pass through several hepatocytes. Inside hepatic cells 

sporozoites develop into hepatic schizonts (Miller et al. 2002). These hepatic 

schizonts rupture, releasing thousands of merozoites into the bloodstream, which 

then invade red blood cells (Miller et al. 2002). During the blood phase, the 
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merozoite develops into an immature trophozoite that in turn becomes a mature 

trophozoite inside the red cell (Figure 1.1). The trophozoite then develops into a 

schizont: upon red cell rupture 16-32 daughter merozoites are released (Cowman & 

Crabb 2006). Each merozoite is capable of red blood cell invasion, resulting in 

exponential growth of parasite biomass. During the blood-stage in the human some 

parasites can differentiate into erythrocytic sexual stages (gametocytes). These 

gametocytes can be ingested by the female anopheles mosquito during a blood meal 

and continue the Plasmodium life cycle within the vector (Miller et al. 2002) (Figure 

1.1). Additionally P. vivax has a dormant liver stage in which parasites can infect 

hepatocytes, and stay dormant for prolonged time periods (Cowman & Crabb 2006; 

Miller et al. 2002). Hypnozoites can cause multiple relapses after a primary infection 

(WHO 2015). The blood-stage of Plasmodium infection is of particular interest 

because the parasite can be detected by microscopy or Polymerase Chain Reaction 

(PCR) and this is where the clinical symptoms of malaria are experienced (Miller et 

al. 2002). In humans, immunological studies are predominantly constrained to the 

evaluation of peripheral blood during the blood-stage of infection.   
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Figure 1.1 Sexual and asexual lifecycle of Plasmodium spp.  Adapted from 

Centres for Disease Control and Prevention (CDC 2010).   
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1.1.2 P. falciparum and P. vivax 

The global burden of malaria is predominantly caused by P. falciparum and P. vivax. 

This thesis predominantly evaluates human immune responses to P. falciparum and 

to a lesser degree P. vivax. Thus, this review will largely be confined to the 

discussion of P. falciparum and P. vivax.  

Despite recent gains, P. falciparum remains a major global health issue (Figure 1.2). 

The majority of deaths caused by malaria are a result of P. falciparum infection, in 

which African children under five comprise the bulk of deaths (WHO 2015). 

Moreover, 184 million Africans live under conditions of hyper holoendemic 

transmission (Snow 2015), largely as a result of optimal environment conditions for 

the anopheles mosquito vectors, amid sustained poverty (Snow 2015). In South-East 

Asia, the proportion of malaria cases due to P. falciparum varies greatly, from 15% 

to 79% across eight countries (WHO 2015). Bangladesh, Timor-Leste and Myanmar 

have the greatest burden of P. falciparum in South-East Asia (WHO 2015) (Figure 

1.3).  
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Figure 1.2 Percentage change in malaria mortality rate, 2000-2013 (WHO 

2014b). 

In many countries where P. falciparum has been eliminated P. vivax remains a 

challenge. In 2015, P. vivax caused an estimated 13.8 million malaria cases globally 

and accounted for approximately half of the malaria cases outside of Africa (WHO 

2015). P. vivax has the widest geographical and ecological distribution affecting 

40% of the world’s population (Guerra et al. 2010), as it can mature in mosquitoes at 

lower ambient temperatures than P. falciparum (Cotter et al. 2013). The incidence of 

malaria in many regions including South-East Asia has decreased, with a reduction 

from 2.9 to 1.5 million reported cases of confirmed malaria (with six countries 

reporting greater than 75% decrease in incidence) between 2000 and 2013 (WHO 

2014b) (Figure 1.2). Indonesia accounts for 21% of malaria cases in South-East Asia 

and did not achieve greater than 75% incidence reduction (WHO 2014b). P. vivax 

and P. falciparum share approximately 50% of the malaria burden in Indonesia 

(WHO 2015). 
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Figure 1.3 Global distribution of malaria (WHO 2014b). 

 

1.1.3 Clinical Symptoms and Pathogenesis 

Clinical manifestations of malaria range from mild symptomatic infection to severe 

disease and death (Miller et al. 2002). Clinical malaria is defined by intermittent 

fever, malaise, shaking, chills, arthralgia, myalgia, vomiting as well as other 

symptoms (Laishram et al. 2012). These clinical features together with detection of 

Plasmodium spp. in the blood determine diagnosis. Severe disease and death from 

malaria is predominantly caused by P. falciparum (WHO 2015). However, P. vivax 

can cause severe disease and death and is increasingly recognised as a cause of 

severe clinical malaria (Barber et al. 2013; Changpradub & Mungthin 2014; Medina-

Morales et al. 2016; Tjitra et al. 2008). Severe malaria can present clinically in 

several different ways. In children, severe malaria anaemia, respiratory stress or 

cerebral malaria are most frequent (Marsh et al. 1995). In adults, severe malaria can 
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be defined by several clinical features, including: convulsions, malarial anaemia, 

acute renal failure and jaundice, just to name a few (WHO 2014a). Severe malaria 

may progress to cerebral malaria, characterised by neurological symptoms such as 

convulsions or coma (Marsh et al. 1995; WHO 2014a). 

Asymptomatic infection is the state generally diagnosed by the presence of the 

pathogen without the corresponding clinical symptoms. Individuals living in 

endemic countries can maintain low parasite burdens, below the pyrogenic threshold 

(Karyana et al. 2008; Michon et al. 2007). However, a major obstacle when 

classifying asymptomatic infection is the lack of standard diagnostic criteria 

(Laishram et al. 2012). For example, infected individuals may be in a pre-

symptomatic period with low parasitemia and present with clinical manifestations on 

a subsequent day (Coura, Suárez-Mutis & Ladeia-Andrade 2006). Although 

asymptomatic patients may have a relatively low parasite burden, below the 

pyrogenic threshold, they can suffer from anaemia (Anstey et al. 1999; Laishram et 

al. 2012) 

The pathogenesis of mild and severe malaria results from a combination of factors 

including, but not limited to, the destruction of red cells by rupturing schizonts, 

sequestration (obstruction to tissue perfusion caused by cytoadherence of parasitised 

erythrocytes to the vascular endothelium) (Miller et al. 2002) and host immune 

responses (Schofield & Grau 2005), which are the focus of the current thesis.  

1.1.4 Prevention and Treatment of Malaria 

Malaria is a preventable and curable infectious disease (WHO 2015). The mosquito 

(vector) is most active at dawn and dusk thus personal barrier protection against the 

mosquito at these times is a simple and effective prevention strategy. Local 
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prevention methods are a current focus of government policy and aid organisations 

(WHO 2015). Insecticide-treated mosquito bed nets reduce the number of infective 

mosquito bites for a given mosquito population and have important mass insecticidal 

effects (Guerin et al. 2002). For travellers, chemoprophylaxis can suppress the 

blood-stage of infection and thus prevent malaria disease (WHO 2011).  

Effective treatment of malaria as well as asymptomatic infection is essential in 

reducing transmission of the parasite and associated morbidity and mortality with the 

disease. The active surveillance of individuals living in malaria-endemic countries as 

well as improved field diagnostic tools (Sturrock et al. 2013) are essential if malaria 

elimination is to be achieved (Alves et al. 2005; Bousema et al. 2004). Historically, 

chloroquine was the most successful drug for treatment and prophylaxis from the 

1940s to the 1990s (WHO 2015). Development of resistance against chloroquine and 

most other available antimalarial drugs has followed, resulting in a public health 

crisis (WHO 2015). Currently, artemisinin-based combination therapy (ACT) is 

recommended for the treatment of all malaria species (WHO 2015). However, 

artemisinin-resistant P. falciparum is established in six South-East Asian countries 

including eastern Myanmar, western Cambodia, Thailand and southern Vietnam 

(Ashley et al. 2014; Woodrow & White 2016). Despite the emergence of resistance 

to artemisinin, combination therapies remain efficacious in this region (Ashley et al. 

2014). These reports reinforce the need for new effective antimalarials, including 

synthetic alternatives to artemisinin to replace the drugs which are losing their 

efficacy (McCarthy, J.S. et al. 2011).    

Unique challenges arise in the effort to control and eliminate P. vivax. Clinical vivax 

malaria is characterised by the occurrence of relapses at different intervals as a result 

of the activation of liver-stage hypnozoites (Chen, N et al. 2007; Imwong et al. 



9 

 

2007). Furthermore, there are no diagnostic tests to detect the dormant forms of P. 

vivax residing in the liver (WHO 2015). At present, primaquine is the only drug 

available to treat this liver-stage, and adherence is low as it requires a 7-14 day 

treatment course (Baird & Hoffman 2004). The World Health Organisation (WHO) 

recommends development of new tools to achieve effective control of P. vivax, in 

particular against the hypnozoite reservoir which currently evades most methods of 

detection and treatment (WHO 2015). 

Development of a protective malaria vaccine is identified as a key component of a 

sustainable malaria control program and an important tool for malaria elimination 

(WHO 2015). Malaria has evaded the attempts of dedicated researchers despite 

advancements in biotechnology including molecular biology, genetics, immunology 

and vaccinology (Doolan, D.L., Dobano & Baird 2009). Vaccine development has 

largely concentrated on malaria life-cycle stages; (1) the sporozoite and liver-stages 

(pre-erythrocytic vaccines), (2) the asexual blood-stage (blood-stage vaccines) and 

(3) the gametocyte or gamete stage (transmission blocking vaccines) (Vaughan & 

Kappe 2012). Currently there are more than 30 vaccine candidates in development 

for all stages of the parasite life-cycle and under evaluation in clinical trials 

(Schwartz et al. 2012; Vaughan & Kappe 2012). The only approved vaccine is 

RTS,S/AS01 (Gordon et al. 1995), which induces antibody and CD4
+
 T cell 

responses against circumsporozoite proteins (Kester et al. 2009; Schwenk et al. 

2011). Currently, the World Health Organisation advises additional testing of the 

vaccine as well as continued adherence to currently recommended malaria control 

measures (WHO 2016). 
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1.1.5 Naturally Acquired Immunity and Immune Responses to Malaria 

Naturally acquired immunity (NAI) to Plasmodium is the term used to describe 

immune responses that are thought to convey protection against disease and allow 

asymptomatic infection. NAI is understood to comprise a balance between effector 

and regulatory immune responses [26]. NAI to Plasmodium infection develops 

slowly in areas of high endemicity and is not sterile, meaning it does not convey 

protection against subsequent infection (Doolan, D.L., Dobano & Baird 2009).  

Immunoglobulin (Ig) transfer studies in humans have demonstrated that IgG is a 

critical component of blood-stage immunity in humans (Cohen, McGregor & 

Carrington 1961; Sabchareon et al. 1991). Recent studies suggest IgG may work 

alone or in combination with phagocytic cells and/or complement (Boyle, Michelle J 

et al. 2015; Boyle et al. 2016; Osier et al. 2014), increasing our understanding of 

how antibodies can elicit protection against Plasmodium. Proposed antibody 

mediated mechanisms of immunity include antibody blocking of sporozoites entry 

into liver cells or merozoites into red cells, as well as antibodies which prevent 

sequestration of infected red cells (Chan, Fowkes & Beeson 2014; Stevenson & 

Riley 2004). 

To comprehend how NAI is achieved, a better understanding of cellular immune 

responses (innate or adaptive) during Plasmodium infection is required. Innate 

immune cells including macrophages/monocytes (Stevenson & Riley 2004), natural 

killer (NK) cells (Korbel, Finney & Riley 2004) and dendritic cells (Stevenson & 

Urban 2006) are known to produce pro-inflammatory cytokines as well as 

phagocytose parasitised red blood cells (RBCs) in response to Plasmodium infection. 

These innate cells may promote the induction and/or expansion of effector CD4
+
 and 

CD8
+
 T cells (Stevenson & Riley 2004; Stevenson & Urban 2006). Adaptive 
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immune cells (CD4
+
, CD8

+
 and γδ

+
 T cells) can control blood-stage parasitemia 

directly via cytotoxicity or indirectly via interferon-gamma (IFN-γ) (McCall & 

Sauerwein 2010) or tumor necrosis factor (TNF) (Robinson et al. 2009) cytokine 

production. CD8
+
 effector T cells are required for protection against the hepatic 

stage of infection (Roestenberg et al. 2009; Roestenberg et al. 2011). Traditionally, 

CD4
+
 T cells were divided into Th1 and Th2 cell subsets (Mosmann, T & Coffman 

1989). IFN-γ producing Th1 cells are crucial mediators of the host immune response 

during the acute phase of Plasmodium infection (Su & Stevenson 2002; Troye-

Blomberg et al. 1985) while IL-4 producing Th2 cells activate B cell antibody 

production to complete the clearance of Plasmodium (Troye-Blomberg et al. 1985). 

This traditional biphasic CD4
+
 T cell response is now understood to be more 

complex (reviewed in (Perez-Mazliah & Langhorne 2015)), with multiple CD4
+
 T 

cell subsets identified. CD4
+
 T cells can now be divided into Th17 cells (Chen, Z, 

Laurence & O'Shea 2007), Th22 cells (Duhen et al. 2009; Trifari et al. 2009), 

follicular T cells (Crotty 2011) and multi-functional T cells, which can secrete 

multiple cytokines such as IFN-γ and IL-10 (Jagannathan et al. 2014). As mature red 

cells do not express major histocompatibility (MHC) molecules it is likely that 

professional antigen presenting cells (APC) such as dendritic cells activate CD4
+
 T 

cells during Plasmodium infection (Stanisic & Good 2016). Moreover, at the time of 

CD4
+
 T cell activation, signals from APCs (such as dendritic cells) predominantly 

govern CD4
+
 T cell subset differentiation (Perez-Mazliah & Langhorne 2015). 

Immune responses to malaria are suboptimal as indicated by the prevalence of repeat 

infections (Good, M.F. 2011) and absence of sterile immunity. Cellular immune 

responses have a clear role in protection against disease. Studies have indicated 

many different cell types are dysregulated or dysfunctional in children and adults 
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with malaria. The purpose of this thesis is to examine specifically the function of 

human peripheral blood dendritic cell subsets upon first exposure to Plasmodium. 

Dendritic cells are a heterogeneous cell population and are essential for the initiation 

of the immune response. Currently, there is limited understanding of dendritic cell 

subset function during Plasmodium infection. An increased understanding of 

dendritic cell subset function, will contribute to our knowledge of how Plasmodium 

evades the host immune responses. 

1.2 Human Peripheral Blood Dendritic Cells (DC) 

Dendritic cells (DC) are highly specialised cells found in lymphoid and non-

lymphoid tissues as well as the peripheral blood (Hart 1997; Mittag et al. 2011) and 

are the only cells capable of priming naive T cells (Banchereau & Steinman 1998). 

Phenotypically, DC are defined as constitutively expressing MHC Class II and lack 

T cell, B cell, NK cell, granulocyte and erythrocyte lineage markers (Ju, Clark & 

Hart 2010). The definition of DC has evolved over time and will continue to do so 

with the implementation of new technologies including polychromic flow cytometry, 

mass spectrometry and transcription profiling. In humans, only the circulating 

peripheral blood DC can be easily sampled and assessed thus, from here onwards, 

the term DC will refer to the peripheral blood population.  

Total peripheral blood DC can be divided into myeloid DC (mDC, or classical DC as 

they are often referred to) and plasmacytoid DC (pDC), and are identified by their 

surface expression of CD11c or CD123 respectively (Ju, Clark & Hart 2010). There 

are three phenotypically distinct subpopulations of mDC; all have surface expression 

of CD11c and unique expression of CD1c (BDCA-1), CD141 (BDCA-3) or CD16 

(FcyRIII) (MacDonald et al. 2002). Human DC subsets have unique phenotypic and 
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gene expression profiles (Lindstedt, Lundberg & Borrebaeck 2005; Piccioli et al. 

2007). Each DC subset is optimally equipped for uptake, recognition and 

presentation of various antigens and pathogens (MacDonald et al. 2002). At 

particular maturation stages, DC subsets express distinct surface molecules and 

secrete different cytokines thus DC can selectively determine the type of induced 

immune response during an infection (Guermonprez et al. 2002). 

1.2.1 DC Origin 

DC originate from hematopoietic progenitor cells in the bone marrow (Blanco et al. 

2008; Collin et al. 2011; Fanger, N.A. et al. 1999). They are a heterogeneous cell 

population that encompass 1-2% of circulating peripheral blood mononuclear cells 

(PBMC) (Hart 1997). Until recently DC development in humans was not well 

understood. Originally monocytes were thought to be the precursors of DC as in 

vitro stimulation and monocyte culture can generate potent antigen presenting cells 

with some phenotypic features of DC (Sallusto & Lanzavecchia 1994). More 

recently, multiple lineage (monocytes, granulocytes, DC subsets, NK cells and B 

cells) cell development was successfully demonstrated using a stromal cell culture 

system and CD34
+
 hematopoietic stem and progenitor cells from cord blood (Lee et 

al. 2015). DC development is now defined by increasingly restricted progenitors; 

from granulocyte-monocyte-DC progenitor that develops into a monocyte-DC 

progenitor, which than gives rise to monocytes and finally the common dendritic 

progenitor (CDP), which is restricted to produce pDC and total myeloid DC (Crozat 

et al. 2010; Naik et al. 2006). CDP are found only in the cord blood and bone 

marrow (Lee et al. 2015). To further divide the myeloid DC subsets, a migratory pre-

myeloid DC population has also been identified in humans which develops from 

human CDP progenitors in the bone marrow (Breton et al. 2015). This human pre-
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myeloid DC population are found in peripheral blood, cord blood, bone marrow and 

peripheral lymphoid tissues and are the immediate precursors of myeloid DC 

subsets, CD1c
+
 mDC and CD141

+
 mDC (subsets described in detail below) (Breton 

et al. 2015).   

1.2.2 Human DC Subsets 

1.2.2.1 CD1c (BDCA-1) Myeloid Dendritic Cell 

CD1c
+
 mDC or blood dendritic cell antigen-1 (BDCA-1) comprise approximately 

20% of total DC (Ju, Clark & Hart 2010), express high HLA-DR when compared to 

other DC subsets (MacDonald et al. 2002) as well as toll-like receptors (TLRs)1-7 

(Piccioli et al. 2007), indicating an extensive pathogen recognition repertoire. 

CD11b
+
 DC are the mouse equivalent of human CD1c

+
 mDC (Robbins et al. 2008). 

In vitro studies show CD1c
+
 mDC selectively express homeostatic chemokine 

ligands CCL22 and CCL17 (Penna et al. 2002). CCL22 and CCL17 maintain 

physiological stability (Penna et al. 2002), which is essential during an infection 

such as Plasmodium. CD1c
+
 mDC produce a diverse range of cytokines upon 

stimulation of TLRs including IL-10 (Kassianos et al. 2012), IL-12 (Nizzoli et al. 

2013), IL-8 (Piccioli et al. 2007), TNF (Jongbloed et al. 2010), IL-6 (Jongbloed et al. 

2010; Piccioli et al. 2007) and IL-1β (Jongbloed et al. 2010). Following stimulation 

with Escherichia coli, CD1c
+
 mDC preferentially produce IL-10 alongside low 

production of pro-inflammatory cytokines IL-6, TNF and IL-12 (Kassianos et al. 

2012). This immune-regulatory phenotype contradicts the immune-stimulatory 

phenotype characterised by increased CD1c
+
 mDC IL-12 production after 

stimulation with multiple TLRs (Nizzoli et al. 2013) (Table 1.1). The CD1c
+
 mDC 

cytokine profile during acute malaria remains to be determined.  
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There is evidence in humans that infection can impair CD1c
+
 mDC function. In 

Respiratory Syncytial Virus (RSV) infection, in vitro RSV-infected CD1c
+
 mDC 

induce a robust CD1c
+
 mDC pro-inflammatory cytokine response, characterised 

byIL-1β, IL-6, IL-12, MIP-1α, and TNF-α production, and is enhanced upon TLR3 

stimulation (Gupta, Kolli & Garofalo 2013). Yet, RSV-infected CD1c
+
 mDC 

demonstrate reduced capacity to induce CD4
+
 T cell responses that were restored 

upon virus inactivation (Gupta, Kolli & Garofalo 2013), suggesting viral impairment 

of CD1c
+
 mDC priming function. This impairment was independent of HLA-DR and 

CD86, as expression was not diminished on RSV-infected CD1c
+
 mDC. Another 

example is chronic helminth (Everts et al. 2010) or hepatitis B infection (van der 

Molen et al. 2004), where reduced CD1c
+
 mDC HLA-DR or CD86 expression is 

associated with impaired T cell activation. Moreover, CD1c
+
 mDC are not TLR 

responsive during chronic helminth infection (Everts et al. 2010).  

1.2.2.2 CD141 (BDCA3) Myeloid Dendritic Cells 

CD141 or BDCA-3 are the common cell surface molecules used to identify 

peripheral blood CD141
+
 mDC (Ziegler-Heitbrock et al. 2010). CD141, also known 

as thrombomodulin, is an integral membrane glycoprotein (Bajzar, Morser & 

Nesheim 1996). CD141
+
 mDC constitute 3% of total circulating DC and reside in the 

blood and lymphoid tissues (Ju, Clark & Hart 2010). Gene expression studies have 

identified CD8α
+
 DC as the mouse equivalent to human CD141

+
 mDC (Robbins et 

al. 2008) (Table 1.1). 

The TLR expression profile of CD141
+ 

mDC reveals the expression of TLR 1, 2, 3, 

6, 8 and 10 (Jongbloed et al. 2010). TLR3 expression is shown to be notably higher 

in CD141
+ 

mDC when compared to other mDC subsets (Jongbloed et al. 2010). 

TLR3 triggering and interferon beta (IFN-β) production enhances CD141
+
 mDC 
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cross presentation capability (Jongbloed et al. 2010). CD141
+
 mDC are the major 

DC subset understood to employ the mechanism of cross presentation (Heath et al. 

2004; Joffre et al. 2012; Ueno, Palucka & Banchereau 2010). Cross presentation is a 

process by which acquired exogenous antigen can access the MHC Class I 

processing pathway of DC and elicit CD8
+
 cytotoxic T-lymphocyte responses (Heath 

et al. 2004). Using isolated CD141
+
 mDC from healthy human volunteers, CD141

+
 

mDC cross presentation was identified as a specialised function of this subset 

(Bachem et al. 2010; Jongbloed et al. 2010). Analysis of DC obtained from 

peripheral blood, thymus and spleen demonstrate an average of 80% of CD141
+
 

mDC express XCR1 (Gurka et al. 2015). XCR1 is a chemokine receptor involved in 

cross-presentation and augmentation of cytotoxic T cells (Yoshida et al. 1998) 

(Table 1.1). Moreover, CD141
+
 mDC also express CLEC9A (a C-type lectin-like 

receptor) and CADM1 (cellular adhesion molecular 1), surface receptors tightly 

associated with cross presentation (Galibert et al. 2005). CLEC9A senses and 

presents antigens derived from necrotic cells (Huysamen et al. 2008) (Table 1.1), 

which implies a specialised role of CD141
+
 mDC in presentation of antigen from 

dead or dying cells (Jongbloed et al. 2010). Whether all CD141
+
 mDC can cross-

present or whether this function is restricted to the XCR1
+
 CLEC9A

+
 CD141

+
 mDC 

remains to be determined (Gurka et al. 2015; Schreibelt et al. 2012).  

1.2.2.3 CD16
+
 Myeloid Dendritic Cells   

CD16
+
 mDC comprise approximately 50% of total peripheral blood mDC (Ju, Clark 

& Hart 2010; MacDonald et al. 2002), which makes CD16
+
 mDC the largest mDC 

subset. CD16 is a low affinity FcγRIII protein receptor which binds 

immunoglobulins (Peltz et al. 1989) (Table 1.1). CD16 (FcγRIII) is also found on 

natural killer cells, neutrophils, monocytes and macrophages (Tamm & Schmidt 
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1996). To ensure correct identification of the CD16
+
 mDC subset, CD14

+
 

monocytes, natural killer cells and neutrophils must be removed from the DC gate 

(Ju, Clark & Hart 2010) as they also express FcγRIII. 

CD16
+ 

mDC are morphologically, phenotypically and functionally distinct to 

monocytes, which express CD14 (Almeida, J et al. 2001). Morphologically, freshly 

isolated CD16
+
 mDC have cytoplasmic veils or a dendrite phenotype as well as an 

irregular nucleus (Almeida, J et al. 2001). The pattern of Fc receptors on the surface 

of monocytes and CD16
+
 mDC is different, emphasising distinctive roles in 

phagocytosis and receptor mediated endocytosis (Almeida, J et al. 2001). CD16
+
 

mDC express a broad range of TLRs, including TLR1, 2 4-8, 10 (Lundberg et al. 

2014; Piccioli et al. 2007) (Table 1.1). Interestingly, TLR expression is generally 

higher on CD16
+
 mDC when compared to CD1c

+
 or CD141

+
 mDC (Piccioli et al. 

2007). Moreover, CD16
+
 mDC produce a diverse range of Th1 cytokines (Piccioli et 

al. 2007) and a greater amount of cytokine, including TNF (Piccioli et al. 2007), 

when compared to CD1c
+ 

mDC (Piccioli et al. 2007). CD16
+
 mDC are the principle 

source of TNF and IL-12p70 when blood leukocytes are stimulated with TLR4 

ligand LPS (Ju, Clark & Hart 2010) (Table 1.1). Few human DC studies have 

included CD16
+
 mDC in their analysis.  

1.2.2.4 Plasmacytoid DC 

Plasmacytoid DC (pDC) were originally characterised as plasmacytoid T cells or 

monocytes by morphology (Facchetti et al. 2003). Plasmacytoid refers to the ‘non-

dendritic’ morphology of the cell; spherical and lacking dendrites (Reizis et al. 

2011). Following activation pDC lose their plasmacytoid morphology and develop 

‘typical’ dendrite morphology (Tel, J. et al. 2012). The murine pDC equivalent are 

also identified as pDC and produce large amounts of type I IFN, similar to human 
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pDC (Robbins et al. 2008). However, there are key differences between the murine 

pDC subset and the human pDC subset, including the ability of mouse pDC to 

produce IL-12 upon TLR stimulation (Robbins et al. 2008).  

Phenotypically, pDC are identified as lineage (CD3, CD14, CD19, CD34, CD20, 

CD56) 
 
and negative, CD123

+ 
HLA-DR

+ 
and

 
CD11c

- 
(Colonna, Trinchieri & Liu 

2004). Previous research indicates pDC have a limited ability to stimulate T cells 

when compared to myeloid DC (MacDonald et al. 2002). This is consistent with the 

low level expression of MHC Class II molecules by pDC and non-dendrite 

morphology. However, antigen presentation has only been characterised in vitro 

(Colonna, Trinchieri & Liu 2004) and the antigen presenting ability of pDC has been 

demonstrated (see review; (Tel, J. et al. 2012)). The cross-presenting capabilities of 

pDC are controversial (Reizis et al. 2011), yet the ability of pDC to cross present 

cell-associated tumour antigens has also been demonstrated (Tel, Jurjen et al. 2013), 

alongside increased pDC interferon-α (IFN- α) production and effector CD8
+
 T cells 

responses (Tel, Jurjen et al. 2013).  

pDC recognise RNA and DNA viruses as well as other pathogens through TLR7 or 

TLR9 respectively (Table 1.1). TLR9 expression accounts for pDC responses to 

CpG oligonucleotides, which mimic bacterial DNA. In comparison TLR7 is 

responsible for pDC responses to guanosine analogs (Tel, J. et al. 2012). pDC are 

considered professional type I IFN producing cells. The nature of this response from 

pDC is unique in terms of the speed and the magnitude of cytokine production 

(Reizis et al. 2011). Large amounts of type I IFNs are produced, namely IFN-α 

(Colonna, Trinchieri & Liu 2004; Jarrossay et al. 2001; Reizis et al. 2011). 

Moreover, 95% of type I IFNs produced by peripheral blood mononuclear cells in 
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response to viruses are understood to be produced by pDC (Reizis et al. 2011) 

(Table 1.1).  

Although there has been a lot of emphasis on the role of TLR7 and TLR9 in pDC 

activation (Jarrossay et al. 2001; Pichyangkul et al. 2004), they are not the only 

receptors which mediate immune activation of this specific cell subset (Reizis et al. 

2011). pDC are also activated by non-TLR receptors such as the interleukin-3 (IL-3) 

receptor (CD123) (Colonna, Trinchieri & Liu 2004). T cell derived IL-3 stimulates 

human pDC through CD123, inducing pDC survival and creating an activation 

feedback loop (Colonna, Trinchieri & Liu 2004; Reizis et al. 2011). Interestingly, in 

coronary artery disease CD123 expression is increased on pDC (after in vitro TLR 

stimulation) suggesting CD123 may be involved in pDC differentiation and/or 

antigen presentation. In contrast, CD303 (BDCA-2) is exclusively expressed on 

immature pDC and is used as a marker to distinguish immature pDC from mDC and 

other immune cells. Triggering of BDCA-2 impairs TLR-9-mediated type I IFN 

secretion by pDC, thereby attenuating the induction of innate immune responses 

(Tel, J. et al. 2012). More recently CD2, originally described as the e-rosette receptor 

on T cells (Jondal, Holm & Wigzell 1972), has been shown to identify two distinct 

pDC subsets; CD2
hi

 and CD2
lo

 pDC (Table 1.1). These pDC subsets differ in their 

efficiency to stimulate T cells and cytokine production (Matsui et al. 2009). 

Moreover, CD2
hi

 pDC can produce IL-12 in response to influenza infection (Matsui 

et al. 2009) and are more resistant to apoptosis (cell death) when compared to CD2
lo

 

pDC (Bryant et al. 2016). The ability of pDC to quickly produce type I IFNs and to 

respond to both self and foreign-nucleic acids makes them unique players of the 

immune system.
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Table 1.1 Phenotype and function of human peripheral blood DC subsets. 

 

Human 
Blood DC 
Subsets 

Phenotypic 
Markers 

Proportion 
(total 

blood DC) 

Activation 
Markers 

TLR 
Other 

Markers 
Cytokines 

Mouse 
Equivalent 

References 

CD1c
+
 mDC 

BDCA-1, 
CD11c 

19% 
High HLA-
DR, CD86, 

CD40 

TLR1-8, 
10 

CCL22, 
CCL17, 
CD206, 

DEC205, 
Sirpα, 

CD32a/b, 
CD64, DC-

SIGN 

IL-12, IL-
10, TNF, 
IL-8, IL-6, 

IL-1β 

CD11b+ 
DC 

(Lehmann et al. 2016) (Chatterjee et al. 

2012) (Ju, Clark & Hart 2010) 
(MacDonald et al. 2002; Robbins et al. 

2008) (Penna et al. 2002) (Kassianos et 

al. 2012) (Nizzoli et al. 2013) (Piccioli 
et al. 2007) (Lundberg et al. 2014) [88] 

(Fanger, Neil A et al. 1996)  

CD141
+ 

mDC 
BDCA-3, 
CD11c 

3% 
HLA-DR, 

CD86, 
CD40 

TLR1,2, 
6, 10, 
high 
TLR3 

CLEC9A, 
XCR1, 

DNGR1, 
CADM1, 

DEC205 hi, 
CD32a 

DC-SIGN 

IL-6, IL-8, 
CXCL10, 
IL-12 and 

IFN-β 

CD8+ DC 

(Lehmann et al. 2016) (Huysamen et 

al. 2008) (Schreibelt et al. 2012) [88] 

(Ju, Clark & Hart 2010) (MacDonald 
et al. 2002) (Robbins et al. 2008) 

(Gurka et al. 2015) (Lundberg et al. 

2014) [105] (Flinsenberg et al. 2012) 

CD16
+
 mDC 

FCγIIIR, 
CD11c 

50% 
HLA-DR, 

high CD86, 
CD40 

TLR1,2 
4-8, 10 

DEC205 
low 

IL-12, TNF NA 

(Lehmann et al. 2016) (Ju, Clark & 

Hart 2010) (MacDonald et al. 2002; 
Robbins et al. 2008) (Almeida, J et al. 

2001) (Piccioli et al. 2007) (Döbel et 

al. 2013; Fanger, Neil A et al. 1996) 

pDC 
BDCA-2, 
CD123, 

CD2 
20% 

HLA-DR, 
low CD86, 

CD40 

TLR7, 
TLR9 

CLEC4a 
(BDCA-4), 
DEC205 

med, 
CD32a 

Type I IFNs 
(IFN-α and 

IFN-β) 
pDC 

(Lehmann et al. 2016) (Geijtenbeek & 

Gringhuis 2009) (Ju, Clark & Hart 

2010) (MacDonald et al. 2002) 
(Robbins et al. 2008) (Tel, J. et al. 

2012) (Colonna, Trinchieri & Liu 

2004) (Colonna, Trinchieri & Liu 
2004; Jarrossay et al. 2001; Reizis et 

al. 2011) (Matsui et al. 2009) (Jondal, 

Holm & Wigzell 1972) (Tel, J. et al. 
2012) 
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1.3 DC Function 

DC function can be broken down into five main aspects; antigen capturing, antigen 

presentation, co-stimulation, cytokine production and TLR trigging. 

1.3.1 Antigen Capturing 

DC act as antigen capturing cells and are considered the sentinels of the immune system 

(Banchereau & Steinman 1998). Circulating DC can uptake antigen and microbes through 

endocytosis (Banchereau & Steinman 1998). Endocytosis is a process by which extracellular 

contents are engulfed by a cell, forming an endosome with the plasma membrane followed by 

rapid internalisation to the cytoplasm (Sigismund et al. 2012). Immature DC exhibit three 

main types of endocytosis: macropinocytosis, phagocytosis and adsorptive endocytosis 

(Mellman & Steinman 2001).  

Macropinocytosis is the formation of pinocytic vesicles in which extracellular fluid is 

internalised through a non-specific process (Banchereau & Steinman 1998; Roche & Furuta 

2015). Macropinocytosis occurs constitutively in DC thereby providing these cells with a 

robust mechanism of non-specific foreign antigen uptake (Liu & Roche 2015). Upon DC 

maturation, macropinocytosis by DC is dramatically suppressed (Garrett et al. 2000). 

Phagocytosis is triggered by the attachment of extracellular particles to surface receptors that 

in turn signal particle uptake. Phagocytosis can be mediated by C-type lectins (CTL) 

(Geijtenbeek & Gringhuis 2009), Fc receptors or scavenger receptors such as CD36 (Kumar 

et al. 2012; Urban, B.C., Willcox & Roberts 2001). C-type lectins are a diverse family of 

calcium dependent molecules situated in the cellular plasma membrane. Dendritic cells 

express a range of CTLs which can be distinguished by type I and type II transmembrane 

proteins (Geijtenbeek & Gringhuis 2009) (Table 1.1). Fc gamma receptors (FcγRs) detect 

either monomeric or complexed immunoglobulin (IgG). Human DC subsets are differentially 
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equipped with FcγRs (Bajtay et al. 2006). Briefly, three main classes are expressed on DC 

(Table 1.1): CD16 (FcγRIII), CD32 (FcγRII) and CD64 (FcγRI). CD16 and CD32 display 

low to medium affinity and mediate signalling after cross-linking of the receptors on the cell 

surface, whereas CD64 is a receptor for monomeric IgG with high affinity (Bruhns et al. 

2009). Immune complexes (IC) bind to FcγRs on DC which can lead to IC internalisation and 

activation of DC and increasing inflammatory responses (Elkon & Casali 2008). The 

scavenger receptor CD36 is an important receptor for antigen detection and uptake in 

circulating DC (Lehmann et al. 2016). Adhesion of P. falciparum-infected RBCs (iRBCs) to 

in vitro generated monocyte derived DC is mediated by CD36 expression and PfEMP-1 (P. 

falciparum erythrocyte membrane protein-1) (Urban, B.C., Willcox & Roberts 2001). More 

recently, CD36 expression was shown to be necessary for TLR2-dependent signalling pro-

inflammatory cytokine responses upon binding of P. falciparum derived 

glycosylphosphatidylinositol (GPI) (Kumar et al. 2012). 

Finally, adsorptive endocytosis can be triggered by human DC specific intercellular adhesion 

molecule 3-grabbing non-integrin (DC-SIGN) and the macrophage mannose receptor (MMR 

or CD206) (Lehmann et al. 2016).  

Sensing and uptake of invading antigens causes DC to undergo a complex maturation 

process, which modifies DC morphology and functions. Upon maturation DC reduce their 

ability to uptake antigen and enhance antigen presentation ability alongside, increased 

expression of co-stimulatory molecules (CD80/CD86) and secretion of immune-regulatory 

cytokines and chemokines (Banchereau & Steinman 1998; Steinman 1991; Villadangos, J.A. 

& Schnorrer 2007). 
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1.3.2 Antigen Presentation 

DC can not only amplify the immune response on subsequent exposure to an invading 

microbe (Weis et al. 2002), but they also have the unique ability to induce antigen specific 

immunity (Good 1999; Ueno et al. 2007). This results in priming of naive T cells, leading to 

T cell proliferation and differentiation (Chauvin & Josien 2008; Jongbloed et al. 2010). The 

potent antigen presenting function of DC was not discovered until their isolation and 

purification from lymphocytes and other leukocytes was made possible (Freudenthal & 

Steinman 1990). 

Complex antigen processing pathways allow DC to present derived peptides on major MHC 

molecules (Banchereau et al. 2000; Steinman 1991; Villadangos, J.A. & Schnorrer 2007). 

There are two different pathways of antigen presentation: MHC Class I and MHC Class II. 

MHC Class I molecules present peptides generated by proteasome degradation of 

endogenous cytosolic and nuclear antigens to CD8
+
 T cells (Pamer & Cresswell 1998). In 

contrast, MHC Class II molecules present exogenous antigens taken up from the extracellular 

milieu (Inaba et al. 1998). Unlike MHC Class I, MHC Class II is expressed on a select subset 

of antigen presenting cells such as monocytes, macrophages, B cells and DC (Ting & 

Trowsdale 2002). There are three classical MHC Class II molecules in humans: HLA-DP, -

DQ and –DR, each a heterodimer of an alpha and beta chain (Neefjes et al. 2011). Circulating 

DC constantly accumulate MHC Class II molecules in lysosome-related intracellular 

compartments identified as MHC Class II-rich compartments (MIICs) (Banchereau et al. 

2000). The captured antigen is directed towards MIICs containing the chaperone protein 

which promotes the catalytic removal of Class II-associated invariant chain peptide and 

enhances peptide binding to MHC Class II molecules (Roche & Furuta 2015) (Figure 1.4). 
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Figure 1.4 Adapted schematic of MHC Class II processing (Kobayashi & van den Elsen 

2012). 

DC that uptake antigen also upregulate co-stimulatory molecules, CD80 (B7-1) and CD86 

(B7-2) whilst circulating in the blood and upon migration to the lymph node (Villadangos, 

J.A. & Schnorrer 2007). Efficient activation of T cells requires CD86 and/or CD80 co-

stimulation receptor engagement (Villadangos, J.A. & Schnorrer 2007). Early in vitro cell-

line experiments reveal HLA-DR signalling is required for CD80 expression (Nabavi et al. 

1992) however, discrepancies between results suggested the existence of a second ligand, 

CD86 (B7-2) (Azuma et al. 1993). Functional assays now show CD86 is the major counter-

receptor to T cell CD28 (Caux et al. 1994). Blocking of CD86 expression abrogates DC-

induced T cell activation; in contrast, there is no similar biological effect upon CD80 
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blocking (Caux et al. 1994). Interestingly, the kinetics of CD80 and CD86 differ; CD86 binds 

CTLA-4 (cytotoxic T-lymphocyte associated protein-4), with lower affinity and faster 

dissociation rate than CD80 (van der Merwe et al. 1997), suggesting functional differences 

between the co-stimulatory receptors. CTLA-4 is a negative regulator of immune responses 

and has been associated with maintaining suppressive function of regulatory T cells (McCoy 

& Le Gros 1999). Rapid binding kinetics of CD86 may be necessary to accommodate 

dynamic T cell-APC contact, and facilitate scanning of APC for antigens (van der Merwe et 

al. 1997).  Evaluation of CD86 expression on circulating (peripheral) blood DC is one way to 

examine DC activation and function.  

1.3.3 DC Cytokine Production 

Cytokines are potent molecules that can dictate and drive immune responses. Upon activation 

and maturation DC subsets produce a broad spectrum of cytokines. DC cytokine production 

can influence the commitment of naive T cells, which are activated through T cell receptor 

and DC MHC ligand engagement (Penna et al. 2002; Perez-Mazliah & Langhorne 2015; 

Piccioli et al. 2007). DC cytokine profiles can be described as two distinct sub-groups: Th1 

and Th2 cytokines (Mosmann, TR et al. 1986). Th1 cytokines are involved in mediating 

cellular immunity, such as TNF and IL-12. In contrast, Th2 cytokines are involved in 

stimulating antibody production and immune regulation, such as IL-10 (Mosmann, TR et al. 

1986). TNF has a primary role in the induction of inflammation and is pivotal in both early 

immune responses to malaria and in late pathological manifestations (Lyke et al. 2004). 

Excess production of TNF is associated with the appearance of malaria symptoms such as 

fever and headache (Lyke et al. 2004). IL-12 can facilitate immune priming and influence the 

type of CD4
+
 T cell response. DC-generated IL-12 can drive T cell IFN-γ secretion and 

promote T cell cytotoxic capacity (Banchereau et al. 2000) as well as facilitate the 

development of clinical immunity to malaria (Bejon et al. 2007; McCall et al. 2007; 
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Moormann et al. 2013; Roestenberg et al. 2009). IL-10 is a regulatory cytokine that plays a 

key role in host survival, pathogen control and the prevention of hyperinflammatory 

responses (Couper, Blount & Riley 2008; do Rosario & Langhorne 2012). In acute malaria, 

IL-10 has been implicated in mediating DC apoptosis (Pinzon-Charry et al. 2013). 

1.3.4 Toll-like Receptors (TLRs) 

DC maturation is a complex series of events, which includes expression of new surface 

molecules and reduction in antigen capture capability (Ueno, Palucka & Banchereau 2010). 

Toll-like receptor (TLRs) binding and activation can lead to signal transduction, transcription 

factor activation and finally DC maturation including upregulation of MHC Class I/II or co-

stimulatory marker expression as well as cytokine production. These combined signals may 

result in specific antigen presentation by DC to T and B cells which then go on to initiate 

downstream immune responses (Villadangos, J.A. & Schnorrer 2007). 

TLRs comprise a family of at least 10 members and are a major class of pattern-recognition 

receptors (PRR), essential for the detection of a range of microbial products derived from 

bacteria, fungi and protozoan parasites (Stevenson et al. 2011). TLRs are type 1 integral 

membrane glycoproteins localised in the plasma membrane (TLRs 1,2 and 4-6) or in 

endosomal compartments (TLRs 3 and 7-9) (Lundberg et al. 2014). TLRs 1, 2 and 4-6 

specialise in the recognition of bacterial products such as lipoproteins (Iwasaki & Medzhitov 

2004). In comparison TLRs 3 and 7-9 specialise in viral detection and recognise nucleic acids 

(Matsumoto et al. 2003). The latter TLRs detection affords self-/non self-discrimination 

whereas the former TLRs recognise bacteria, fungi and protozoans (Creagh & O’Neill 2006).  

TLRs trigger multiple DC functions and may activate signals that are critically involved in 

the initiation of adaptive immune responses (Iwasaki & Medzhitov 2004). TLRs are 

differentially expressed on the cell surface of DC subsets (Kadowaki et al. 2001) (Table 1.1).  

mDC express a range of TLRs, including TLR4, which is activated by pathogen molecules 
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such as lipoploysaccharide (LPS) of the bacterial cell wall. Conversely, plasmacytoid DC 

(pDC) predominantly express TLR7 and 9, which bind single stranded RNA and double 

stranded DNA respectively (Kapsenberg 2003).  

1.3.5 TLRs and Plasmodium 

Innate recognition of Plasmodium is critical for the induction of appropriate immune 

responses (Eriksson, Sampaio & Schofield 2013; Gazzinelli et al. 2014). Changes in TLR 

expression on peripheral blood mononuclear cells during Plasmodium infection emphasise a 

role for TLRs in malaria pathogenesis (Loharungsikul et al. 2008; McCall et al. 2007). TLR2, 

4 and 9 are known to be activated by malaria antigens (Eriksson, Sampaio & Schofield 2013; 

Gazzinelli et al. 2014). P. falciparum derived glycosylphosphatidylinositol (GPI) is known to 

mediate TNF production in human peripheral blood monocytes via TLR2 or TLR4 through a 

Myeloid Differentiation Primary Response 88 (Myd88) dependent signalling pathway 

(Krishnegowda et al. 2005). Furthermore, Plasmodium 2-Cys peroxiredoxin (Prx), an 

important enzyme involved in regulating redox homeostasis in the malarial parasite 

cytoplasm (reviewed in (Kawazu et al. 2008)), is identified as an additional TLR4 malaria 

antigen in the rodent P. berghei ANKA model (Furuta et al. 2008). Prx induced TNF 

production in murine macrophages and mast cells in a TLR4 dependent activation pathway 

(Furuta et al. 2008). In vitro TLR9 triggering via Myd88 signalling is essential to human pDC 

and murine monocyte-derived DC activation by P. falciparum purified schizonts 

(Pichyangkul et al. 2004). In the human response to Plasmodium, a parasite protein-DNA 

complex is understood to activate TLR9 (Sharma et al. 2011; Wu et al. 2010). In murine 

malaria models, Plasmodium-derived RNA triggers TLR7 (Baccarella et al. 2013; Liehl et al. 

2014), yet the human TLR7 agonist is yet to be identified (Figure 1.5). The majority of data 

are derived from murine malaria models and in vitro stimulated purified cell populations with 
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parasite-derived material. It remains to be determined if PRRs are stimulated simultaneously 

upon infection or at different stages of the parasite’s life-cycle. 

 

Figure 1.5 TLR detection of Plasmodium antigens (Eriksson, Sampaio & Schofield 

2013). 

1.4 Human Dendritic Cells and Malaria  

 As discussed, immunity to malaria is non-sterile and only occurs in malaria-endemic 

countries as it requires multiple infections (Doolan, D.L., Dobano & Baird 2009; Good & 

Doolan 2010). The lack of sterilising immunity to malaria highlights the sub-optimal human 

immune response to infection. One likely mechanism of impaired immunity to malaria is 

compromised DC function, potentially including antigen presentation, cytokine production 

and DC viability (Wykes & Good 2008). To improve our knowledge of NAI and immune 

responses to malaria we must increase our understanding of the human immune response to 

Plasmodium infection. 
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1.4.1 In vitro; Plasmodium Compromised DC  

Early in vitro studies show DC function is compromised by P. falciparum-infected iRBCs. 

DC maturation is inhibited by iRBC adherence to DC through PfEMP-1 (Urban, B.C. et al. 

1999). Furthermore, impaired DC maturation as well as increased DC apoptosis is induced by 

contact-independent mechanisms, suggesting high pRBC concentrations (100 pRBC: 1 DC) 

are sufficient to impair DC function (Elliott et al. 2007). These data indicate that interactions 

of human DC with blood-stage P. falciparum are complex and suggest a spectrum of 

outcomes during Plasmodium infection (Elliott et al. 2007). In vivo human immunology 

studies are logistically difficult. Thus, in vitro studies that involve human monocyte-derived 

DC have been commonly used to assess DC function to Plasmodium spp. infection. Although 

valuable, breaking down the DC-Plasmodium interaction in vitro may not replicate the entire 

multifactorial in vivo situation. Moreover, in vitro monocyte-derived DC have been shown to 

behave differently when compared to freshly isolated DC (Piccioli et al. 2007), these 

differences could have an effect on their responses to pathogens. 

1.4.2 Peripheral Blood DC Number During Malaria 

There is no consensus as to whether DC subset number increase, decrease or remain 

unchanged during clinical malaria. Differences in cohort age, disease severity and study 

location may contribute to inconsistencies between studies. Yet, children of Fulani ethnicity, 

an ethnic group of West Africa, are relatively better protected against P. falciparum when 

compared to Dogan children, a geographically, socially and culturally similar ethnic group 

(Dolo et al. 2005). Dogan children with uncomplicated P. falciparum increase CD141
+
 mDC 

when compared to age-matched Fulani infected children (Arama et al. 2011). Interestingly, 

the other mDC subsets, CD1c
+
 mDC and CD16

+
 mDC remain unchanged, yet pDC increase 

in infected Dogan when compared to uninfected Dogan children (Arama et al. 2011). In 

children with severe P. falciparum malaria, CD141
+
 mDC uniquely increase while CD1c

+
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mDC and pDC remain stable (Urban, B. C. et al. 2006). In adults with P. vivax or P. 

falciparum infection, peripheral DC number is reduced (Goncalves et al. 2010; 

Jangpatarapongsa et al. 2008; Pichyangkul et al. 2004) including in P. falciparum infected 

pregnant women (Diallo et al. 2008). Conversely, peripheral blood pDC numbers are stable in 

falciparum or vivax infected Brazilian adults, and consequently the mDC/pDC ratio is 

significantly reduced (Goncalves et al. 2010). The majority of studies investigating DC in 

adults with malaria have only assessed total mDC and pDC with few studies including all 

mDC subsets (Table 1.2). In Papuan adults our group has shown CD1c
+
 mDC, CD16

+
 mDC 

and pDC numbers are reduced in acute malaria patients (Kho et al. 2015; Pinzon-Charry et al. 

2013), whilst CD141
+
 mDC numbers are more ambiguous (Kho et al. 2015; Pinzon-Charry et 

al. 2013), possibly due to the low frequency of CD141
+
 mDC in peripheral blood.  

 

Asymptomatic malaria is the carriage of Plasmodium parasites without clinical disease. DC 

subsets show apparent differences in numbers according to clinical immunity; asymptomatic 

compared to symptomatic Plasmodium infections (Kho et al. 2016; Kho et al. 2015). In 

asymptomatic P. vivax infection, pDC numbers expand in children and are retained in adults 

with both asymptomatic falciparum or vivax infection (Kho et al. 2015). Interestingly, CD1c
+
 

mDC are reduced in children but retained in adults with asymptomatic malaria yet CD141
+
 

mDC are retained in both children and adults with asymptomatic malaria (Kho et al. 2015) 

(Table 1.2). These data provide valuable insights into how DC subsets are modulated in 

asymptomatic infection however, confirmation and investigation of CD16
+
 mDC is required. 

The preservation of peripheral blood DC in asymptomatic individuals may contribute to their 

ability to maintain symptoms below the pyrogenic threshold.  
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Mechanisms underlying the loss of circulating DC during P. falciparum or P. vivax infection 

are unclear. In malaria-naive volunteers, our group previously reported loss of total mDC and 

pDC numbers (Woodberry et al. 2012), indicating high parasitemia and clinical malaria 

symptoms are not necessary to impair peripheral blood DC number. Premature DC apoptosis 

is one possible mechanism for the significant loss of peripheral DC during falciparum or 

vivax infection. In malaria-naive adults (Woodberry et al. 2012) and patients with vivax or 

falciparum malaria (Pinzon-Charry et al. 2013), we show increased apoptosis of the total DC 

population. DC migration is another likely explanation for the loss of peripheral blood DC. 

Evaluation of DC migration in humans is difficult, as simultaneous blood and tissue samples 

are not readily available. In falciparum infected Thai adults, pDC number is significantly 

reduced (Saeki et al. 1999). In vitro stimulation of pDC with P. falciparum schizonts 

increases pDC CCR7 expression, suggesting pDC may migrate to the lymph nodes during 

Plasmodium infection (Saeki et al. 1999).  

1.4.3 Impaired DC Activation in P. falciparum and P. vivax Malaria 

In falciparum and vivax malaria our group has shown total mDC and pDC have reduced 

HLA-DR and CD86 expression together with reduced ability to uptake particulate antigen 

(Pinzon-Charry et al. 2013). In a recent clinical malaria study, we reported reduced HLA-DR 

expression on CD1c
+
 mDC and CD141

+
 mDC; unfortunately this analysis was only possible 

in three patients (Kho et al. 2015) thus, further investigation of mDC subset activation during 

acute malaria is necessary. These data conform to earlier findings in children with severe 

falciparum malaria where HLA-DR was reduced on CD1c
+
 mDC and CD141

+
 mDC (Urban, 

B. C. et al. 2006). Moreover, in children with uncomplicated falciparum malaria (Dogan 

ethnic group) CD1c
+
 mDC, CD141

+
 mDC and pDC have reduced HLA-DR expression when 

compared to sympatric infected Fulani children (Arama et al. 2011). Yet, HLA-DR 

expression is stable on CD1c
+
 mDC and CD141

+
 mDC, increased on pDC and reduced on 
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CD16
+
 mDC when infected Fulani are compared to uninfected Fulani (Arama et al. 2011), 

suggesting Fulani children retain appropriate CD1c
+
 mDC and CD141

+
 mDC maturation. In 

Papuan children with asymptomatic P. vivax, HLA-DR expression increases on total DC 

(Kho et al. 2015). Interestingly, HLA-DR expression is stable on CD1c
+
 mDC and CD141

+
 

mDC but increases on pDC, suggesting pDC and possibly CD16
+
 mDC may contribute to the 

increased HLA-DR expression observed on total DC. Further investigation of specific DC 

subset activation and maturation during falciparum and vivax infection is required, including 

CD16
+
 mDC, CD1c

+
 mDC CD141

+ 
mDC and pDC (Table 1.2).  
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Table 1.2 DC subsets and Plasmodium infection. 

Human blood DC subsets 
Clinical 
malaria; 
children 

Clinical 
malaria; 
adults 

Asymptomatic; 
children 

Asymptomatic; 
adults 

PfSPZ 
CHMI  

Blood-
stage 
CHMI  

CD1c+ mDC 

 
Numbers 

 
Stable

1+2
$   Reduced

3+4
  Reduced

3
 Stable

3
 Increased

7
$ ? 

Activation 
HLA-DR 

reduced
1+2

   
HLA-DR 

reduced
3
*  

HLA-DR stable
3
 HLA-DR stable

3
* 

HLA-DR 
and CD86 

stable
7
  

? 

CD141+ mDC 

Numbers Increased
1+2

$   
Reduced

4
; 

stable
3
 

Stable
3
 Stable

3
 Reduced

7
$ ? 

Activation 
HLA-DR 

reduced
1+2

   
HLA-DR 

reduced
3
* 

HLA-DR stable
3
 HLA-DR stable

3
* 

HLA-DR 
and CD86 

stable
7
 

? 

CD16+ mDC 

Numbers Stable
2

$   Reduced
4
 ? ? Stable

7
$ ? 

Activation 
HLA-DR 
reduced

2
   

? ? ? 
HLA-DR 

and CD86 
increased

7
 

? 

pDC 

Numbers 
Stable

1
; 

Increased 
2
$  

Reduced
3+4+6

 
stable

5
 

Increased
3
 Stable

3
 Increased

7
$ Reduced

8
 

Activation 
HLA-DR 
reduced

2
   

Reduced 
HLA-DR and 

CD86
3+5 

 
? Stable

3
 

HLA-DR 
increased

7
 

Reduced
8
 

 

* few patients tested; # P. vivax only $ proportions only 

Abbreviations: CHMI, controlled human malaria infection 

(Urban, B. C. et al. 2006)=1; (Arama et al. 2011)=2; (Kho et al. 2015)=3; (Pinzon-Charry et al. 2013)=4; (Goncalves et al. 2010)=5; 

(Jangpatarapongsa et al. 2008)=6; (Teirlinck et al. 2015)=7; (Woodberry et al. 2012)=8
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1.5 Controlled Human Malaria Infection (CHMI) 

Controlled human malaria infection (CHMI), or as it is often referred to, 

“experimental human malaria infection” of malaria-naive healthy volunteers is a 

valuable method to test early immune responses during a primary Plasmodium 

infection (Engwerda et al. 2012). CHMI trials are used to test new vaccines and 

antimalarial drugs as well as evaluate immune cell maturation and function in 

response to malaria parasites (Scholzen & Sauerwein 2016). CHMIs can be divided 

into two broad types; sporozoite induced Plasmodium infection (Pf-SPZ) 

(Sauerwein, Roestenberg & Moorthy 2011) and blood-stage induced Plasmodium 

infection (Engwerda et al. 2012) (Figure 1.6). Both will be reviewed in this thesis 

however, only immune responses to the blood-stage only infection were 

experimentally evaluated.  
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Figure 1.6 Adapted schematic of SPZ CHMI and blood-stage only CHMI 

(boxed) (Scholzen & Sauerwein 2016). 

 

1.5.1 P. falciparum Sporozoite (Pf-SPZ) CHMI 

P. falciparum sporozoite (Pf-SPZ) CHMI is a well-established method for inducing 

controlled Plasmodium infection in malaria-naive volunteers (Sauerwein, 

Roestenberg & Moorthy 2011). In 1917, Wagner von Jauregg deliberately infected 

humans with Plasmodium as a therapy to primarily treat neuro-syphilis (James 

1931), yet it wasn’t until the 1970s that protection from P. falciparum was 

demonstrated in malaria-naive volunteers (Powell & McNamara 1970). Major 

breakthroughs then followed, including the successful in vitro culturing of P. 

falciparum (Trager & Jensen 1976) and infection of female anopheles mosquitoes 

with cultured P. falciparum (Campbell et al. 1982). Leading to the first successful 



36 

 

 

 

human malaria challenge using these infected female anopheles mosquitoes (Chulay 

et al. 1986). Since this initial study more than 1000 volunteers have been 

experimentally infected with Pf-SPZ (Moorthy et al. 2009).  

The Pf-SPZ CHMI allows the establishment of both liver and blood-stages in the 

malaria life-cycle, consequently following the natural route of infection. Exposure to 

the bites of five infected mosquito for either 5 or 10 minutes is the standard 

technique in Pf-SPZ CHMI (Epstein et al. 2007; Verhage et al. 2005) however, 

inability to control the blood meal per mosquito results in the inability to standardise 

the sporozoite inoculation number. Pf-SPZ inoculation variability manifests in 

differences in the infectivity of mosquitos (how many Pf-SPZ are released per bite), 

parasite strains and exposure time (Roestenberg et al. 2012). These limitations can 

complicate the comparison and standardising of Pf-SPZ challenges (Roestenberg et 

al. 2012). As is to be expected, mosquito-mediated infection is constrained by the 

restricted time window during which the mosquitoes can be used for infection, the 

logistical challenge of having infected mosquitoes and volunteers available at the 

same time, as well as access to an insectary.  

Translation of the mosquito-mediated infection to Pf-SPZ infection with needle and 

syringe opened the possibility for Pf-SPZ CHMI trials to be conducted more widely 

(outside of the scope of labs with insectaries) including in malaria endemic settings. 

Sanaria Inc., was the first biotechnology company to develop infectious, aseptic, 

purified cryopreserved Pf-SPZ (strain NF54) inoculum (Epstein et al. 2011; Hoffman 

et al. 2010). The first successful Pf-SPZ infection with needle and syringe was 
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published in 2013: three different-sized doses of cyro-preserved Pf-SPZ were 

administered by intradermal or intramuscular injection. LBI (liver to blood 

inoculum) was calculated to compare infectivity rates of Pf-SPZ between modes of 

Pf-SPZ injection, ie. needle and syringe or mosquito bite (Sheehy et al. 2013). LBI is 

an estimation of the number of infected erythrocytes in the first generation after 

parasite release from the liver (Sheehy et al. 2013). All three doses infected five of 

six participants in each group however, the pre-patent period was delayed (Sheehy et 

al. 2013) when compared to CHMI by mosquito bite. The delayed pre-patent period 

and the parasite modelling conducted (such as LBI), suggests delivery of sporozoites 

to the liver by mosquito bite is a more efficient method of infection (Sheehy et al. 

2013). Three trials followed, two intradermal (Roestenberg et al. 2013; Shekalaghe 

et al. 2014) and one intramuscular (Hodgson et al. 2014); each had longer pre-patent 

periods of infection when compared to mosquito Pf-SPZ infection. Most recently, 

safe and tolerable intra-venous administration of 3,200 purified, cryopreserved Pf-

SPZ consistently infected all subjects and had a pre-patent period equivalent to 

mosquito-mediated infection (Mordmüller et al. 2015). Development and application 

of cryopreserved Pf-SPZ as well as standardisation of CHMI Pf-SPZ challenges will 

enable access to CHMI studies globally, with some trials having been conducted in 

malaria endemic countries (Hodgson et al. 2014; Shekalaghe et al. 2014). 

1.5.2 P. falciparum Blood-Stage CHMI  

Blood-stage CHMI is an alternative method to the well-established Pf-SPZ CHMI. 

Evaluation of schizonticidal antimalarials using blood-stage CHMIs occurred up 

until the 1980’s (Arnold et al. 1973; Cosgriff et al. 1984; Cosgriff et al. 1982; 
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Degowin & Powell 1965; Martin, D et al. 1973; Martin, DC & Arnold 1967). 

However, ethical and safety concerns of direct intravenous inoculation led to the 

abandonment of these experimental infection studies. It wasn’t until 1997 that the 

first blood-stage CHMI was developed at the Queensland Institute of Medical 

Research (QIMR since re-named QIMR Berghofer) (Cheng et al. 1997). Since then, 

clinical trials have assessed blood-stage antimalarials, vaccines and protection using 

the same cryopreserved inoculum (Cheng et al. 1997; Duncan et al. 2011; Lawrence 

et al. 2000; McCarthy, J.S. et al. 2011; Pombo et al. 2002; Sanderson et al. 2008). 

One major advantage of blood-stage CHMI is the ability to tightly control the dose 

of parasites administered, compared to Pf-SPZ CHMI where there is substantial 

variability (Duncan & Draper 2012).  Furthermore, the lower starting blood-stage 

inoculum results in a prolonged sub-patent parasitemia, during which protective 

vaccine-induced immune response can operate (Duncan et al. 2011). Additionally, 

there is a longer opportunity to observe parasite growth curves and thus improve 

safety and also allow efficient and safe assessment of new antimalarials (McCarthy, 

J.S. et al. 2011). The blood used in the most recent P. falciparum blood-stage 

CHMIs has come from one of two donors who were experimentally infected with the 

reference strain P. falciparum 3D7, chosen for its full drug sensitivity (Engwerda et 

al. 2012). A disadvantage of blood-stage CHMIs is the small amount of donor blood 

in the inoculum however, this risk becomes extremely minimal as the donor was 

screened thoroughly and has remained healthy for more than a decade (McCarthy, 

J.S. et al. 2011).  
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1.5.3 P. vivax Blood-Stage CHMI  

The majority of CHMI trials have used P. falciparum (McCarthy, J.S. et al. 2011; 

Roestenberg et al. 2012) with fewer CHMI studies reported using P. vivax (Arévalo-

Herrera et al. 2014; Herrera et al. 2011; McCarthy, James S et al. 2013). Historically, 

deliberate infection with P. vivax either by the bite of an infectious mosquito or 

intravenous injection was the preferred therapy for neuro-syphilis until the 

development of penicillin (Snounou & Pérignon 2013). However, the inability to 

undertake continuous culture of P. vivax has significantly hampered both laboratory 

and experimental infection studies of this Plasmodium species (Noulin et al. 2013). 

Successful experimental infection of malaria-naive volunteers with P. vivax was first 

achieved using the P. vivax sporozoite (Pv-SPZ) CHMI method (Herrera et al. 2009; 

Herrera et al. 2011). Reproducibility and safety was achieved by the infectious bites 

of An. Albimanus mosquitoes. More recently, using the same Pv-SPZ CHMI trials, 

semi-immune and malaria-naive volunteers were recruited to participate in a 

randomised, open-label clinical trial (Arévalo-Herrera et al. 2014). Despite the great 

logistical challenges, this mosquito induced CHMI infection system could accelerate 

the transition from phase IIa to phase IIb malaria vaccine trials (Arévalo-Herrera et 

al. 2014). Moreover, the model could contribute antimalarial compound 

development, specifically, those compounds with potential effects on P. vivax liver-

stages (Arévalo-Herrera et al. 2014). 

 

Our collaborators recently described a novel CHMI infection system using the 

blood-stages of P. vivax (McCarthy, James S et al. 2013). Each individual is infected 
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intravenously with the same well-characterised parasite strain (NCBI SRX217056), 

allowing immunological studies that are not confounded by strain diversity, prior 

Plasmodium infection or earlier immune responses to hepatic-stage infection. 

Advantages of blood-stage P. vivax infection over Pv-SPZ infection include the 

detailed characterisation of the parasite isolate DNA sequence, the known number of 

parasites in each inoculum and the absence of liver-stages which would require 

treatment with primaquine (McCarthy, James S et al. 2013).  

 

The safety of CHMI trials is excellent (Engwerda et al. 2012; Scholzen & Sauerwein 

2016) with no serious adverse events recorded. As discussed, blood-stage only 

CHMI is a method to assess new antimalarial drugs and vaccine candidates. 

However, all CHMI studies also allow the unique assessment of early immune 

responses in healthy malaria-naive volunteers.  

1.5.4 Human DC and CHMI 

Interpreting cellular immune responses during human Plasmodium infection has 

traditionally been hampered by the difficulties in obtaining samples in controlled 

environments. A powerful platform to overcome these challenges is the P. 

falciparum and P. vivax CHMI trials. Using the P. falciparum blood-stage only 

CHMI, our group previously reported stable HLA-DR expression on total mDC and 

reduced HLA-DR on pDC (Woodberry et al. 2012). Most recently, differential 

activation of mDC subsets was reported during Pf-SPZ CHMI, with stable HLA-DR 

and CD86 expression on CD1c
+
 mDC and CD141

+
 mDC but increased HLA-DR and 

CD86 on CD16
+
 mDC (Teirlinck et al. 2015). It remains to be determined if there 
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are differences in mDC subsets in blood-stage only infection. The CHMI trials 

provide a unique opportunity to assess DC subset function in malaria-naive 

volunteers without confounding issues such as prior exposure, co-infection or 

malnutrition, to name a few (Engwerda et al. 2012). 
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1.6 Study Rationale and Aims 

Globally, it is estimated that 3.2 billion people are at risk of Plasmodium infection 

(WHO 2015). P. falciparum and P. vivax cause the most morbidity and mortality. 

Despite years of research, an effective vaccine against all Plasmodium species 

remains elusive (Good, Michael F 2011; Good & Doolan 2010). The prevalence of 

repeat infections and the short duration of antibody and cellular immune responses 

(Doolan, D.L., Dobano & Baird 2009) all indicate that the human immune response 

to Plasmodium is suboptimal. The underlying mechanisms contributing to the 

suboptimal immune responses to malaria remain unclear. DC are potent antigen 

presenting cells that have a fundamental role in the induction of immune responses 

(Hart 1997). Early in vitro studies show P. falciparum-infected RBCs compromise 

DC function (Elliott et al. 2007; Urban, B.C. et al. 1999). From there, several studies 

have reported reduced DC number and few studies have reported impaired DC 

function in clinical malaria (Arama et al. 2011; Diallo et al. 2008; Goncalves et al. 

2010; Jangpatarapongsa et al. 2008; Pinzon-Charry et al. 2013; Urban, B. C. et al. 

2006). Yet, there is limited understanding as to whether human CD1c
+
 mDC, 

CD141
+
 mDC, CD16

+
 mDC and pDC are equally impacted, phenotypically and 

functionally, particularly in a primary, pre-patent P. falciparum or P. vivax infection. 

Thus, the aim of this project was to investigate human DC subset function during a 

primary P. falciparum or P. vivax infection, in malaria-naive volunteers.  

To achieve this aim chapter 2 is a literature review detailing background knowledge 

of the issues addressed in this thesis; global burden of malaria, DC subsets, DC 
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function, DC and malaria and CHMI trials. Chapters 3-5 assess DC subset function 

during P. falciparum CHMI studies. Chapter 3 includes a published paper that 

details CD1c
+
 mDC function, chapter 4 includes a submitted manuscript that details 

pDC function and chapter 5 includes a draft manuscript that details CD16
+
 mDC and 

CD141
+
 mDC function. Chapter 6 includes a submitted manuscript and details all 

human DC subset function during P. vivax CHMI studies. The final chapter 

discusses how the results of this project contribute to the understanding of the human 

immune response to P. falciparum and P. vivax infection. 

1.6.1 Evaluation of CD1c+ mDC Function During a Primary P. falciparum 

Infection 

CD1c (BDCA-1)
+
 mDC (BDCA-1) are considered the classical DC subset. CD1c

+
 

mDC express the highest levels of HLA-DR, express TLR1-7 and secrete pro-

inflammatory and regulatory cytokines. Few studies have assessed CD1c
+
 mDC 

subset function during malaria infection. In this thesis, CD1c
+
 mDC function is 

assessed before and after a first blood-stage P. falciparum infection. The findings of 

this aim are presented in chapter 3. 

1.6.2 Evaluation of pDC Function During CHMI and Clinical Malaria 

Plasmacytoid DC (pDC) are professional type I IFN producing cells; in particular 

they produce large amounts of IFN-α. Few studies have assessed pDC function 

during P. falciparum infection and the role of pDC in malaria remains poorly 

characterised. To reduce this knowledge gap we assessed pDC activation, cytokine 

production and gene expression to better understand the impact of a first P. 
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falciparum infection on pDC. We also assessed pDC number and activation in 

clinical P. falciparum malaria. Methods used to achieve this aim were flow 

cytometry and RNAseq. The findings of this aim are presented in chapter 4. 

1.6.3 Evaluation and Comparison of the Remaining Peripheral mDC 

Subsets: CD141+ mDC and CD16+ mDC 

Few studies have looked at CD16
+
 mDC or CD141

+
 mDC activation in Plasmodium 

infection. To determine if all mDC subsets are similarly impacted in a primary P. 

falciparum infection we assessed the remaining mDC subsets. CD141
+
 mDC are a 

rare DC subset, comprising ~3% of total DC. Restricted blood volumes given in the 

CHMI trials, together with the low number of CD141
+
 mDC in the periphery, limited 

in-depth functional analysis of this subset. The cytokine response of CD16
+
 mDC 

was assessed using an intracellular cytokine assay. CD16
+
 mDC cytokine production 

was assessed without stimulation, after toll-like receptor or P. falciparum-infected 

RBC stimulation. The findings of this aim are presented in chapter 5. 

1.6.4 Characterisation of DC Subsets in a Primary P. vivax Infection 

Outside of sub-Saharan Africa, P. vivax causes over 65% of malaria cases and is now 

recognised as a cause of severe and sometimes fatal disease (WHO 2015). Limited 

studies have assessed DC subset activation during P. vivax infection. Our group has 

reported the loss of DC subset numbers in clinical P. vivax infection (Pinzon-Charry 

et al. 2013) yet no studies have assessed DC subset activation in a primary vivax 

infection. To address this gap we evaluated all DC subset activation (HLA-DR 

expression) and numbers in a first P. vivax blood-stage CHMI. We only had access 
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to six participants in trials and Treg and amino acid data were examined and 

included in the publication to detail perturbations in immune regulatory pathways 

during a first P. vivax infection. The submitted manuscript is the first description of 

DC subsets, Treg activation and amino acid perturbation in a first blood-stage P. 

vivax infection. 
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Chapter 2.                                              

Material and Methods 

2.1 Chapter Overview 

This chapter describes the overall methodology and combined cohort information for 

the P. falciparum and P. vivax CHMI trials and clinical malaria site. The following 

four chapters comprise publications and manuscripts submitted for publication from 

the CHMI trials and clinical malaria site. Detailed methods are included in each 

chapter, while this chapter describes the overall experimental techniques employed. 

2.2 Controlled Blood-Stage P. falciparum Infection 

Data in chapters 3-5 were collected during experimental blood-stage P. falciparum 

infection studies. This project was a sub-study within eleven phase 1b clinical trials 

conducted from January 2012 to November 2014, testing the efficacy of new 

antimalarial drugs in sixty-four volunteers aged 18-43 years (median 24 [IQR 22-28] 

years, 36% female, 64% male). Volunteers enrolled in separate cohorts and received 

two different-sized parasite inoculums as determined by quantitative PCR (qPCR). 

The first cohorts (150 pRBC n=12), received intravenous inoculation of red cells 

containing ~150 ring stage parasites, and subsequent cohorts received ~1,800 pRBC 

(1,800 pRBC n=52). Antimalarial drugs were administered when a threshold of ≥ 

1,000 parasites/mL was confirmed by qPCR (McCarthy, J.S. et al. 2011; Rockett et 

al. 2011) [day 10 (n=1, 8%) or day 11 (n=11, 91%) post 150 pRBC and day 7 (n=23, 
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44%), day 8 (n=28, 54%) or day 9 (n=1, 2%) post 1,800 pRBC inoculation]. The 

protocol for the controlled human malaria infection studies has previously been 

reported (McCarthy, J.S. et al. 2011). Details of the clinical trials and therapeutic 

response to the antimalarials will be reported elsewhere. Blood anti-coagulated with 

lithium heparin was collected before inoculation and in the mornings of days 7, 9, 10 

and 11 (150 pRBC) and days 6, 7 and 8 (1,800 pRBC). Functional and flow 

cytometric assays used fresh whole blood processed < 2 hours post collection. Full 

blood counts were determined by (Beckman Coulter, USA) an automated cell 

counter using Ethylenediaminetetraacetic acid (EDTA) blood. Studies were 

approved by the Human Research Ethics Committees of QIMR Berghofer Medical 

Research Institute (P1479), the Human Research Ethics Committee of the NT 

Department of Health and Menzies School of Health Research (HREC 10/1431). 

Written and informed consent to participate in the sub-study was obtained from all 

participants.  

2.2 Controlled Blood-Stage P. vivax Infection 

Data in chapter 6 were collected during experimental blood-stage P. vivax infection 

studies. This study was nested in a clinical trial conducted to confirm the safety and 

reproducibility of the P. vivax induced blood-stage malaria infection. The conduct of 

the clinical study (Trial Registration ACTRN12613001008718) and the PCR method 

used to quantify parasitemia are described in detail elsewhere (Griffin et al. 2016; 

McCarthy, James S et al. 2013). Six healthy adults (three males and three females), 

22-32 years old (median 26 years [IQR 24-31 years]), received ~100 P. vivax-
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infected erythrocytes (pRBC) via intravenous injection in saline (Griffin et al. 2016). 

Antimalarial drug treatment was administered at day 14 using artemether-

lumefantrine (Griffin et al. 2016). The study was approved by the Human Research 

Ethics Committees of QIMR Berghofer Medical Research Institute (clinical and 

laboratory), the Human Research Ethics Committee of the NT Department of Health 

and Menzies School of Health Research (laboratory study).  

2.3 Clinical Malaria: Study Site and Subjects 

Clinical P. falciparum malaria data is presented in chapter 4. pDC number and 

phenotype were assessed in cryopreserved peripheral blood mononuclear cells 

(PBMCs) collected from patients with acute uncomplicated P. falciparum malaria 

(n=10), as part of a pathophysiology study at Queen Elizabeth 1 and Kudat District 

Hospitals in Sabah, Malaysia (Barber et al. 2013). PBMC samples were collected 

prior to commencing treatment, and again 14-28 days after antimalarial drug 

treatment. PBMCs from family or friends of patients were evaluated as controls 

(n=5). Informed written consent was obtained from all participants. The study was 

approved by the Human Research Ethics Committee of the NT Department of 

Health, Menzies School of Health Research (HREC 10/1431) and the ethics 

committee of the Malaysian Ministry of Health (NMRR 10 754 6684). 

2.4 Flow Cytometry: Instruments  

Flow cytometry data were collected using three different flow cytometers. Flow 

cytometry data were acquired using the Becton Dickinson (BD) FACSCanto II in 

chapters 3-6 unless specified. The Beckman Coulter Gallios was used to acquire 
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intracellular cytokine data in chapter 4. The BD LSR was used to acquire T cell data 

in chapter 3 (Figure 3.10) and pDC maturation response to P. falciparum infected 

RBC stimulation in chapter 4 (Figure 4.6). The majority of FACS analysis was 

performed using the Beckman Coulter Kaluza program.  

2.5 Flow Cytometry: Surface Staining and Phenotype 

Enumeration of DC subsets and DC subset phenotype were evaluated using flow 

cytometry. All DC subset numbers and activation (HLA-DR and CD86 expression) 

were determined using fresh whole blood. For each clinical trial, compensation was 

calculated and performed on the day of admission (day 0). Single stain compensation 

samples were prepared using standard BD comp beads and on fresh whole blood or 

PBMCs, depending on the type of experiment being carried out. Each single stain 

was acquired using the same flow cytometer settings (voltages) as the experiment 

being performed. Compensation values were calculated manually using Kaluza 

software. The compensation values calculated were used across the duration of the 

clinical trial to ensure consistency between days.  

2.6 Flow Cytometry: Caspase-3 Apoptosis Staining 

To assess DC apoptosis, we identified active caspase-3 by intracellular staining. 

Caspase-3 is an executioner caspase integral to both the intrinsic and extrinsic 

apoptotic pathways. The anti-caspase 3 antibody binds to the cleaved active form of 

caspase-3. DC apoptosis was always assessed in fresh whole blood and an isotype 

control was utilised at baseline (rabbit IgG1 conjugated to FITC). 
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 2.7 Flow Cytometry: Intracellular Cytokine Assay 

An intracellular cytokine assay (ICC) was developed to assess DC subset cytokine 

production before and after CHMI. ICC data presented in chapters 3 and 5 were 

collected using fresh whole blood; ICC data presented in chapter 4 were collected 

using cryopreserved PBMCs. In brief, 1000 µL of whole blood or 3 million PBMCs 

were stimulated with TLR agonists (detailed in chapters 3-5), P. falciparum-infected 

RBCs or without stimulation (NIL). Protein transport inhibitor (Brefeldin A, 

GolgiPlug, BD, USA) was added after 2 hours at 37°C, 5% CO2. At 6 hours, cells 

were stained to identify DC subsets and intracellular staining was performed to 

identify cytokine production. All assays were acquired by flow cytometry within the 

same day the assay was performed. 

2.8 Flow Cytometry: FITC-dextran Uptake 

The ability of CD1c
+
 mDC, CD141

+
 mDC, CD16

+
 mDC and pDC to take up 

fluorescently labelled particles was used to measure DC phagocytosis (Woodberry et 

al. 2012). Aliquots of whole blood (200 μL) were incubated with 1mg/mL FITC-

dextran (Sigma, USA) for 1 hour at 37°C or on ice as a control. Cells were washed 

twice with 3 mL of ice-cold phosphate-buffered saline (PBS) then incubated at room 

temperature (RT) for 15 minutes with a DC antibody cocktail. RBCs were lysed with 

4 mL BD FACS™ lysing solution (BD Biosciences, San Diego, CA, USA), 

supernatant removed and  washed with 3 mL of PBS. Cells were resuspended in 100 

μL of 1% paraformaldehyde/PBS and analysed by flow cytometry. The median 

fluorescence intensity (MFI) in FL1 (FITC-dextran) was determined for each 
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sample. These data (chapters 3 and 5) are expressed as ∆MFI (mean 37°C median 

fluorescence intensity – mean ice control median fluorescence intensity).  

2.9 PBMC Isolation 

PBMC were isolated using a Ficoll-Paque density gradient. PBMC were separated 

from 20 mL of anti-coagulated lithium heparin whole blood using Ficoll-Hapaque
TM 

(GE Healthcare Biosciences, Uppsala, Sweden) density centrifugation. After 

removal of plasma, blood was mixed with 4-5 mL of sterile PBS pH 7.4. Mixed 

blood was overlayed onto 12 mL of Ficoll-Hapaque™. The layered blood was 

centrifuged at 1400 rpm (400g) for 20 minutes at RT with no brake. The PBMC 

layer was collected using a transfer pipette to a final volume of 30 mL and washed 

twice with 30 mL of PBS. Washed PBMC were resuspended in 10%FCS/DMSO and 

stored in a Mr Frosty
® 

freezing container in which PBMC samples are frozen at a 

controlled rate of cooling of -1
o
C/minute. After 24 hours in the Mr Frosty

® 
freezing 

container (in an -80
o
C freezer) the samples are moved to liquid nitrogen for long-

term storage. 

2.10 Isolation of Total DC 

Separated PBMC were resuspended in a 1 in 20 dilution of 0.5% bovine serum 

albumin (MACS® BSA stock solution) (Miltenyi Biotec, Gladbach, Germany) in 

PBS pH 7.2, 2 mM EDTA (Miltenyi automacs rinsing solution) (Miltenyi Biotec, 

Gladbach, Germany). Isolation was achieved by using the Human Blood DC 

Isolation Kit II (Miltenyi Biotec, Gladbach, Germany); all incubation and 

centrifugation steps were performed at 2-8°C. The cell suspension was incubated for 
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15 minutes at 4°C with 50 μL FcR blocking reagent (human, IgG) and 50 μL of 

depletion cocktail (monoclonal biotin-conjugated antibodies against CD1c (BDCA-

1) and microbeads conjugated to monoclonal antibodies CD14 and CD19). Labelled 

cells were washed in 0.5%BSA/ PBS, 2 mM EDTA, pH 7.2 and depleted by passing 

through a pre-washed LD column (Miltenyi Biotec, Gladbach, Germany) with a 30 

μM pre-separation filter (Miltenyi Biotec, Gladbach, Germany) on a 

QuadroMACS™ or MidiMACS™ magnet attached to a MACS®multistand 

(Miltenyi Biotec, Gladbach, Germany). Unlabelled pre-enriched cell suspension was 

collected and incubated for 15 minutes at 4°C with DC enrichment cocktail antibody 

mix (microbeads conjugated to monoclonal antibodies against human CD304 

(BDCA-4), CD141 (BDCA-3) and Biotin). Labelled cells were applied to a pre-

washed MS column (Miltenyi Biotec, Gladbach, Germany) with a 30 μM pre-

separation filter (Miltenyi Biotec, Gladbach, Germany) on an OctoMACS™, 

attached to a MACS® multi-stand. Unlabelled cells were discarded and labelled cells 

were removed from the column (following manufacturer’s guidelines) and applied to 

a second pre-washed MS column to increase the purity of the yield. Enriched and 

isolated DC were flushed from the column with 500 μL of 0.5%BSA/ PBS, 2 mM 

EDTA, pH 7.2.  An aliquot of cells (60 μL) was removed and incubated at RT for 15 

minutes with an antibody cocktail containing CD1c, lineage markers (CD3, CD14, 

CD19, CD20, CD34 and CD56), HLA-DR, CD123, CD141, CD16 and CD11c. Cells 

were washed with 3 mL of PBS and resuspended in 100 μL of 1% 

paraformaldehyde. The purity of the isolated cells was determined by flow 
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cytometry. The remaining cell suspension was resuspended in 300 μL of RNA 

protect (Qiagen, Australia) and stored at -80°C.  

2.11 Isolation of pDC 

pDC were isolated from freshly separated PBMCs. Following the manufacturer’s 

instructions, the Human Diamond Plasmacytoid Dendritic Cell Isolation Kit 

(Miltenyi Biotec, Gladbach, Germany) was used to isolate pDC. All incubation and 

separation steps were performed at 2-8
o
C. Cells were incubated with pDC biotin 

antibody cocktail (cocktail of biotin conjugated monoclonal anti-human antibodies 

against antigens not expressed by pDC), anti-biotin microbeads (microbeads 

conjugated to monoclonal anti-biotin antibody), and CD304 (BDCA-4) diamond 

micro-beads (microbeads conjugated to monoclonal CD304 (BDCA-4) antibodies) 

(Miltenyi Biotec, Gladbach, Germany). Enriched and isolated pDC were removed 

from the column with 1 mL of 0.5% BSA/ PBS, 2 mM EDTA, pH 7.2.  The purity 

and yield of isolated pDC was determined by flow cytometry. The remaining cell 

suspension was resuspended in 300 μL RNA protect (Qiagen, Australia) and stored 

at -80°C for RNA sequencing experiments.  

2.12 RNA Sequencing 

In chapter 4, RNA sequencing data is presented from isolated pDC samples collected 

during P. falciparum CHMI trials (n=5). Isolated pDC samples were sent to 

Macrogen for RNA extraction and RNA sequencing. RNA sequencing was 

performed using the Illumina TruSeq stranded mRNA LT sample kit and the HiSeq 

2500 instrument. Transcriptome data were analysed using a modified version of an 
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existing variant detection pipeline (Field et al. 2015) consisting of software STAR 

aligner (Dobin et al. 2013), SAMtools (Li, H et al. 2009), HTSeq (Anders, Pyl & 

Huber 2014) and DESeq2 (Love, Huber & Anders 2014). Paired analysis of samples 

(baseline versus peak parasitemia) was performed using the DESeq2 software 

package. 
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Chapter 3.                                            

Functional Characterisation of CD1c
+
 mDC 

in Primary P. falciparum Infection 

 

3.1 Chapter Overview 

CD1c (BDCA-1)
+
 mDC are considered the classical human peripheral blood DC 

subset. However, few studies have functionally characterised CD1c
+
 mDC and, to 

the best of my knowledge, no studies have published the cytokine profile of CD1c
+
 

mDC during Plasmodium infection. In this chapter, CD1c
+
 mDC numbers, 

maturation, activation, TLR responsiveness and cytokine production were assessed 

longitudinally during a primary P. falciparum infection. The results of this study are 

presented in the format of a manuscript and are published in the peer-reviewed 

journal Infection and Immunity; the journal article appears in appendix 1.  
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3.4 Abstract 

Dendritic cells (DC) are sentinels of the immune system that uniquely prime naive 

cells and initiate adaptive immune responses. CD1c
 
(BDCA-1) myeloid DC (CD1c

+ 

mDC) highly express HLA-DR, have a broad TLR repertoire and secrete immune 

modulatory cytokines. To better understand immune responses to malaria, CD1c
+ 

mDC maturation and cytokine production were examined in healthy volunteers 

before and after experimental intravenous P. falciparum infection with 150 or 1,800 

parasite-infected red blood cells (pRBC). Following either dose, CD1c
+ 

mDC 

significantly reduced HLA-DR expression in pre-patent infection. Circulating CD1c
+ 

mDC did not upregulate HLA-DR following pRBC or TLR ligand stimulation and 

exhibited reduced CD86 expression. At peak parasitemia, CD1c
+ 

mDC produced 

significantly more TNF while IL-12 production was unchanged. Interestingly, only 

the 1,800 pRBC dose caused a reduction in circulating CD1c
+ 

mDC count with 

evidence of apoptosis. The 1,800 pRBC dose produced no change in T cell IFN-γ or 

IL-2 production at peak parasitemia or 3 weeks post treatment. Overall, CD1c
+ 

mDC 

are compromised by P. falciparum exposure, with impaired HLA-DR and CD86 

expression and have an increased capacity for TNF but not IL-12 production. A first 

pre-patent P. falciparum infection is sufficient to modulate CD1c
+ 

mDC 

responsiveness, likely contributing to hampered effector T cell cytokine responses 

and assisting parasite immune evasion.  
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3.5 Introduction 

Malaria caused by Plasmodium spp. remains a major global health problem, with 

584,000 deaths in 2013 (WHO 2014b). Repeat Plasmodium infections are common. 

Among reasons cited for lack of sterile protective immunity, is the ability of 

parasites to subvert host immune responses. Early effects include impaired function 

of dendritic cells (DC) (Wykes & Good 2008), the only cells capable of priming 

naive T cells. DC are a heterogeneous population composed of several subsets 

distinguished by phenotype, location and functional properties (Shortman & Liu 

2002). Circulating CD1c
+ 

mDC represent ~20% of total blood DC (Ju, Clark & Hart 

2010), express Toll-like receptors (TLR) 1-7 (Jongbloed et al. 2010) and produce 

immune-regulatory cytokines (IL-12 and IL-10) (Kassianos et al. 2012; Mittag et al. 

2011; Nizzoli et al. 2013) and the pro-inflammatory cytokine TNF (Piccioli et al. 

2007). CD1c
+ 

mDC express high levels of HLA-DR when compared to other 

circulating DC subsets (MacDonald et al. 2002; Mittag et al. 2011), suggesting a 

specialised ability to initiate adaptive immune responses.  

We previously reported loss of total myeloid DC (mDC), and reduced phagocytosis 

by total blood DC during pre-patent experimental human blood-stage P. falciparum 

infection (Woodberry et al. 2012), but CD1c
+ 

mDC were not individually examined. 

In acute P. falciparum malaria, CD1c
+ 

mDC decline (Pinzon-Charry et al. 2013) and 

have reduced MHC class II (HLA-DR) expression in both uncomplicated (Arama et 

al. 2011) and severe malaria (Urban, B. C. et al. 2006). However, it remains to be 

determined whether this impairment is evident in pre-patent blood-stage P. 
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falciparum infection, the effect of different pRBC inoculating doses and whether 

CD1c
+ 

mDC cytokine production is impacted by Plasmodium, informing whether 

CD1c
+
 mDC can contribute to protective host adaptive immune responses. 

CD1c
+
 mDC cytokine production and TLR response in pre-patent Plasmodium 

infection have not been previously evaluated. Key immune-modulatory cytokines 

produced by CD1c
+
 mDC include IL-12, TNF and IL-10. These cytokines facilitate 

immune priming and can influence whether the immune response promotes the onset 

of immunity or assists immune escape. DC generated IL-12 can drive T cell IFN- 

secretion and promote cytotoxic capacity (Banchereau et al. 2000), as well as 

facilitate the development of clinical immunity to malaria (Bejon et al. 2007; McCall 

& Sauerwein 2010; Moormann et al. 2013; Roestenberg et al. 2009). TNF can 

promote maturation and survival of DC in vitro (Ludewig et al. 1995; Sallusto & 

Lanzavecchia 1994), but in circulating blood TNF is not sufficient for maturation of 

CD1c
+ 

mDC (Piccioli et al. 2007). The function and influence of TNF production by 

CD1c
+
 mDC in the immune response to malaria is unclear. IL-10 is a regulatory 

cytokine that plays a key role in host survival, pathogen control and prevention of 

hyper-inflammatory responses (Couper, Blount & Riley 2008). In acute malaria 

infection, IL-10 has been implicated in mediating DC apoptosis (Pinzon-Charry et al. 

2013). Here, we sought to understand if CD1c
+
 mDC produce these cytokines and if 

pre-patent P. falciparum infection altered their production.  

Experimental human P. falciparum infection of malaria-naive healthy volunteers is a 

valuable model to evaluate immune cell maturation and function. Firstly, allowing 
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assessment of responses before exposure and at subsequent time-points after 

inoculation and secondly, allowing comparison of responses following infection with 

different doses of parasite infected red blood cell (pRBC) (150 versus 1,800 pRBC) 

(Engwerda et al. 2012). Because of limited current understanding of Plasmodium 

antigens processed by DC and presented in the context of HLA-DR to CD4
+
 T cells, 

we measured cytokine production ex vivo and after stimulation with TLR ligands or 

pRBC. TLR are key pathogen recognition receptors involved in the initiation of the 

innate immune response (Eriksson, Sampaio & Schofield 2013). Differential 

expression of TLR on DC confers functional specialisation of DC subsets. CD1c
+
 

mDC express a broad TLR repertoire including TLR2 and TLR4 (Jongbloed et al. 

2010). P. falciparum glycosylphosphatidylinositol (GPI) is known to mediate 

inflammatory responses via TLR2 and TLR4 (Krishnegowda et al. 2005). 

Furthermore, changes in TLR expression and responses to the disease manifestation 

of malaria emphasise a role for TLRs in malaria pathogeneses (42-44). To better 

understand the response of CD1c
+
 mDC in pre-patent P. falciparum infection we 

assessed CD1c
+
 mDC directly ex vivo and after stimulation of three TLR (TLR1/2, 

TLR4, TLR7) with appropriate agonists or pRBC. 

Our data show CD1c
+ 

mDC are compromised during pre-patent blood-stage 

Plasmodium infection, with reduced HLA-DR expression at both infecting pRBC 

doses. CD1c
+ 

mDC exhibited reduced CD86 expression and increased production of 

TNF with no change in IL-12 and no detectable IL-10 production. Furthermore, 

CD4
+
 and CD8

+
 T cell IL-2 and IFN-γ cytokine responses at peak parasitemia and 3 

weeks after curative treatment remained stable from baseline. Taken together, results 
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show modulation of CD1c
+ 

mDC by Plasmodium associated with static effector T 

cell responses, which likely assists immune evasion and parasite expansion.  
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3.6 Materials and Methods 

Infection cohorts: 62 volunteers aged 19-41 years (median 25 [IQR 22-28] years, 

34% female, 66% male), consented to participate in a phase Ib clinical trial testing 

the efficacy of antimalarial drugs. Volunteers enrolled in separate cohorts and 

received two different sized parasite inoculums as determined by qPCR, an objective 

of exploratory drug studies. The first cohorts (150 pRBC n=12, 20%), received 

intravenous inoculation of red cells containing ~150 ring-stage parasites and 

subsequent cohorts received ~1,800 pRBC (1,800 pRBC n=50, 80%). Antimalarial 

drugs were administered when a threshold of ≥ 1,000 parasites/mL was confirmed by 

qPCR (McCarthy, J.S. et al. 2011; Rockett et al. 2011) [day 10 (n=1, 8%) or day 11 

(n=11, 91%) post 150 pRBC and day 7 (n=19, 38%), day 8 (n=30, 60%) or day 9 

(n=1, 2%) post 1,800 pRBC inoculation] (Figure 3.1A). The protocol for the 

controlled human malaria infection studies has previously been reported (McCarthy, 

J.S. et al. 2011); details of the clinical trials and therapeutic response to the 

antimalarials in the current study will be reported elsewhere. Blood anti-coagulated 

with lithium heparin was collected before inoculation and at the same time on days 

7, 9, 10 and 11 (150 pRBC) and days 6, 7 and 8 (1,800 pRBC) (Figure 3.1A). 

Functional and flow cytometric assays used fresh whole blood processed < 2 hours 

post collection. Full blood counts were determined by an automated cell counter 

using EDTA blood (Beckman Coulter, USA).  

Ethics: Studies were approved by the Human Research Ethics Committees of QIMR 

Berghofer Medical Research Institute (P1479) and the Human Research Ethics 
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Committee of Menzies School of Health Research, Australia (HREC 10/1431). 

Written and informed consent was obtained from all participants in the clinical trials. 

Clinical Trial Registrations; ACTRN12611001203943; ACTRN12612000323820; 

ACTRN12612000814875; ACTRN12613000565741; ACTRN12613001040752; 

NCT02281344. 

CD1c+ mDC enumeration: 200 µL of blood was stained with surface antibodies 

(lineage markers [CD3 (HIT3a), CD14 (HCD14), CD19 (HIB19), CD56 (HCD56)], 

HLA-DR (L243), CD11c (B-Ly6), CD123 (6H6), CD1c (LI6I), CD16 (3G8) and 

CD141 (M80)), RBC lysed with FACS lysing solution (BD Biosciences) and cells 

fixed with 1% (w/v) paraformaldehyde in phosphate-buffered saline. Absolute 

numbers of CD1c
+ 

mDC were determined by adding automated lymphocyte and 

monocyte counts (10
9 

cells/L), dividing the sum by 100, multiplying by the 

percentage of CD1c
+ 

mDC, and multiplying the product by 1,000 to give the cell 

count per microliter. For the 150 pRBC cohort, CD1c
+ 

mDC were characterised as 

lineage negative (Lin
-
), HLA-DR

+
, CD11c

+
, CD123

-
, CD16

-
 and CD141

-
 

mononuclear cells (Figure 3.2A) and for the 1,800 pRBC cohorts CD1c
+
 mDC were 

characterised as Lin
-
, HLA-DR

+
, CD11c

+
, CD123

-
 and CD1c

+
 (BDCA-1) (Figure 

3.2B). Lymphocyte subsets were assessed in whole blood. T cells, B cells and NK 

cells were gated by FSC and SSC properties, lack of CD14 expression and 

differentiated by HLA-DR expression (Figure 3.2C).  

Apoptosis: Intracellular active caspase-3 staining was assessed as previously 

described (Jerome, Sloan & Aubert 2003). Briefly, 1,000 µL of blood was stained 
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with surface antibodies, RBC were lysed with FACS lysing solution (BD), cells were 

permeabilised using 1 x BD Perm/Wash™ (BD) and stained with active caspase-3 

antibody (C92-605, BD USA).  

Antigen uptake: CD1c
+ 

mDC phagocytosis was assessed by uptake of 1 mg/mL 

FITC-dextran (Sigma, USA) after 60 min at 37
o
C or on ice as a control and 

expressed as delta median fluorescence intensity (ΔMFI) (ie. [MFI of cells at 37
o
C]- 

[MFI control cells on ice]). 

T cell activation: T cell proliferation was assessed by expression of Ki-67 (B56). In 

brief, 1 million PBMC were stained with surface antibodies (CD4 (SK4), CD3 

(UCHT1) and CD8 (RPA-T8), washed with 2% FCS/PBS and permeabilised with 1x 

BD Perm/Wash
TM

 (BD, USA) and stained with intracellular Ki-67.  

Intracellular cytokine staining: Cytokine production was assessed in 300 µL (T 

cells) or 1000 µL (CD1c
+
mDC) of blood stimulated with TLR agonists; TLR1: 

Pam3CSK4 100 ng/mL and TLR2: HKLM 10
8 

cells/mL, TLR4: Escherichia coli 

K12 LPS 200 ng/mL or TLR7: Imiquimod 2.5 µg/mL (Sigma-Aldrich, USA), pRBC 

or un-parasitised RBC (uRBC) at final concentration of 5 million (CD1c
+ 

mDC) or 1 

million (T cells) pRBC or uRBC/ mL in the presence of anti-CD28 and anti-CD49d 

antibodies at 1 µg/mL (BD, USA) for T cells. Protein transport inhibitor (Brefeldin 

A, GolgiPlug, BD, USA) was added after 2h (CD1c
+ 

mDC) or 20h (T cells) at 37°C, 

5% CO2. At 6h or 24h, cells were stained to identify CD1c
+ 

mDC (including CD86 

(IT2.2)) or T cells (CD4 (OKT4) and CD8 (SK1)). RBC were lysed with FACS 

lysing solution (BD, USA), washed with 2% FCS/PBS, cells permeabilised with 1x 
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Perm/Wash™ or Perm 2 (BD, USA) and stained with intracellular anti-TNF-α 

(MAB11), IL-12/IL-23p40 (C11.5), IL-10 (JES3-9D7), or IFN-γ (B27) and IL-2 

(MQ1-17H12) or IgG1 isotype controls.  

FACS data was acquired using a FACSCanto™ II and LSRFortessa™ 4 (BD) and 

data analysed using Kaluza® 1.3 (Beckman Coulter, USA) or FlowJo (FlowJo, LLC, 

USA).  

P. falciparum-infected pRBC: P. falciparum K1 (from MR4, part of BEI 

Resources Repository, NIAID, NIH: P. falciparum K1, MRA-159, deposited by DE 

Kyle) was cultured in human RBC as previously described (Trager & Jensen 1976). 

In brief, culture supernatant was washed in sterile PBS and schizonts and 

trophozoites isolated using density centrifugation. Washed culture supernatant was 

layered on 63% Percoll and 27% Percoll and centrifuged at 2000 rpm for 20 min, no 

brake. Upper (and if necessary lower) layers were removed and schizonts and 

trophozoites collected from 63%-27% interface and washed with PBS. Thin smears 

checked purity and enumerated pRBC or uRBC. Stocks were frozen in glycerol 30% 

freezing media at a final concentration of 150 x 10
6
 pRBC/mL and added to assays 

immediately, post thaw. 

Statistics: Statistical analyses used GraphPad Prism 6 (Graphpad Software Inc., 

USA). Wilcoxon matched-pairs test compared longitudinal data. Tests were two-

tailed and considered significant if p-values <0.05. 
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Figure 3.1 Parasitemia and CD1c+ mDC absolute counts in participants 

infected with 150 pRBC (white) or 1,800 pRBC (grey).                                    

A. Schematic of clinical trial cohorts, 150 pRBC (black) and 1,800 pRBC (grey), on 

days specified PCR, full blood counts and immunological assays were performed, 

arrows indicate day of antimalarial treatment and n represents number of volunteers 

treated. B. Parasitemia was determined by qPCR in participants infected with 150 

pRBC (white circles) or 1,800 pRBC (grey circles). The dotted line indicates the pre-

determined parasite treatment threshold of 1,000 parasites/mL. Brackets represent 

the day of antimalarial treatment; after infection with 1,800 pRBC, day 7 (n=19), day 

8 (n=30), day 9 (n=1) or 150 pRBC, day 10 (n=1), day 11 (n=11). Mean parasitemia 

+/- standard error is presented. C. The absolute number of circulating CD1c
+ 

mDC 

after 150 pRBC infection in 12 participants (24 hours after drug treatment p=0.04) 

(exception being 6 individuals on day 7 and day 10). D. The absolute number of 

circulating CD1c
+ 

mDC after 1,800 pRBC infection in 21 participants (day 7 p=0.05; 

day 8 p=0.04; 24 hours after drug treatment p=0.0002) (exception being 7 

individuals on day 6 and 14 individuals) on day 8 and post antimalarial drug 

treatment (Rx). Box plot show the minimum, maximum, median and interquartile 

range for data from all subjects. 
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 Figure 3.2 CD1c+ mDC whole blood gating strategy. A. In the 150 pRBC 

cohort CD1c
+
 mDC were identified as negative for lineage markers (CD3, 14, 19, 

20, 56 and 34), HLA-DR+ (2nd panel), CD11c
+
 (3rd panel), CD16

- 
(4th panel), back 

gating was also used to ensure CD11c
+
 CD16

-
 cells were not CD141

+
 (data not 

shown). B. In the 1,800 pRBC cohort CD1c+ mDC were identified as negative for 

lineage markers (CD3, 14, 19, 20, 56 and 34), HLA-DR
+
 (2nd panel), CD11c

+
 (3rd 

panel) and CD1c
+
 (4th panel). C. T cells, B cells and NK cells were gated by FSC 

and SSC properties (left panel), CD14 negative (middle panel) and differentiated by 

HLA-DR expression (right panel). 
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3.7 Results 

Effect of infecting pRBC dose on CD1c+ mDC. Circulating CD1c
+ 

mDC were 

examined in volunteers prior to and during experimental P. falciparum infection with 

150 or 1,800 pRBC. Mean parasitemia determined by PCR for subjects infected with 

either dose is shown in figure 1B. Subjects administered 150 pRBC, retained 

circulating CD1c
+ 

mDC at peak parasitemia (day 11 median parasitemia 2,555/mL 

[IQR 781-4,753]), with a decline 24 hours after treatment (Figure 3.1C ). We 

observed no change in circulating lymphocytes, CD4
+
 T cells, CD56

+
 NK cells or 

CD20
+
 B cells, while monocytes significantly increased on day 7 (Table 3.1). In 

contrast, subjects administered 1,800 pRBC had a significant decline in circulating 

CD1c
+ 

mDC from day 7 (median parasitemia 4,577/mL [IQR 1,645-10,066], n=21 

Figure 3.1D), with the decline persisting day 8 (median parasitemia 9,073/mL [IQR 

4,755-21,857], n=14) and 24 hours after drug treatment (Figure 3.1D). The higher 

inoculation dose caused the decline of circulating lymphocytes; CD4
+
 T and CD56

+
 

NK cells on day 8 and 24 hours after treatment but did not impact monocyte counts 

(Table 3.1). Circulating B cells reduced only 24 hours after antimalarial drug 

therapy (Table 3.1).  
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Table 3.1 Longitudinal cell counts in 150 and 1,800 pRBC infection. 

Values show the median and [interquartile range]. * significance p ≤ 0.05, ** p ≤ 0.005, *** p <0.0001 compared to day 0 (baseline)

 
      

 
     

 
  150 pRBC    

 
  1,800 pRBC   

 
Day 0 Day 7 Day 9 Day 10 Day 11 24h post Rx 

 
Day 0 Day 6 Day 7 Day 8 24h post Rx 

Participants 6 6 6 6 6 6 
 

21 7 21 14 14 

WCC (10
3
/mL) 7.35 [6.1-8.0] 6.75 [6.4-7.4] 6.95 [6.1-7.8] 6.9 [6.4-7.4] 6.1 [5.6-7.2] 6.2 [5.0-7.2]  5.5 [4.8-6.5] 5.8 [4.5-9.3] 5.75 [5.0-6.4] 5.0 [4.1-6.3] 5.0* [3.9-5.6] 

Monocyte (10
3
/mL) 0.3 [0.9-0.4] 0.88* [0.6-1.3] 0.48 [0.3-0.6] 0.55 [0.3-0.7] 0.68 [0.5-1.3] 0.4 [0.2-0.6]  0.46 [0.4-0.6] 0.40 [0.3-0.6] 0.45 [0.4-0.6] 0.50 [0.4-0.7] 0.50 [0.3-0.5] 

Lymphocyte (10
3
/mL) 2.1 [1.7-2.3] 2.05 [1.9-2.6] 2.15 [1.9-2.6] 2.05 [2.0-2.3] 1.85 [1.5-2.1] 1.55 [1.3-1.8]  1.98 [1.6-2.3] 2.1 [1.8-2.2] 1.8 [1.6-1.9] 1.4** [1.2-1.8] 1.2*** [0.8-1.7] 

CD4
+
 T cells/ µL blood 843 [724-1112] 891 [766-1200] 926 [801-1169] 945 [844-1033] 771 [712-944] 734 [530-806]  800 [687-1100] 973 [673-1101] 798 [597-1012] 727** [517-808] 505*** [425-753] 

B cells/ µL blood 247 [171-345] 246 [170-355] 292 [172-403] 278 [182-373] 254 [159-339] 158 [120-300]  263 [186-382] 274 [212-359] 277 [152-323] 251 [119-448] 167*** [86-229] 

NK cells/ µL blood 218 [97-273] 195 [111-302] 235 [190-370] 215 [164-248] 144 [91-221] 165 [105-276]  114 [75-126] 131 [119-197] 92 [67-196] 47* [22-119] 27*** [16-90] 

  



73 

 

 

 

Circulating CD1c
+ 

mDC were examined to determine if there was active caspase-3 

staining. Caspase-3 is an executioner caspase, essential to intrinsic and extrinsic 

apoptotic pathways; apoptosis occurs upon cleavage of caspase-3 (Cagnol & 

Chambard 2010). Among subjects administered 150 pRBC, no active caspase-3
+
 was 

detected on day 10-11 in CD1c
+ 

mDC (median 0.3% [IQR 0-0.7 %] caspase-3
+
, 

Figure 3.3) at median parasitemia of 2,555/mL [IQR 781-4,753]. In contrast, on day 

7-8 after 1,800 pRBC infection, there was a trend to increased active caspase-3
+
 

expression by CD1c
+ 

mDC (median 5% [IQR 1.5-7.3 %] caspase-3
+
, Figure 3.3, 

p=0.08), at median parasitemia of 6,877/mL [IQR 4,182-20,398]. In the 1,800 pRBC 

cohort, one participant with 17 times more active caspase-3
+
 staining was excluded 

(outlier: caspase-3
+ 

on day 7: 85% versus cohort median of 5%). When originally 

included in the analysis a significant increase in active caspase-3
+ 

expression after 

1,800 pRBC infection was observed (p=0.04).  
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Figure 3.3 Active caspase-3 staining. Percentage of CD1c+ mDC positive for 

active caspase-3 after 150 pRBC (12 participants) or 1,800 pRBC (13 participants) 

experimental infection. The Wilcoxon matched-paired test was used for comparison 

between day 0 and day 10-11 or day 7-8. 

 

Reduced HLA-DR and CD86 expression on circulating CD1c+ mDC. We next 

examined the impact of infecting pRBC dose on HLA-DR expression by CD1c
+
 

mDC. In accord with previous reports, HLA-DR expression was significantly higher 

on CD1c
+
 mDC when compared to other human blood DC subsets (Figure 3.4A). In 

cohorts inoculated with either 150 or 1,800 pRBC there was a significant reduction 

in CD1c
+
 mDC HLA-DR expression at peak parasitemia (day 10-11 for 150 pRBC, 

median parasitemia 2,555/mL [IQR 781-4,753] and day 7-8 for 1,800 pRBC, median 

parasitemia 4,577/mL [IQR 1,645-10,066], Figure 3.4B). In a sub-group of 
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participants (n=14), longitudinal HLA-DR MFI was assessed 24 hours before and 

after antimalarial drug treatment (Figure 3.5A). Before peak parasitemia there was 

no reduction in HLA-DR MFI and at 24 hours post drug treatment reduced HLA-DR 

MFI failed to recover (Figure 3.5B, 3.5C). There was no change in monocyte HLA-

DR expression at peak parasitemia following 1,800 pRBC infection (Figure 3.4C).  

The impact of 150 or 1,800 pRBC on circulating CD1c
+
 mDC phagocytosis was 

examined using FITC-dextran particles. There was no significant change in particle 

uptake after 150 pRBC infection (Figure 3.4D) and a trend towards reduced uptake 

on day 7 after 1,800 pRBC infection (Figure 3.4D). Importantly, there was a 

significant positive association between HLA-DR expression and FITC-dextran 

uptake following 1,800 pRBC (Figure 3.4F) and a trend suggesting weak 

association for the 150 pRBC cohort (Figure 3.4E). These data imply that CD1c
+
 

mDC HLA-DR expression is proportional to phagocytic capacity.  

In the 1,800 pRBC cohort, at baseline and peak parasitemia, HLA-DR expression 

was further assessed ex vivo and after TLR stimulation to determine the capacity of 

CD1c
+
 mDC to respond to external stimuli (Figure 3.6A). Before infection, CD1c

+ 

mDC drastically increased HLA-DR expression upon TLR1/2 or TLR4 and 

moderately upon TLR7 or P. falciparum infected pRBC stimulation (Figure 3.6B, 

top panel). In contrast, at peak parasitemia, CD1c
+ 

mDC failed to upregulate HLA-

DR in response to any TLR or pRBC (Figure 3.6B, bottom panel). HLA-DR 

expression was significantly impaired directly ex vivo and across all stimulatory 

conditions tested (p=0.03, day 0 versus day 7 for all conditions). In contrast, 
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monocytes from the same blood sample retained the ability to upregulate HLA-DR at 

peak parasitemia following stimulation with P. falciparum infected pRBC or TLR 

ligands (Figure 3.6C, bottom and top panel). The similar magnitude of HLA-DR 

expression by monocytes on day 0 and day 7 (peak parasitemia) highlights the assays 

reproducibility. 

Expression of the co-stimulatory maturation marker CD86 was next examined on 

CD1c
+ 

mDC (Figure 3.7A) and monocytes in the 1,800 pRBC cohort. At peak 

parasitemia (day 7) CD86 expression on circulating CD1c
+
 mDC was significantly 

reduced directly ex vivo and following TLR stimulation (Figure 3.7B). In contrast, 

circulating monocytes had unaltered CD86 expression at peak parasitemia ex vivo or 

in response to TLR ligands or pRBC (Figure 3.7C). CD86
+
 and CD86

-
 CD1c

+
 mDC 

were more closely examined for HLA-DR expression. As expected CD86
+ 

CD1c
+ 

mDC expressed significantly more HLA-DR compared to CD86
- 

CD1c
+ 

mDC, at 

baseline and at peak parasitemia (Figure 3.7D). At peak parasitemia, HLA-DR 

expression was significantly reduced on both the CD86
+
 and CD86

-
 CD1c

+ 
mDC ex 

vivo and across stimulatory conditions (Figure 3.7E, 3.7F). Results show that CD86 

expression (albeit reduced) can be induced however, HLA-DR is clearly impaired on 

these DC even post TLR stimulation. 
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Figure 3.4 HLA-DR expression on CD1c+ mDC. A. HLA-DR expression on DC 

subsets CD1c
+
 mDC (n=21), CD16

+
 mDC (n=26), CD141

+
 mDC (n=33) and 

plasmacytoid DC (n=33) in participants at baseline (day 0). B. CD1c
+
 mDC HLA-

DR MFI % baseline (day 0) after 150 pRBC (12 participants) or 1,800 pRBC (21 

participants) and peak parasitemia (day 10-11 or day 7-8, respectively). C. Monocyte 

HLA-DR MFI % baseline following 1,800 pRBC infection in 6 participants. D. 

Uptake of particulate antigen by CD1c
+
 mDC after 150 pRBC infection (12 

participants, left graph or 1,800 pRBC infection (7 participants, right graph). ΔMFI 

of FITC dextran uptake (calculated as [MFI for cells incubated at 37
o
C] – [MFI for 

cells incubated on ice]). E. Association between day 11 (peak parasitemia) % 

baseline HLA-DR MFI and FITC-dextran uptake following 150 pRBC. F. 

Association between day 7 (peak parasitemia) % baseline HLA-DR MFI and FITC-

dextran uptake following 1,800 pRBC infection. Statistics were calculated using the 

Wilcoxon matched-paired test and linear regression. Abbreviations: MFI, median 

fluorescence intensity.  
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Figure 3.5 Longitudinal HLA-DR expression. A. Parasitemia of participants 

whom longitudinal HLA-DR expression on CD1c
+

 mDC was assessed. Mean 

parasitemia +/- standard error is presented, 150 pRBC (white circles) or 1,800 pRBC 

(grey circles). B. Longitudinal HLA-DR MFI on CD1c
+

 mDC post 150 pRBC 

infection (n=12), -24h mean parasitemia 1307/mL, median parasitemia 87/ mL [IQR 

1-719]. C. Longitudinal HLA-DR MFI on CD1c
+

 mDC post 1,800 pRBC infection 

(n=14; except +24h, n=7), -24h mean parasitemia 6651/mL, median parasitemia 

4511 [943-12900]. Box plot show the minimum, maximum, median and interquartile 

range for data from all subjects. The Wilcoxon matched-paired test was used for 

comparison between day 0, -24h, peak and +24h. 
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Figure 3.6 CD1c+ mDC HLA-DR expression after TLR or pRBC stimulation. 

A. Representative histograms of HLA-DR MFI on whole blood CD1c
+ 

mDC in one 

individual on day 0 and day 7. B. CD1c
+ 

mDC HLA-DR expression in 6 participants 

on day 0 (top graph) and day 7 (bottom graph), dotted line shows the median HLA-

DR MFI on day 0 for the control (NIL) condition (median=17.6). C. Monocyte 

HLA-DR expression in 6 participants on day 0 (top graph) and day 7 (bottom graph), 

dotted line shows the median HLA-DR MFI on day 0 for the control (NIL) condition 

(median=4). Abbreviations: MFI, median fluorescence intensity; uRBC, uninfected 

red blood cell; pRBC, parasitised red blood cell. 
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Figure 3.7 CD1c+ mDC CD86 expression at peak parasitemia.                       

A. Representative gating strategy for CD86 on whole blood CD1c
+ 

mDC in one 

individual on day 0 and day 7. B. The paired frequency of CD86
+ 

CD1c
+ 

mDC in 6 

participants, day 0 (baseline) and day 7 (peak-parasitemia), ex vivo (NIL), post TLR 

and uRBC or pRBC stimulation. C. The paired frequency of CD86
+ 

CD14
+
 

monocytes in 6 participants day 0 (baseline) compared to day 7 (peak parasitemia). 

D. HLA-DR expression on CD86
+
 compared to CD86

- 
CD1c

+ 
mDC, day 0 (baseline) 

and day 7 (peak parasitemia). Mann-Whitney test was used for comparison between 

cell subsets. E. HLA-DR expression on CD86
+ 

CD1c
+ 

mDC, day 0 (baseline) and 

day 7 (peak parasitemia) in 6 participants. F. HLA-DR expression on CD86
+ 

CD1c
+ 

mDC, day 0 (baseline) and day 7 (peak parasitemia) in 6 participants. The Wilcoxon 

matched-paired test was used for comparison between day 0 and day 7, * 

significance p= 0.03. 
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Increased TNF and stable IL-12 production by circulating CD1c+ mDC. In 

participants infected with 1,800 pRBC, the ability of CD1c
+ 

mDC to produce TNF, 

IL-12 and IL-10 was simultaneously assessed in response to TLR ligands and P. 

falciparum infected pRBC (Figure 3.8A). At peak parasitemia CD1c
+ 

mDC 

significantly increased TNF production in response to P. falciparum infected pRBC 

stimulation (Figure 3.8B). CD1c
+ 

mDC also significantly increased TNF production 

upon combined TLR1/2 or TLR4 but not TLR7 stimulation (Figure 3.8C). Ex vivo 

(nil or uRBC) cells showed no statistically significant change in spontaneous TNF 

production between baseline and peak parasitemia (Figure 3.8B). There was no 

consistent change in CD1c
+ 

mDC IL-12 in response to pRBC (Figure 3.8D) or any 

TLR stimulation (Figure 3.8E).  

The frequency of CD1c
+ 

mDC co-producing TNF and IL-12 in response to TLR1/2 

or TLR4 remained stable from day 0 to day 7 (TLR1/2 day 0 11% [IQR 9-19%], day 

7 12% [IQR 10-20%], p=0.5 and TLR4 stimulation day 0 17% [IQR 10-23%], day 7 

24% [IQR 21-28%], p=0.09). No intracellular IL-10 was detected in CD1c
+ 

mDC 

either directly ex vivo or after stimulation at baseline or peak parasitemia, despite 

validation of the assay with IL-10 detection in monocytes.  
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Figure 3.8 CD1c+ mDC cytokine responsiveness to TLR or pRBC 

stimulation. A. Representative staining of blood CD1c
+ 

mDC for intracellular 

cytokines. CD1c
+ 

mDC were identified as negative for lineage markers (CD14, CD3, 

CD19 and CD56), HLA-DR
+
 and CD1c

+
. Intracellular cytokine production by 

CD1c
+
 mDC on day 0 (IL-12, TNF and IL-10) in two conditions, ex vivo (NIL) (top 

panel) and TLR4 (bottom panel). B. TNF production on day 0 and day 7 ex vivo 

(NIL) and post uRBC or pRBC (p=0.03) stimulation. C. TNF production on day 0 

and day 7 post TLR1/2 (p=0.02), TLR4 (p=0.0002) or TLR7 stimulation. D. IL-12 

production on day 0 and day 7 ex vivo (NIL) and post uRBC or pRBC stimulation. 

E. IL-12 production on day 0 and day 7 post TLR stimulation. The Wilcoxon 

matched-paired test was used for comparison between day 0 and day 7, * p<0.05, 

*** p=0.0002. Line graphs show data for all subjects (n=14) (exception being 8 

individuals for TLR1/2; 10 individuals for TLR7; 6 individuals for uRBC and 

pRBC). Abbreviations: FSC, forward scatter; SSC, side scatter; uRBC, uninfected 

red blood cell; pRBC, parasitised red blood cell. 
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TNF is produced by CD86+ and CD86- CD1c+ mDC in P. falciparum infection. 

The phenotype of TNF-producing CD1c
+
 mDC was further evaluated by assessment 

of CD86 expression and is represented in pie charts (Figure 3.9). For all 

stimulations, except TLR7, the majority of TNF producing CD1c
+ 

mDC expressed 

CD86. At peak parasitemia, CD1c
+ 

mDC which lacked CD86 increased TNF 

production after TLR1/2, TLR4 or TLR7 stimulation (p=0.06 Figure 3.9). 

Stable CD4+ and CD8+ T cell cytokine responses. To determine if P. falciparum 

impacted T cell cytokine production, CD4
+
 and CD8

+
 T cell responses were 

evaluated following 1,800 pRBC infection. There was no significant change in IFN-γ 

or IL-2 production by CD4
+
 or CD8

+
 T cells (Figure 3.10) from baseline to peak 

parasitemia or 3 weeks after antimalarial drug treatment. Furthermore, there was no 

change in Ki-67 expression by CD4
+
 T cells (%Ki-67 day 0; 1.4 [IQR 0.4-2.3] and 

2.0 [0.5-2.3] at peak parasitemia) or CD8
+
 T cells (%Ki-67 day 0; 0.7 [IQR 0.5-2.4] 

and 1.2 [0.7-1.8] at peak parasitemia) between baseline and peak parasitemia. 
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Figure 3.9 CD86 expression on CD1c+ mDC producing TNF to TLR ligands 

or pRBC. Pie charts show the proportion of TNF producing CD1c
+

 mDC that are 

CD86 positive (black fill) or CD86 negative (white fill) in participants administered 

1,800 pRBC who had adequate CD1c
+

 mDC TNF production (≥30 events). CD86
-
 

CD1c
+

 mDC increased in proportion on day 7, at peak parasitemia after TLR 

stimulation (exception pRBC), p=0.06. Each line of pie charts (A-E) represents one 

subject participating in the trial. Only A-C had adequate TNF events to be analysed 

for CD86 expression following pRBC stimulation. The Wilcoxon matched-paired 

test was used for comparison between day 0 and day 7. 
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Figure 3.10 Cytokine production by T cells post uRBC or pRBC stimulation 

on day 0, day 7 and day 28. A. CD4
+
 T cell IFN-γ production. B. CD8

+
 T cell 

IFN-γ production. C. CD4
+
 T cell IL-2 production. D. CD8

+
 T cell IL-2 production. 

The Wilcoxon matched-paired test was used for comparison between day 0 and day 

7, day 0 and day 28, 19 participants.  
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3.8 Discussion 

This study demonstrates that a single experimental human P. falciparum blood-stage 

infection leads to downregulation of HLA-DR and CD86 expression on circulating 

CD1c
+ 

mDC following either a 150 or 1,800 pRBC inoculating dose. The 

Plasmodium-impacted CD1c
+ 

mDC do not upregulate HLA-DR in response to TLR 

or pRBC stimulation, display an increased propensity for TNF production and 

impaired phagocytic capacity. Interestingly, monocytes were not similarly impacted 

and maintained HLA-DR and CD86 expression suggesting Plasmodium modulation 

of HLA-DR is not generic. Taken together, pre-patent P falciparum infection 

subverts CD1c
+ 

mDC phenotypically and functionally, compromising their ability to 

prime adaptive immune responses.  

CD1c
+
 mDC express significantly more HLA-DR than other DC subsets suggesting 

a specialised role in antigen uptake and presentation. In pre-patent P. falciparum 

infection, reduced HLA-DR expression on CD1c
+
 mDC occurred at comparable 

parasite densities in both 150 and 1,800 pRBC cohorts (day 10-11 and day 7-8 

respectfully), indicating parasite biomass rather than infection duration impacted 

HLA-DR expression. HLA-DR expression was an indication of phagocytosis ability 

as there was a significant association between CD1c
+ 

mDC HLA-DR expression and 

FITC-dextran uptake. Further investigation is required to verify if similar data are 

obtained with phagocytosis of P. falciparum infected pRBC  The persistent 

reduction of HLA-DR, despite stimulation with different TLR agonists or P. 

falciparum infected pRBC, indicates impaired HLA-DR expression was not 
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reversible nor stimulus specific. In the rodent P. yoelii model, intact pRBC induce a 

similar general inhibition of TLR responsiveness in DC (Bettiol et al. 2010). At peak 

infection, impaired antigen presentation by splenic DC has been shown in vivo, in 

the rodent P. chabaudi model (Sponaas et al. 2006). In addition, loss of total mDC 

HLA-DR is described in infection with helminths (Everts et al. 2010), Salmonella 

(Mitchell et al. 2004) herpes simplex virus (Neumann, Eis-Hübinger & Koch 2003) 

and severe sepsis (Grimaldi et al. 2011), suggesting this is not a Plasmodium-

specific phenomenon. As with helminth infection, where reduced HLA-DR on mDC 

results in impaired T cell proliferation and activation (Everts et al. 2010), we show 

absence of T cell activation, manifest by lack of increased Ki-67 or IFN-γ, IL-2 

production, with altered HLA-DR
lo 

CD1c
+ 

mDC following P. falciparum infection.  

P. falciparum compromised CD86 expression on CD1c
+ 

mDC, albeit to a lesser 

degree than HLA-DR, suggesting different mechanisms and/or recovery of CD86 

than MHC class II. Interestingly, both CD86
+ 

CD1c
+ 

mDC and CD86
- 
CD1c

+ 
mDC 

showed impaired HLA-DR expression. Reduction in HLA-DR and CD86 expression 

on CD1c
+
 mDC after blood-stage infection contrasted the stable HLA-DR and CD86 

expression during experimental P. falciparum sporozoite infection (Teirlinck et al. 

2015). The method of P. falciparum inoculation, intravenous pRBC versus 

intradermal sporozoites, is a possible explanation for the difference. In acute HIV 

infection (Loré et al. 2002) and pancreatitis patients (Wolk et al. 2007), CD86 

expression is reduced on lymphoid tissue migrating DC and circulating monocytes. 

In vitro, P. falciparum pRBC inhibit monocyte-derived DC maturation HLA-DR and 

CD86 expression via contact-dependent (Urban, B.C. et al. 1999) or contact-
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independent mechanisms at high concentrations (Elliott et al. 2007). Our data 

support these in vitro studies and demonstrate P. falciparum compromises CD1c
+ 

mDC CD86 expression in vivo, already at a very low parasite density.  

The cytokine profile of CD1c
+ 

mDC in P. falciparum infection has not previously 

been reported. In pre-patent P. falciparum infection we characterised a pro-

inflammatory cytokine profile, with stable IL-12, absent IL-10 and increased TNF 

production. Despite compromised HLA-DR and CD86 expression, CD1c
+ 

mDC 

increased TNF production upon TLR1/2, TLR4 or pRBC stimulation. At peak 

parasitemia, HLA-DR
lo 

CD86
- 

CD1c
+ 

mDC increased their proportion of TNF 

production. The consequences of enhanced TNF remain to be determined. TNF can 

promote DC maturation and survival in vitro (Ludewig et al. 1995; Sallusto & 

Lanzavecchia 1994). However, pro inflammatory cytokines such as TNF are not 

sufficient for full functional maturation of DC (Piccioli et al. 2007), defined as the 

DC’s ability to induce effector T cell responses (Maney et al. 2014). Increased TNF 

responses in the current study concur with increased PBMC TNF production (plus 

IL-1β, IL-6 and IL-10) upon TLR1/2 and TLR4 stimulation following experimental 

P. falciparum sporozoite infection (McCall et al. 2007). Up-regulation of TLR 

expression may explain the increased TNF production, as acute malaria increases 

mDC and monocyte TLR2 and TLR4 expression (Franklin et al. 2009; 

Loharungsikul et al. 2008). Our IL-12 data support previous reports of absent TLR 

responses in healthy CD1c
+ 

mDC after single TLR stimulation (TLR2,3,4,7,8 or 9) 

(Piccioli et al. 2007). The apparent inability of CD1c
+
 mDC to increase IL-12 

production may impact adaptive immunity as IL-12 is essential for priming of naive 
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CD4
+
 T cells (Banchereau et al. 2000). The design of our study with drug cure of 

parasitemia at a pre-determined threshold of 1,000 parasites/mL precluded 

examination of associations between TNF production and clinical symptoms or 

subsequent parasite biomass. 

The decline in circulating CD1c
+ 

mDC in pre-patent P. falciparum infection has not 

previously been reported. Total blood mDC are reduced in experimental infection 

(Woodberry et al. 2012) and CD1c
+ 

mDC reduce in acute malaria (Kho et al. 2015; 

Pinzon-Charry et al. 2013) but, importantly in endemic areas, there is  preservation 

of blood CD1c
+ 

mDC in asymptomatic carriers of P. falciparum with patent 

parasitemia (Kho et al. 2015). Interestingly, after the 150 pRBC infection circulating 

CD1c
+ 

mDC were stable. Caspase-3 staining of CD1c
+ 

mDC following the 1,800 but 

not 150 pRBC infection indicates apoptosis, which might partially explain 

differences in peripheral mDC stability. Differences between 1,800 and 150 pRBC 

cohorts suggest the inoculating concentration has considerable impact on the 

viability of circulating CD1c
+ 

mDC. Migration is another likely explanation for DC 

loss from the periphery, as reduced plasmacytoid DC in uncomplicated malaria is 

attributed to expression of the lymph node migration chemokine CCR7 (Pichyangkul 

et al. 2004). 

How malaria compromises HLA-DR and CD86 expression remains to be 

determined. Complexities in MHC class II antigen processing pathways provide 

extensive opportunities for pathogen interference (Brodsky et al. 1999). Indeed, 

Salmonella can reduce HLA-DR surface expression by enhancing ubiquitination of 
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MHC class II (Lapaque et al. 2009). MARCH I, a ubiquitin ligase is capable of 

mediating ubiquitination of MHC Class II (Matsuki et al. 2007). It is proposed that 

TLR stimulation of monocyte-derived DC down-regulates MARCH I, and HLA-DR 

accumulates on the cell surface (De Gassart et al. 2008). However, in early P. 

falciparum infection we show reduced HLA-DR expression on CD1c
+ 

mDC with 

sustained repression upon TLR stimulation. Additional studies are required to 

identify the causes of HLA-DR down-regulation and further assess the role of CD1c
+ 

mDC in the generation and maintenance of effector T cell responses and malaria 

immunity. 

CD1c
+ 

mDC perform a crucial role in the early steps of the adaptive immune 

response; they process and present antigens (via MHC class I and II), deliver co-

stimulation (CD86), signal via TLR and produce and secrete cytokines to initiate or 

shape cellular adaptive immune responses. Here we report alterations in each of 

these vital functions by P. falciparum, reduced HLA-DR expression (and failed 

upregulation), reduced CD86 and increased TNF but not IL-12. P. falciparum, even 

at low parasitemia, rapidly and comprehensively compromises CD1c
+ 

mDC 

maturation and functionality, potentially contributing to the failed enhancement of T 

cell cytokine responses and immune evasion by P. falciparum. Candidate malaria 

vaccines should avoid these deleterious responses and instead aim to mature and 

activate CD1c
+ 

mDC function. 
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Chapter 4.                                       

Functional Characterisation of pDC in 

Malaria-Naive Volunteers and Clinical 

Malaria Patients 

 

4.1 Chapter Overview 

The dysfunctional CD1c
+
 mDC phenotype described in chapter 3 led us to query if 

all DC subsets are similarly impacted during a primary low dose P. falciparum 

infection. Plasmacytoid DC (pDC) are a major DC subset and their role in malaria 

remains unclear. This chapter functionally characterises pDC by flow cytometry and 

gene expression through RNA sequencing during a primary P. falciparum infection. 

pDC phenotype and maturation in clinical malaria patients is also presented. These 

data contributes to our understanding of how Plasmodium affects circulating pDC. 

At the time of thesis submission, the content of this chapter was submitted for 

publication to the journal Scientific Reports, Nature. 
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4.4 Abstract 

Plasmacytoid dendritic cells (pDC), are professional antigen presenting cells which 

express HLA-DR, toll-like receptor (TLR) 7, TLR9 and produce type I interferons 

(IFNs). The role of pDC in malaria remains poorly characterised. pDC activation and 

cytokine production were assessed in 59 malaria-naive adult volunteers following 

experimental infection with 150 or 1,800 P. falciparum-infected red blood cells 

(pRBCs). Using RNA sequencing, longitudinal changes in pDC gene expression 

were examined in 5 adults before and at peak parasitemia. In 10 Malaysian adults, 

pDC phenotype was assessed during and after acute falciparum malaria. Peripheral 

blood pDC number, HLA-DR and CD123 (IL-3R-α) expression reduced following 

primary P. falciparum infection. Yet, pDC retained function, with increased IFN-α 

and TNF co-production at peak parasitemia. Experimental P. falciparum infection 

altered expression of eight pDC genes (FDR<0.07). In clinical falciparum malaria, 

pDC expression of CD123 was reduced, but HLA-DR expression was unchanged. In 

P. falciparum infection, pDC remained responsive to TLR stimulation, increasing 

co-production of IFN-α and TNF. Predominantly stable gene expression and 

heightened functionality indicate that pDC were not impaired during early P. 

falciparum blood-stage infection.  
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 4.5 Introduction 

Malaria caused by Plasmodium spp., remains a major global health problem, with an 

estimated 3.2 billion people at risk of infection (WHO 2015). Immunity to malaria is 

slow to develop, incomplete and short lived (Doolan, D.L., Dobano & Baird 2009). 

One possible mechanism of impaired immunity to malaria is compromised antigen 

presentation potentially mediated by altered dendritic cell (DC) function (Wykes & 

Good 2008). DC are a heterogeneous population of professional antigen presenting 

cells, comprising two major lineages, myeloid DC (mDC) and plasmacytoid DC 

(pDC). Both subsets express HLA-DR (MacDonald et al. 2002), can prime naive T 

cells, reviewed by (Villadangos, Jose A & Young 2008) and secrete cytokines 

(Jarrossay et al. 2001). pDC express toll-like receptor (TLR) 7 and TLR9 (Blasius & 

Beutler 2010) and can produce large amounts of type I interferon (IFN) (Ito et al. 

2006) to rapidly activate both innate and adaptive immune responses (Villadangos, 

Jose A & Young 2008).  

The role of pDC in malaria remains unclear. In clinical malaria, the absolute number 

and/or proportion of circulating pDC were altered after P. falciparum (Goncalves et 

al. 2010; Pinzon-Charry et al. 2013) or P. vivax (Goncalves et al. 2010; 

Jangpatarapongsa et al. 2008; Pinzon-Charry et al. 2013) infection. However, there is 

no consensus as to whether malaria leads to a decrease (Jangpatarapongsa et al. 

2008; Pinzon-Charry et al. 2013) or increase (Goncalves et al. 2010) in pDC number. 

In vitro data shows that P. falciparum schizonts partially activated pDC from healthy 

malaria-unexposed adults, stimulating CD86, but not CD40 expression, and 
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increasing IFN-α, but not TNF production (Pichyangkul et al. 2004). IFN-α can 

modulate host defence, including priming pro-inflammatory responses and 

enhancing DC maturation (McNab et al. 2015). In uncomplicated falciparum 

malaria, serum levels of IFN-α were elevated (Bostrom et al. 2012; Luty et al. 2000; 

Pichyangkul et al. 2004). Although pDC are recognised as a major cell type 

producing IFN-α (Ito et al. 2006), their functional ability in clinical malaria is 

uncertain.  

Innate recognition of Plasmodium parasites is critical for the induction of appropriate 

immune responses (Eriksson, Sampaio & Schofield 2013). TLRs facilitate innate 

sensing by immune cells and human pDC express TLR7 and TLR9 intracellularly 

(Blasius & Beutler 2010), which are activated by single-stranded RNA (Diebold et 

al. 2004) or double-stranded DNA (Bauer et al. 2001) respectively. Besides B cells, 

pDC are the only human peripheral blood cells known to express TLR9 and respond 

to CpG (Hornung et al. 2002). In the human response to Plasmodium, a parasite 

protein-DNA complex is understood to activate TLR9 (Sharma et al. 2011; Wu et al. 

2010). In the P. chabaudi mouse model, Plasmodium-derived RNA triggers TLR7 

mediated signalling, thereby stimulating a type I IFN response (Baccarella et al. 

2013). While P. falciparum RNA triggered type I IFN in murine cells following 

transfection (Liehl et al. 2014), the parasite agonist of human TLR7 has yet to be 

identified. Additional studies on pDC TLR7 and TLR9 responsiveness to P. 

falciparum in humans are required to better understand the function and role of pDC 

in malaria. 
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Controlled human P. falciparum infection allows assessment of pDC function in 

malaria-naive individuals following first exposure to Plasmodium. Using this model 

we have previously reported the numerical decline of circulating pDC following 

primary blood-stage P. falciparum infection (Woodberry et al. 2012). Here we 

further examine pDC activation, cytokine production and gene expression to better 

understand the effect of P. falciparum infection on circulating pDC within malaria-

naive individuals. Specifically, we questioned whether early P. falciparum infection 

compromised pDC HLA-DR expression and increased pro-inflammatory cytokines 

in a similar fashion to circulating CD1c
+
 mDC (Loughland et al. 2016). We also 

assessed pDC activation in acute clinical falciparum malaria to help elucidate the 

role of pDC in clinical disease. 
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4.6 Materials and Methods 

Controlled P. falciparum infection: Written and informed consent was obtained 

from 53 volunteers who participated in a series of phase Ib clinical trials testing the 

efficacy of antimalarial drugs. Blood-stage P. falciparum infection was initiated by 

inoculation of trial parasite doses, 150 (n=12) or 1,800 (n=47) parasitised red blood 

cells (pRBC) as previously described (Loughland et al. 2016). Anticoagulated blood 

was collected for immunologic assessment at specific time points, before and during 

blood-stage infection. Antimalarial drugs were administered when volunteers 

reached a pre-determined parasitemia of ≥ 1,000 parasites/mL (day 10 or 11; 150 

pRBC and day 7 or 8; 1,800 pRBC) (Figure 4.1A). Fresh whole blood or 

cryopreserved peripheral blood mononuclear cells (PBMCs) were used in flow 

cytometric assays. PBMCs were processed within 2 hours of collection. Studies were 

approved by Human Research Ethics Committees of QIMR Berghofer Medical 

Research Institute (P1479) and the Human Research Ethics Committees of the NT 

Department of Health and Menzies School of Health Research (HREC 10/1431). 

Details of the clinical trial protocol and clinical trial registrations are reported 

elsewhere (Loughland et al. 2016; McCarthy, J.S. et al. 2011). 

Acute malaria: pDC number and phenotype were assessed in cryopreserved 

PBMCs collected from patients with P. falciparum malaria (n=10) as part of a 

pathophysiology study at Queen Elizabeth 1 and Kudat District Hospitals in Sabah, 

Malaysia (Barber et al. 2013). Longitudinal PBMC samples were collected 14-28 

days after antimalarial drug treatment (Table 4.1). PBMCs from family or friends of 
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patients that did not have malaria were evaluated as controls (n=5). Participants with 

uncomplicated malaria were treated using artemether-lumefantrine (Barber et al. 

2013). Written and informed consent was obtained from participants and the study 

was approved by the Human Research Ethics Committees of the NT Department of 

Health and Menzies School of Health Research (HREC 10/1431) and the ethics 

committee of the Malaysian Ministry of Health (NMRR 10 754 6684).  

Whole blood and PBMC pDC enumeration: pDC were characterised as lineage 

(CD3,
 
14, 19, 20, 34, 56) negative, HLA-DR

+
, CD11c

-
, CD123

+ 
(Figure. 4.1B) or 

CD303
+
 cells. In brief, 200 µL of blood or 3 million PBMC were stained with 

surface antibodies; CD3 (HIT3a), CD14 (HCD14), CD19 (HIB19), CD20 (2H7), 

CD34 (561), CD56 (HCD56), HLA-DR (L243), CD11c (B-Ly6), CD33 (WM53), 

and with either CD123 (6H6) or CD303 (201A) where appropriate. All antibodies 

were purchased from BD Biosciences or Australian Biosearch, Biolegend. For whole 

blood, RBC were lysed with FACS lysing solution (BD, USA) and cells fixed with 

1% (w/v) paraformaldehyde in phosphate-buffered saline. Absolute numbers of pDC 

were determined by adding automated lymphocyte and monocyte counts (10
9 

cells/L), dividing the sum by 100, multiplying the percentage of pDC and 

multiplying the product by 1,000 to give the cell count/µL.  

Apoptosis: Intracellular active caspase-3 was measured as previously described 

(Jerome, Sloan & Aubert 2003). Briefly, 1,000 µL of blood was stained with surface 

antibodies, RBC were lysed with FACS lysing solution (BD, USA), cells were 
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permeabilised using 1 x BD Perm/Wash™ (BD, USA) and stained with active 

caspase-3 antibody (C92-605, BD USA).  

Antigen uptake: pDC phagocytosis was assessed by uptake of 1 mg/mL FITC-

dextran (Sigma, USA) after 60 min at 37
o
C, or on ice as a control, and expressed as 

delta median fluorescence intensity (ΔMFI) (ie. [MFI of cells at 37
o
C]- [MFI control 

cells on ice]). 

Intracellular cytokine staining: Cytokine production was assessed in PBMCs (2 

million per well in RPMI 10% FCS (Invitrogen, USA)) stimulated with P. 

falciparum infected RBC (pRBC) or TLR agonists; TLR7: Imiquimod 2.5 µg/mL 

and TLR9: CpG ODN2216 50 ug/mL (Sigma-Aldrich, USA). Protein transport 

inhibitor (Brefeldin A, BD, USA) was added after 2h at 37°C, 5% CO2. At 6h, cells 

were stained to identify pDC (including CD86 (IT2.2)), washed with 2% FCS/PBS, 

cells permeabilised with 1x Perm/Wash™ and stained with intracellular anti-TNF-α 

(MAB11), IL-12/IL-23p40 (C11.5), IL-10 (JES3-9D7), and IFN-α (LT27:295). 

FACS data were acquired using a FACSCanto™ II (BD, USA) or Gallios™ 

(Beckman and Coulter, USA), pRBC re-stimulation data were acquired using a LSR 

Fortessa 5 (BD, USA). Data were analysed using Kaluza® 1.3 (Beckman Coulter, 

USA).  

pDC isolation and RNA sequencing: pDC (n=19, paired samples) were isolated 

from fresh PBMCs before and at peak parasitemia following infection with 1,800 

pRBC (Miltenyi Biotec, Gladbach, Germany). In brief, pDC were enriched, 
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according to the manufactures instructions, using CD304 (BDCA-4) conjugated 

microbeads and washed over MACs isolation columns. Purity of isolated pDC cell 

populations were checked using flow cytometry (day 0; median 99.3% [IQR 99.1-

99.7%], day 7-8 median 99.6% [IQR 99.3-99.7%]) and isolated pDC number 

estimated (day 0; median 14,336 cells [IQR 7,487-31,590 cells], day 7-8 median 

38,491 cells [IQR 8,419-66,622 cells]. Isolated pDC were stored immediately at -

80
o
C in RNAprotect (Qiagen, Australia). RNA extraction and RNA sequencing were 

conducted by a service provider, Macrogen
©

 (Seoul, Korea). Regrettably, 14 of the 

paired isolated samples were destroyed by the service provider. These samples could 

not be recovered or replaced thus, RNA sequencing could only be performed on five 

paired participant samples. RNAseq was performed using the Illumina TruSeq 

stranded mRNA LT sample kit and the HiSeq 2500 instrument. Transcriptome data 

were analysed using a modified version of an existing variant detection pipeline 

(Field et al. 2015) consisting of software STAR aligner (Dobin et al. 2013), samtools 

(Li, H et al. 2009), HTSeq (Anders, Pyl & Huber 2014), and DESeq2 (Love, Huber 

& Anders 2014). Reads were first aligned to human reference genome GRCh37 

using STAR with the gene model set to gencode v19 annotation and quantmode set 

to TranscriptomeSAM. The alignment files were sorted with samtools and the 

resultant reads input to HTSeq to generate raw read counts using the union overlap 

resolution mode. Read counts were input to DESeq2 and a paired analysis performed 

for the five participants with baseline and peak parasitemia data.  

Statistics: Statistical analyses used GraphPad Prism 6 (Graphpad Software Inc., 

USA). The Wilcoxon matched-pairs sign rank test was used to compare longitudinal 
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data and the Mann-Whitney test to compare grouped data. The fold difference of 

HLA-DR or CD123 MFI on cytokine and non-cytokine producing pDC was 

calculated by dividing the MFI of cytokine producing pDC by the MFI of non-

cytokine producing pDC. 
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4.7 Results 

Circulating pDC viability and phenotype in controlled P. falciparum 

infection. Early effects of 150 (n=12) or 1,800 pRBC (n=47) infection on pDC 

phenotype and function were examined. Circulating pDC were identified in whole 

blood as lineage
-
, HLA-DR

+
, CD11c

-
 and CD123

+
 (Figure 4.1B). pDC significantly 

declined at peak parasitemia and continued to fall 24 hours after antimalarial drug 

treatment in the 1,800 pRBC infection cohort (Figure 4.1C, grey plot). In the lower 

150 pRBC cohort, pDC number significantly fell 24 hours pre and post peak 

parasitemia (Figure 4.1C, white plot). After antimalarial treatment, pDC numbers 

remained low at 48 and 72 hours in the 1,800 and 150 pRBC infection cohorts, 

respectively (Figure 4.1C). 

Circulating pDC were examined for the presence of the active form of caspase-3, a 

hallmark apoptosis marker. Caspase-3 is an executioner caspase, essential to both 

intrinsic and extrinsic apoptotic pathways (Cagnol & Chambard 2010). There was no 

evidence of active caspase-3 in blood pDC following infection with 150 pRBCs 

(n=12; median 1% [IQR 1-3 %] caspase-3, Figure 4.1D). In contrast, following 

1,800 pRBC infection, we observed significantly increased active caspase-3 in pDC 

(n=30; median 6.5% [IQR 2-18] caspase-3, Figure 4.1D). Longitudinal changes in 

circulating pDC number and active caspase-3 expression were assessed in the 1,800 

pRBC cohort, 48 hours before peak parasitemia (day 6) to 48 hours after antimalarial 

treatment (day 10). As P. falciparum infection progressed, circulating pDC number 
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declined and caspase-3 pDC increased (Figure 4.1E). Thus, our data indicate that 

pDC become apoptotic following the higher dose P. falciparum infection. 

pDC HLA-DR and CD123 expression was reduced in both cohorts at peak 

parasitemia (Figure 4.2A). pDC expression of CD123, the alpha subunit to the IL-3 

receptor (IL-3R) (Barry et al. 1997) frequently used to identify pDC subsets 

(Colonna, Trinchieri & Liu 2004), was significantly reduced at peak parasitemia and 

failed to recover 24 hours post antimalarial treatment (Figure 4.2B). After 

incubation at 37
o
C, pDC expressed low levels of FITC-dextran, similar to the control 

(ice treated) pDC (Figure 4.3A). Moreover, there was no change in the ability of 

pDC to uptake FITC-dextran particles after infection with 150 or 1,800 pRBC 

(Figure 4.3B). 

Table 4.1 Acute malaria cohort 

Values show the median and [interquartile range].  

Comparison between healthy controls and acute malaria was performed using a 

Mann-Whitney t-test, * p ≤ 0.05. 

 

Healthy 
Control 

 
Acute 

P. falciparum 
 

Post  
treatment 

(Rx) 

Patients 
5 10 10 

Age 48 [19-50] 29 [18-45]  

Gender (%M) 40% 60%  

Parasitemia  18,880 [3,077-26,591]  

WCC (10
3
/mL) 7.7 [5.3-10.3] 5.6 [5.0-7.1] 7.9 [6.9-9.4] 

Lymphocyte  (10
3
/mL) 2.2 [1.7-2.9] 1.2 [0.8-1.5]* 2.3 [1.0-3.3] 

Monocyte (10
3
/mL) 0.4 [0.3-0.7] 0.6 [0.5-1.2] 0.6 [0.4-1.0] 
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Figure 4.1 Circulating pDC in experimental P. falciparum infection.             

A. Schematic of clinical trial cohorts 150 pRBC (black) and 1,800 pRBC (grey); 

arrows indicate antimalarial treatment. B. Fresh whole blood gating strategy for 

pDC. pDC were identified as negative for lineage markers (CD3, CD14, CD19, 

CD20, CD34 and CD56), HLA-DR
+
 (2

nd
 panel), CD11c

-
 and CD123

+
 (3

rd
 panel). C. 

The absolute number of circulating pDC after 1,800 pRBC infection; arrow indicates 

day of antimalarial treatment, day 7 n=9, day 8 n=24, (day 7 p=0.03; day 8 p=0.002; 

day 9 p=0.0002; and day 10 p=0.001, n=33 and n=19 on days 7 and 9; n=11 on day 

10). C. The absolute number of circulating pDC after 150 pRBC infection; arrow 

indicates day of antimalarial treatment, day 10 n=1, day 11 n=12, (day 10 p=0.03; 

day 12 p=0.009 and day 14 p=0.03, n=12 and n=6 on days 7, 10, 13 and 14). Box 

plots show the minimum, maximum, median and interquartile range for data from all 

participants (turkey plot). Data points outside of box plots represent patients which 

were outliers. D. Percentage of pDC positive for active caspase-3 after 1,800 pRBC 

(n=30, closed circles) or 150 pRBC (n=12, open circles) infection. Data represented 

as median and inter-quartile range, Wilcoxon matched-paired test was used for 

comparison between day 0 and day 7-8 or day 10-11, *** p=0.0005. E. Median 

number of circulating pDC (white squares) and caspase-3 % gated (black circles) 

after 1,800 pRBC infection n=30. Abbreviations: FSC, forward scatter; SSC, side 

scatter; MFI, median fluorescence intensity. 
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Figure 4.2 Reduced pDC HLA-DR and CD123 MFI at peak infection.              

A. Longitudinal pDC HLA-DR expression after 1,800 (n=33) or 150 (n=12) pRBC 

infection. B. Longitudinal pDC CD123 expression after 1,800 (n=33) or 150 (n=12) 

pRBC infection. Box plots show the minimum, maximum, median and interquartile 

range for data from all participants (turkey plot).  
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Figure 4.3 pDC FITC-dextran uptake. A. Representative histogram of pDC 

uptake, white peak= ice control; grey peak= 37
o
C pDC uptake. B. pDC FITC-

dextran uptake during the 150 pRBC infection (n=12) and 1,800 pRBC infection 

(n=25)  

 

Increased dual IFN-α and TNF production by circulating pDC following 

experimental P. falciparum infection. In the same experimental P. falciparum 

infection trials, pDC didn’t increase IFN-α production in response to re-stimulation 

with P. falciparum infected RBCs (de Oca et al. 2016). To assess if pDC respond to 

TLR stimulation during a primary P. falciparum infection, we evaluated IFN-α, 

TNF, IL-10 and IL-12 production in response to TLR ligands before and after 

infection with 1,800 pRBCs (n=8, Figure 4.4A). At peak infection, more pDC 

produced IFN-α in response to TLR7 (p=0.02, Figure 4.4B) or TLR9 stimulation 

(p=0.08, Figure 4.4C), compared to baseline. The proportion of pDC producing 

TNF in response to TLR9 stimulation also increased at peak infection (p=0.05, 
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Figure 4.4C). Unstimulated pDC produced less than 1% of spontaneous IFN-α or 

TNF. Furthermore, no IL-10 or IL-12 production was detected (data not shown). The 

frequency of pDC co-producing IFN-α and TNF in response to TLR7 (p=0.02) or 

TLR9 (p=0.08) increased at peak parasitemia (Figure 4.4B, 4.4C). IFN-α producing 

pDC also always produced TNF, hence the increase in dual cytokine producers was 

due to an increase in cells producing IFN-α. Infection did not change the proportion 

of pDC producing TNF alone (Figure 4.4B, 4.4C). In one additional cohort we 

examined pDC cytokine production post TLR7 stimulation in fresh whole blood and 

observed the same pattern of cytokine response (dual IFN-α/TNF and no IL-12 or 

IL-10, data not shown). Comparison of cytokine MFI between peak parasitemia and 

baseline (day 0) showed that TLR9-stimulated dual cytokine-producing pDC 

expressed more IFN-α at peak infection (Figure 4.4D). This suggests not only are 

there more IFN-α producing pDC during P. falciparum infection, but dual cytokine 

pDC increase their IFN-α production, whilst TNF production remained unchanged 

(Figure 4.4D).  
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Figure 4.4 pDC cytokine responsiveness to TLR stimulation.                        

A. Representative staining of circulating pDC in PBMC evaluated for intracellular 

cytokines. pDC were identified as lineage (CD14, CD3, CD19 and CD56)
-
, HLA-

DR
+
, CD11c

-
 and CD123

+
. Intracellular cytokine production by ex vivo pDC on day 

0 (IFN-α and TNF) in three conditions: no stimulation (top panel), TLR7 stimulation 

(middle panel) and TLR9 stimulation (bottom panel). B. IFN-α and TNF produced 

by pDC on day 0 and day 8 after TLR7 stimulation, n=8. C. IFN-α and TNF 

produced by pDC on day 0 and day 8 after TLR9 stimulation, n=8. Line graphs show 

data for all participants (n=8). D. IFN-α MFI (left plot) and TNF MFI (middle plot) 

of pDC double cytokine producers and TNF MFI of pDC single cytokine producers 

(right plot), post TLR9 or TLR7 stimulation n=8. Data are represented as median and 

interquartile range. The Wilcoxon matched-paired test was used for comparison 

between day 0 and day 8. Abbreviations: FSC, forward scatter; SSC, side scatter; 

MFI, median fluorescence intensity. 

 

 

 

 

 



120 

 

 

 

Dual cytokine producing pDC express greater levels of HLA-DR. pDC were 

capable of significantly increasing HLA-DR and CD123 surface expression upon 

TLR7 or TLR9 stimulation, at both baseline and peak parasitemia (n=8, Figure 

4.5A, 4.5B). In contrast, after stimulation with P. falciparum-infected RBC, 

circulating pDC did not increase HLA-DR or CD123 surface expression before 

infection or at peak parasitemia (n=6, Figure 4.6A, 4.6B). HLA-DR and CD123 

expression on cytokine producing pDC was significantly greater when compared to 

pDC which did not produce cytokines (data not shown). Additionally, HLA-DR and 

CD123 expression on dual and single cytokine producing pDC was compared to 

HLA-DR and CD123 expression on non-cytokine producing pDC (Figure 4.5C, 

4.5D). Dual cytokine producing pDC expressed a greater fold difference (when 

compared to non-cytokine producing pDC) in HLA-DR but not CD123 than single 

cytokine producing pDC (Figure 4.5C, 4.5D). At peak parasitemia, the fold change 

of CD123 expression on dual cytokine producing pDC was reduced when compared 

to baseline (day 0) (Figure 4.5D). Expression of the co-stimulatory marker CD86 

was also examined on pDC. pDC expressed very low levels of CD86 (less than the 

isotype control). There was no significant change in pDC CD86 expression, either 

without stimulation or following TLR7 or TLR9 stimulation, when baseline was 

compared to peak infection in 8 individuals (data not shown).  
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Figure 4.5 Increased HLA-DR, CD123 expression on pDC upon TLR 

stimulation. A. pDC HLA-DR expression on day 0 or day 7, in three conditions: 

no stimulation and after TLR7 or TLR9 stimulation, n=8. B. pDC CD123 expression 

on day 0 or day 7, in three conditions: no stimulation and after TLR7 or TLR9 

stimulation, n=8. C. Fold difference of HLA-DR MFI between double (D) and single 

(S) cytokine producing pDC when compared to pDC not producing cytokine after 

TLR9 stimulation, n=8. D. Fold difference of CD123 MFI between D and S cytokine 

producing pDC when compared to pDC not producing cytokine after TLR9 

stimulation, n=8. Box plots show the minimum, maximum, median and interquartile 

range for data. The Mann-Whitney test was used for comparison between no 

stimulation and TLR stimulation and fold difference between D cytokine producing 

pDC and S cytokine producing pDC. The Wilcoxon matched-paired test was used 

for comparison between D or S cytokine producing pDC between day 0 and day 7. 
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Figure 4.6 HLA-DR and CD123 expression on pDC after P. falciparum 

infected-RBC stimulation. A. pDC HLA-DR expression on day 0 or day 7, in two 

conditions: nRBC and pRBC, n=6. B. pDC CD123 expression on day 0 or day 7, in 

two conditions: nRBC and pRBC, n=6. Abbreviations: MFI, median fluorescence 

intensity; nRBC, non-infected red blood cells; pRBC, P. falciparum infected red 

blood cells. Please note arbitrary MFI units are different in the pRBC re-stimulation 

as the LSR flow cytometer was used to acquire flow data, and the Gallios was used 

in TLR stimulation experiments.  
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 A primary pre-patent P. falciparum infection altered pDC expression of 

eight genes. Transcriptional changes of gene expression in circulating pDC during 

controlled P. falciparum infection were investigated in five particpants as described 

in the methods. Globally, there were only modest changes (false detection rate, 

FDR<0.07) in pDC gene expression between day 0 and peak infection. Using 

DESeq2 (Love, Huber & Anders 2014), differential expression analysis revealed 8 

genes increased or decreased expression (FDR<0.07) during primary P. falciparum 

infection, when baseline was compared to peak parasitemia (Table 4.2, Figure 4.7). 

A summary of the top 10 genes that increased and top 10 genes that decreased 

expression at peak parasitemia is also included (Table 4.2). 
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Table 4.2 pDC Gene expression summary 

Genes in bold have a False Detection Rate (FDR) <0.07. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genes 
Upregulated 

FDR P-value 

NLRC5 0.02 0.000005 

C14orf119 0.03 0.00001 

TSG101 0.04 0.00003 

GPATCH11 0.10 0.0001 

NMI 0.19 0.0004 

HLA-F 0.19 0.0004 

ENP22 0.19 0.0004 

KCNA5 0.25 0.0006 

ENSG021574  0.28 0.0008 

SAC3D1  0.37 0.002 

Genes 
Downregulated 

FDR P-value 

DMBT1 1.05E
-15

 9.8 x 10
20

 

AREGB 0.03 0.00001 

RNF139 0.02 0.000005 

CRYM 0.03 0.00001 

BAG3 0.067 0.00006 

ENSG0253333 0.09 0.00008 

ENSG0257513 0.19 0.0004 

CXCR4 0.11 0.0002 

AREG 0.23 0.0005 

KRTCAP3 0.33 0.001 
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Figure 4.7 Summary of differential gene expression. Longitudinal pDC gene 

expression changes in five participants, between day 0 and peak parasitemia (day 7-

8). Represented genes had an FDR<0.07; each symbol represents one participant. 

Abbreviations: RPKM, Reads Per Kilobase of transcript per Million mapped reads. 
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Circulating pDC decline in clinical malaria. pDC number and phenotype were 

evaluated in longitudinal samples from 10 Malaysian adults collected during and 

after an episode of uncomplicated P. falciparum malaria (Table 4.1). Circulating 

pDC were significantly reduced in patients with acute malaria when compared to 

healthy controls (p=0.01, Figure 4.8A). There was no significant change in pDC 

HLA-DR or CD86 surface expression when acute P. falciparum malaria was 

compared to convalescent samples 14 to 28 days post antimalarial drug treatment 

(Figure 4.8B). In accordance with previous reports (McKenna, Beignon & Bhardwaj 

2005), circulating pDC did not express myeloid marker CD33 during acute malaria 

or 14 to 28 days post antimalarial treatment. CD123 expression on pDC was 

significantly increased 14 to 28 days post treatment after acute malaria (p=0.04, 

Figure 4.8C). Lymphocyte counts were reduced in acute malaria and normalised 14 

to 28 days following antimalarial treatment (Table 4.1). 
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Figure 4.8 Characterisation of circulating pDC in clinical patients infected 

with P. falciparum. A. The absolute number of circulating pDC in 5 healthy 

controls (black triangles) and 10 patients with acute P. falciparum and at 

convalescence, 14 to 28 days after antimalarial drug treatment (Post Rx). B. 

Longitudinal HLA-DR expression (MFI) on pDC of patients with acute P. 

falciparum malaria. C. Longitudinal CD86 expression (MFI) on pDC of patients 

with acute P. falciparum malaria. D. Longitudinal CD123 expression (MFI) on pDC 

of patients with acute P. falciparum malaria. Mann-Whitney t-test was used for 

comparison between healthy controls and clinical malaria patients. Wilcoxon 

matched-paired test was used for comparison between acute malaria and 

convalescence (Post Rx). Abbreviations: FSC, forward scatter; SSC, side scatter; 

MFI, median fluorescence intensity. 
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4.8 Discussion  

We show that in a primary pre-patent P. falciparum infection pDC can increase 

TLR-induced IFN-α production despite showing reduced HLA-DR and CD123 

surface expression. In accordance with our previous reports (Pinzon-Charry et al. 

2013; Woodberry et al. 2012), we show pDC numbers significantly decline during 

experimental and clinical P. falciparum infection. Furthermore, loss of pDC during 

experimental P. falciparum infection mirrored an increase in active caspase-3, 

suggesting apoptosis contributed to the reduction of circulating pDC. Despite loss, 

the remaining circulating pDC upregulated activation markers after TLR7 or TLR9 

stimulation at peak parasitemia, contrasting the functional impairment of CD1c
+
 

mDC that we previously reported in early P. falciparum infection (Loughland et al. 

2016). Circulating pDC did not produce spontaneous or pRBC cytokine production 

and yet pDC had heightened TLR responsiveness alongside transcriptional activity. 

Taken together, these data demonstrate pDC function, and responsiveness, during a 

primary P. falciparum infection.    

Plasmacytoid DC are considered professional type I IFN producing immune cells 

and can produce 300 times more IFN-α than myeloid DC (Ito et al. 2006). We 

demonstrate that pDC from adults experiencing a first P. falciparum infection 

respond to TLR stimulation with increased IFN-α and stable TNF production. The 

increased pDC IFN-α production concurs with a previously reported cytokine profile 

(increased IFN-α and stable TNF) observed after in vitro stimulation of healthy adult 

pDC with P. falciparum schizont lysate (Pichyangkul et al. 2004). In malaria, the 
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role of IFN-α in disease and its source remain poorly defined. Plasma levels of IFN-

α are reported to be both increased (Bostrom et al. 2012; Luty et al. 2000; 

Pichyangkul et al. 2004) and decreased (Arama et al. 2011) in uncomplicated 

falciparum malaria. Polymorphisms in the receptor for type I IFN (IFNAR), have 

been associated with progression to cerebral malaria (Aucan et al. 2003), indicating 

the type I IFN pathway may have a role in mitgating cerebral malaria. In mouse 

models, serum IFN-α is elevated in the lethal P. berghei ANKA murine model 

(Haque et al. 2011). However, administration of recombinant human IFN-α can 

protect against murine cerebral malaria (Vigário et al. 2007). In P. chabaudi malaria, 

it has been suggested that TLR7 triggering mediates early immune responses with 

production of type I IFN in blood-stage infection (Baccarella et al. 2013). The 

transfection of RNA from P. falciparum into murine bone-marrow-derived  DC 

induces type I IFN, but this is independent of TLR7 triggering (Liehl et al. 2014). 

Our data demonstrate that the number of human pDC producing IFN-α, as well as 

the amount of IFN-α produced per pDC, significantly increases after ex vivo TLR 

stimulation but not upon stimulation with P. falciparum infected RBCs (de Oca et al. 

2016). The role of pDC responsiveness in vivo and their contribution to immunity 

and pathology in malaria requires further investigation. Our lack of detection of IL-

12 production by pDC is consistent with other human pDC studies reporting 

circulating human pDC do not produce IL-12 (Ito et al. 2006).  

We identified increased or reduced expression of eight genes, with an FDR<0.07. 

Genes increased were: C14orf119, an open reading frame, TSG101, a tumour 

susceptibility gene that is required for the release of infectious HIV-1 (Garrus et al. 
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2001; VerPlank et al. 2001) and NLRC5, a transcription factor, crucial to the 

regulation of MHC Class I dependent immune responses (Kobayashi & van den 

Elsen 2012). Using the human A549 cell line, respiratory syncytial virus infected 

cells upregulate RIG-I (retinoic acid-inducible gene I), which results in induction of 

NLRC5 and MHC Class I via IFN-β production (Guo et al. 2015).  RIG-I binds viral 

RNA and is a crucial mediator of virus-induced type I IFN signalling (Kato et al. 

2006). In the current study we show NLRC5 gene expression is increased as well as 

IFN-α production at peak infection, suggesting P. falciparum might enhance RIG-I 

mediated type I IFN signalling resulting in enhanced expression of NLRC5 and thus 

MHC Class I in early P. falciparum infection. To the best of our knowledge there are 

no published studies that have investigated NLRC5 function or role in murine or 

human Plasmodium infection. The genes identified as downregulated were DMBT1, 

a putative tumour suppressor gene (Mollenhauer et al. 1997), AREGB, a ligand of 

the epidermal growth factor receptor (Berasain & Avila 2014), CRYM,  striatal 

protein µ-crystallin which is a key regulator of thyroid hormone (Vie et al. 1997), 

RNF139, ring finger protein 139, which encodes a membrane bound E3 ubiquitin 

ligase that inhibits growth of cells in a ubiquitination-dependent manner (Brauweiler 

et al. 2007) and BAG3, BCL2 Associated athanogene gene 3, which has anti-

apoptotic activity (Takayama & Reed 2001). BAG3 is a co-chaperone protein that 

forms a protein complex with the heat-shock protein Hsp70 regulating cell apoptosis 

(Beere 2005). In microglial cells infected with HIV-1 down-modulation of BAG3 

results in increased active caspase-3 (Rosati et al. 2009). In the current study, 

reduced BAG3 gene expression suggests Plasmodium may modulate anti-apoptotic 
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molecules in DC to enhance immune evasion, which is supported by our finding of 

increased caspase-3 cleavage at peak parasitemia. We show a specific increase in 

apoptosis only during the 1,800 pRBC infection, to confirm if Plasmodium parasites 

modulate BAG3 RNAseq analysis of pDC samples from 150 pRBC cohorts are 

necessary. Future RNA sequencing studies are warranted to determine if similar pDC 

gene expression changes are observed in acute malaria or asymptomatic infection.  

The TLR-triggered upregulation of pDC HLA-DR and CD123 expression indicate 

circulating pDC can mature and activate in early P. falciparum infection. While 

CD123 may be used to identify circulating pDC subsets (Colonna, Trinchieri & Liu 

2004), a report on coronary artery disease showed that CD123 expression is also 

increased upon pDC activation (Van Brussel et al. 2010). Our study supports CD123 

expression as a measure of activation, as TLR-activated pDC had greater CD123 and 

HLA-DR expression than non TLR-activated pDC. In contrast, without viral TLR 

stimulation pDC HLA-DR and CD123 surface expression is diminished in 

experimental P. falciparum and clinical malaria (CD123 only). Furthermore, upon 

stimulation with P. falciparum infected RBC, circulating pDC did not increase HLA-

DR or CD123 expression. Taken together, these data imply pDC may not be directly 

activated by P. falciparum-infected RBC and thus, retain functional capacity. CD123 

is the IL-3α receptor; IL-3 is a T cell derived glycoprotein that supports the viability 

and differentiation of haematopoietic cells (Yang et al. 1986). Reduced IL-3α 

receptor (cell survival marker) alongside increased caspase-3 expression is one 

possible mechanism for the premature loss of circulating pDC. Another possible 

explanation for reduced peripheral pDC number is impaired bone marrow 
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repopulation. CXCR4, a chemokine important for development of pDC from the 

bone marrow (Swiecki & Colonna 2015), was one of the top 10 genes 

downregulated at peak parasitemia. We show pDC numbers do not recover 48-72 

hours after antimalarial treatment. Future studies should endeavour to assess pDC 

number alongside CXCR4 expression at later time points to determine if pDC 

numbers recover in conjunction with CXCR4 expression.  

We evaluated circulating pDC phenotypically, functionally and transcriptionally 

during a primary P. falciparum infection. In the same infection cohorts we recently 

reported impaired CD1c
+
 mDC TLR responsiveness (Loughland et al. 2016). We 

now demonstrate pDC differ from CD1c
+
 mDC and are TLR responsive, 

upregulating cell surface expression of HLA-DR and CD123 as well as increasing 

IFN-α production in a primary P. falciparum infection. Yet, in the absence of TLR 

stimulation pDC reduce HLA-DR and CD123 expression and after stimulation with 

P. falciparum infected RBC fail to upregulate these activation markers. How and 

why pDC retain the ability to respond to TLR agonists and remain open questions. 

The increased responsiveness of pDC to TLR stimulation during a primary P. 

falciparum infection suggests this subset of DC retain the potential to orchestrate 

immune responses. 
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Chapter 5.                                        

Functional Characterisation of CD16
+
 mDC 

and CD141
+
 mDC During Primary P. 

falciparum Infection 

5.1 Chapter Overview 

The two previous chapters evaluated CD1c
+
 mDC and pDC function in P. 

falciparum infection. This chapter now characterises the remaining mDC subsets: 

CD16
+
 mDC and CD141

+
 mDC.  

CD16
+
 mDC and CD141

+
 mDC number, maturation and their ability to uptake 

particulate antigen were assessed longitudinally in CHMI. CD16
+
 mDC spontaneous 

cytokine profile (TNF, IL-12 and IL-10) and response to TLR ligands following a 

first P. falciparum exposure is described. While the rarity of peripheral blood 

CD141
+
 mDC cells and restricted blood volumes during the CHMI trials prevented 

the assessment of cytokine production and TLR responsiveness of CD141
+
 mDC. 

 Few malaria-DC published studies have included CD16
+
 mDC in their analysis and, 

to the best of my knowledge, no studies have published the CD16
+
 mDC cytokine 

profile in Plasmodium infection. As CD16
+
 mDC lose FCyRIII expression in short 

term culture, I devised an alternative gating strategy to identify this subset and 
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determine the CD16
+
 mDC cytokine profile in primary P. falciparum infection. This 

chapter is presented in the format of a draft manuscript.  
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5.4 Abstract 

Malaria impacts approximately half of the world’s population and immunity to 

malaria remains poorly understood. Dendritic cells (DC) are professional antigen 

presenting cells, uniquely capable of priming naive T cell responses. Circulating 

myeloid DC (mDC) comprise three functionally distinct subsets; CD1c
+
, CD141

+
 

and CD16
+ 

mDC. We here investigated the impact of a primary Plasmodium 

falciparum infection on CD141
+
 mDC and CD16

+
 mDC. In 51 malaria-naive 

volunteers, mDC were examined before and following intravenous inoculation with 

150 or 1,800 P. falciparum-infected red blood cells (pRBC). CD16
+
 DC cytokine 

production (TNF, IL-12 and IL-10) was assessed in the absence of stimulation and 

after toll-like receptor (TLR) and P. falciparum-infected RBC stimulation. Infection 

increased the proportion of activated (HLA-DR and CD86 expression) circulating 

CD16
+
 mDC and induced their spontaneous production of TNF, IL-12 and IL-10. 

TLR stimulation increased IL-12 and P. falciparum-infected RBC stimulation 

increased IL-10 production by CD16
+
 mDC. In contrast, in the same individuals, P. 

falciparum infection significantly reduced circulating CD141
+
 mDC number and 

HLA-DR expression. We conclude that P. falciparum expands and activates CD16
+
 

mDC, which respond to infection by producing TNF, IL-12 and IL-10, while 

CD141
+
 mDC reduce in both number and activation. These data define CD16

+
 mDC 

as unique early DC responders in a first sub-microscopic blood-stage P. falciparum 

infection. Additional research is warranted to determine whether loss of CD16
+
 mDC 

activation is associated with patent parasitemia and malaria. 
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5.5 Introduction 

In 2015 there were 214 million reported cases of malaria and 438,000 deaths (WHO 

2015). Despite recent gains (WHO 2014b), antimalarial drug resistance continues to 

emerge (von Seidlein & Dondorp 2015) and there is only one approved malaria 

vaccine (RTS,S/AS01), which remains in pilot implementation (WHO 2016). 

Plasmodium falciparum is known to subvert host immune responses by a range of 

strategies (Stanisic & Good 2016) including modulation of dendritic cell (DC) 

function (Wykes & Good 2008). DC are pivotal to the initiation of immune 

responses (Banchereau & Steinman 1998) as the only cells capable of priming naive 

T cells. Human blood myeloid DC (mDC) are a heterogeneous antigen presenting 

cell population that express CD11c and encompass three subsets (CD1c
+
, CD141

+ 

and CD16
+ 

mDC), which are distinguished by phenotype, function (MacDonald et al. 

2002) and transcriptional profile (Robbins et al. 2008). 

Circulating mDC subsets are functionally distinct, with differential toll-like receptor 

(TLR) expression and cytokine production (Jongbloed et al. 2010; Piccioli et al. 

2007). In human blood, CD141
+
 mDC comprise 3% of the total circulating DC 

population, express high levels of TLR3 (Ju, Clark & Hart 2010), produce IL-12 and 

IFN-λ and uniquely express CLEC9A, a C-type lectin integral to cross-presentation 

of necrotic antigens (Jongbloed et al. 2010). In contrast, CD16
+
 mDC represent 

~50% of total blood DC (Ju, Clark & Hart 2010), express TLRs 1-2, 4-7 (Piccioli et 

al. 2007) and high levels of CD86 (B7-2) when compared to other mDC subsets 

(MacDonald et al. 2002). In healthy adults, in response to TLR stimulation, CD16
+
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mDC predominantly produce the pro-inflammatory cytokine TNF (Piccioli et al. 

2007).  

Despite many studies having investigated DC number and phenotype in human 

malaria, few studies included CD141
+
 or CD16

+
 mDC in the analysis (Arama et al. 

2011; Pinzon-Charry et al. 2013; Teirlinck et al. 2015; Urban, B. C. et al. 2006) and 

none have reported CD16
+
 mDC cytokine production. In children with severe or 

uncomplicated falciparum malaria, CD141
+
 mDC increase HLA-DR (Arama et al. 

2011; Urban, B. C. et al. 2006) and CD86 (Arama et al. 2011) expression. In 

contrast, in the same children with uncomplicated malaria, CD16
+
 mDC reduce 

HLA-DR expression (Arama et al. 2011). Interestingly, during P. falciparum 

sporozoite-controlled human malaria infection (CHMI), CD16
+
 mDC are activated 

with increased HLA-DR and CD86, yet CD141
+
 mDC activation/maturation remains 

stable (Teirlinck et al. 2015). To further understand the impact of Plasmodium on 

DC function, we examined CD16
+
 and CD141

+
 mDC phenotype and, where 

possible, activation and cytokine production following P. falciparum blood-stage 

CHMI. DC subsets were assessed in malaria-naive individuals before and 

longitudinally following a first blood-stage sub-microscopic exposure to P. 

falciparum. In the same CHMI clinical trials we recently reported dysfunctional 

CD1c
+
 mDC with impaired HLA-DR expression and skewed TNF pro-inflammatory 

cytokine production (Loughland et al. 2016). Here, we examine the number, 

activation and cytokine production of the remaining mDC subsets, CD141
+
 and 

CD16
+
 mDC, to elucidate if Plasmodium similarly impacts these mDC. We present 
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evidence of CD16
+
 mDC activation in a first P. falciparum infection and describe 

this subset as uniquely activated in a first sub-microscopic infection.  

5.6 Materials and Methods 

Controlled human P. falciparum infection: 51 volunteers aged 19-43 years 

(median 24 [IQR 22-28] years, 33% female, 67% male) consented to participate in a 

phase Ib clinical trial testing the efficacy of antimalarial drugs. Blood-stage 

parasitemia was initiated by inoculation of trial parasite doses, 150 (n=12) or 1,800 

(n=39) parasitised red blood cells (pRBC) as previously described (Loughland et al. 

2016). Blood samples were taken at the same time each day before (day 0) and 

during blood-stage infection. Antimalarial drugs were administered when volunteers 

reached a predetermined parasitemia of ≥ 1,000 parasites/mL (day 10 or 11; 150 

pRBC and day 7 or 8; 1,800 pRBC). Flow cytometric assays used fresh blood and 

were processed within 2 hours of collection. The study was approved by the Human 

Research Ethics Committees of QIMR Berghofer Medical Research Institute 

(P1479) and the Human Research Ethics Committees of the NT Department of 

Health and Menzies School of Health Research (HREC 10/1431). Details of the 

clinical trial protocol and clinical trial registrations are reported elsewhere 

(Loughland et al. 2016; McCarthy, J.S. et al. 2011). 

Whole blood myeloid DC subset enumeration: Myeloid DC subsets were 

characterised as lineage negative (CD3, 14, 19, 20, 56, 34), HLA-DR
+
, CD11c

+
, 

CD123
-
, CD141

+
 (Figure 5.1A) or CD16

+
 (Figure 5.2A). In brief, 200 µL of whole 

blood was stained with surface antibodies, CD3 (HIT3a), CD14 (HCD14), CD19 
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(HIB19), CD20 (2H7), CD34 (561), CD56 (HCD56), HLA-DR (L243), CD11c (B-

Ly6), CD123 (6H6), CD141 (M80), CD16 (3G8) and CD86 (2331) where 

appropriate; all antibodies were purchased from BD biosciences or Australian 

Biosearch, Biolegend. RBC were lysed with FACS lysing solution (BD, USA) and 

cells fixed with 1% (w/v) paraformaldehyde in phosphate-buffered saline. Absolute 

numbers of CD16
+
 mDC and CD141

+
 mDC were determined by adding automated 

lymphocyte and monocyte counts (10
9 

cells/L), dividing the sum by 100, multiplying 

the percentage of CD141
+
 mDC or CD16

+
 mDC, and multiplying the product by 

1,000 to give the cell count per microliter. Due to the low event number for CD141
+
 

mDC, an event number cut-off (>20 events) was applied to CD141
+
 mDC HLA-DR, 

CD86 and uptake data.  

Antigen uptake: DC phagocytosis was assessed by uptake of 1 mg/mL FITC-

dextran (Sigma, USA) after 60 min at 37
o
C or on ice as a control and expressed as 

delta median fluorescence intensity (ΔMFI) (ie. [MFI of cells at 37
o
C]- [MFI control 

cells on ice]). Detailed FITC-dextran uptake methods are presented in Chapter 2.8. 

 Intracellular cytokine staining: CD1c
-
CD86

+
 DC cytokine production was 

assessed in 1 mL of whole blood unstimulated or stimulated with TLR agonists; 

TLR1: Pam3CSK4 100 ng/mL and TLR2: HKLM 10
8 

cells/mL, TLR4: Escherichia 

coli K12 LPS 200 ng/mL or TLR7: Imiquimod 2.5 µg/mL (Sigma-Aldrich, USA), 

pRBC or unparasitised RBC (uRBC) prepared per protocol in (Loughland et al. 

2016), at a final concentration of 5 million per mL. Protein transport inhibitor 

(Brefeldin A, GolgiPlug, BD, USA) was added after 2h (at 37°C, 5% CO2. At 6h 
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cells were stained to identify CD1c
-
CD86

+
 mDC; CD14

- 
(M5E2), lineage [CD3 

(HIT3a), CD19 (HIB19), CD56 (HCD56)]
-
, CD1c

-
 (L161), HLA-DR

+
 (L243) and 

CD86
+
 (IT2.2). IgG2b isotype control was used to identify CD86

+
 DC. RBC were 

lysed with FACS lysing solution (BD, USA), washed with 2% FCS/PBS, cells 

permeabilised with 1x Perm/Wash™ or Perm 2 (BD, USA) and stained with 

intracellular anti-TNF-α (MAB11), IL-12/IL-23p40 (C11.5), IL-10 (JES3-9D7), or 

IgG1 isotype controls, all antibodies purchased from Australian Bioresearch, 

Biolegend. 

To verify CD16 (FcγRIII) loss during culture, six adult volunteers from the Menzies 

School of Health laboratory donated lithium-heparin anti-coagulated blood. Fresh 

whole blood staining and the intracellular cytokine assay were performed using the 

same methods detailed above (Figure 5.7). Verification of gating strategy (Figure 

5.8) used the same antibodies detailed above where possible with the exception of 

CD86 PE-dazzle (IT2.2). 

FACS data was acquired using a FACSCanto™ II (BD, USA) or Gallios™ 

(Beckman Coulter, USA) and data analysed using Kaluza® 1.3 (Beckman Coulter, 

USA).  

Statistics: Statistical analyses used GraphPad Prism 6 (Graphpad Software Inc., 

USA). The Wilcoxon matched-pairs sign rank test was used to compare longitudinal 

data. Tests were two-tailed and considered significant if p-values <0.05. 
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5.7 Results 

Circulating CD141+ and CD16+ mDC numbers. Circulating CD141
+
 and CD16

+
 

mDC absolute numbers and proportions were examined in fresh whole blood of 

healthy malaria-naive volunteers before and during early blood-stage P. falciparum 

infection. Myeloid subsets were identified as lineage
-
, HLA-DR

+
, CD11c

+
 and 

CD141 (BDCA-3)
+
 (Figure 5.1A) or CD16 (FcγRIII)

+
 (Figure 5.2A). In cohorts 

inoculated with either 150 or 1,800 pRBC, CD141
+
 mDC proportion and absolute 

number significantly declined and did not recover 24 hours after drug treatment 

(Figure 5.1B, 5.1C). In contrast, CD16
+
 mDC were retained in the periphery and 

absolute numbers only reduced 24 hours post antimalarial drug treatment (Figure 

5.2B, 5.2C). The proportion of CD16
+
 mDC amongst total mDC increased at peak 

parasitemia after 1,800 pRBC infection but remained unchanged during the 150 

pRBC infection (Figure 5.2B, 5.2C). The proportion of immature DC, identified as 

CD11c
-
 CD123

-
 HLA-DR

+
 DC, remained stable (Figure 5.3A). 

Primary P. falciparum infection activates CD16+ mDC but not CD141+ mDC. 

The impact of 150 or 1,800 pRBC infecting doses on circulating CD141
+
 mDC and 

CD16
+
 mDC activation were examined by expression of MHC Class II (HLA-DR) 

and co-stimulatory marker CD86 (B7-2). HLA-DR expression reduced on CD141
+
 

mDC at peak parasitemia after infection with either dose (Figure 5.4A, 5.4B). There 

was no significant change in CD86 expression on CD141
+
 mDC during the 150 

pRBC or 1,800 pRBC infection (Figure 5.4A, 5.4B). CD86 data were only available 

at baseline (day 0) and peak parasitemia for CD141
+
 mDC.  
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For CD16
+
 mDC there was no significant change in HLA-DR or CD86 expression 

after 150 pRBC infection (Figure 5.5A, 5.5B). In contrast, following infection with 

1,800 pRBC, CD16
+
 mDC increased HLA-DR and CD86 expression (Figure 5.5A, 

5.5B), indicating the higher dose activated circulating CD16
+
 mDC. At peak 

parasitemia, immature DC reduced HLA-DR expression yet CD86 expression 

remained stable (Figure 5.3C, 5.3D). 

Reduced expression of CD16 (FcγIII receptor) is associated with an activated CD16
+
 

mDC phenotype (Döbel et al. 2013). Following infection with 150 or 1,800 pRBC, 

FcγIIIR expression significantly reduced on circulating CD16
+
 mDC at peak 

infection and remained diminished 24 hours after antimalarial treatment in the 1,800 

pRBC cohort (Figure 5.5C).  
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Figure 5.1 Circulating CD141+ mDC numbers in controlled P. falciparum 

infection. A. Fresh whole blood gating strategy for CD141
+
 mDC. CD141

+ 
mDC 

were identified as negative for lineage markers (CD3, CD14, CD19, CD20, CD34 

and CD56), HLA-DR
+
 (2

nd
 panel), CD11c

+
 CD123

-
 (3

rd
 panel) and CD141

+
 (4

th
 

panel). B. The absolute number (1
st
 panel) and proportion (2

nd
 panel) of circulating 

CD141
+
 mDC after 150 pRBC infection (n=12, with exception n=6 -24h). C. The 

absolute number (1
st
 panel) and proportion (2

nd
 panel) of circulating CD141

+
 mDC 

after 1,800 pRBC infection (day 0 and peak n=33 and -24h and +24h n=26). Box 

plots show the 10
th

-90
th

 percentile, median and interquartile range for data from all 

participants. Data points outside of box plots represent patients which were outlier. 

White= 150 pRBC cohort; grey= 1, 800 pRBC cohort. Abbreviations: FSC, forward 

scatter; SSC, side scatter. 
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Figure 5.2 Circulating CD16+ mDC in controlled P. falciparum infection.    

A. Fresh whole blood gating strategy for CD16
+
 mDC. CD16

+
 mDC were gated as 

demonstrated in Figure. 5.1A and specifically identified as CD11c
+
 CD16

+ 
mDC. B. 

The absolute number (1
st
 panel) and proportion (2

nd
 panel) of circulating CD16

+
 

mDC after 150 pRBC infection (n=12 with exception n=6 -24h). C. The absolute 

number (1
st
 panel) and proportion (2

nd
 panel) of circulating CD16

+
 mDC after 1,800 

pRBC infection (n=33 day 0 and peak and n=26 -24h and +24h). Box plots show the 

10
th

-90
th

 percentile, median and interquartile range for data from all participants. 

White= 150 pRBC cohort; grey= 1,800 pRBC cohort. Abbreviations: FSC, forward 

scatter; SSC, side scatter. 
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Figure 5.3 Characterisation of circulating immature DC after 1,800 pRBC 

infection. A. Fresh whole blood gating strategy for immature DC (immDC). 

ImmDC were gated as demonstrated in Figure. 5.1A and specifically identified as 

CD11c
-
 CD123

- 
HLA-DR

+ 
DC. B. The proportion of immature DC (n=26, with 

exception n=19 peak). C. HLA-DR expression on immature DC as percent baseline 

(day 0 n=33, -24h n=23, peak n=30, +24h n=21). D. CD86 expression in immature 

DC as percent baseline (n=26, with exception n=19 peak). Box plots show the 10
th

, 

90
th

 percentile, median and interquartile range for data from all participants. 
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Figure 5.4 Circulating CD141+ mDC activation and maturation in 

controlled P. falciparum infection. CD141
+ 

mDC gated according to Figure 

5.1A. A. HLA-DR expression (1
st
 panel) and CD86 expression (2

nd
 panel) of 

circulating CD141
+
 mDC after 150 pRBC infection (HLA-DR; day 0 n=11, -24h 

n=5, peak n=9, +24h n=4, CD86; n=6). B. HLA-DR expression (1
st
 panel) and CD86 

expression (2
nd

 panel) of circulating CD141
+
 mDC after 1,800 pRBC infection 

(HLA-DR; day 0 n=29, -24h n=16, peak n=19, +24h n=7, CD86; n=6). Box plots 

show the 10
th

-90
th

 percentile, median and interquartile range for data from all 

participants. Data points outside of box plots represent patients which were outlier. 

HLA-DR and CD86 MFI calculated as percent baseline. White= 150 pRBC cohort; 

grey= 1, 800 pRBC cohort. Abbreviations: MFI, median fluorescence intensity. 
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Figure 5.5 Longitudinal CD16+ mDC HLA-DR, CD86 and FcyRIII expression. 

A. Longitudinal CD16
+ 

mDC HLA-DR expression after infection with 150 (top 

panel) or 1,800 pRBC (bottom panel). B. Longitudinal CD16
+ 

mDC CD86 

expression after infection with 150 (top panel) or 1,800 pRBC (bottom panel). C. 

Longitudinal CD16
+ 

mDC FcyRIII expression after infection with 150 (top panel) or 

1,800 pRBC (bottom panel). Box plots show the 10
th

-90
th

 percentile, median and 

interquartile range for data from all participants, 150 pRBC; n=12 with exception -

24h n=6 and CD86; n=6 for all days. 1,800 pRBC; n=33 with exception -24h and 

+24h n=26 and CD86; n=26 with exception -24h n=19). 
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CD16+ mDC retain the ability to uptake particulate antigen. The 

phagocytosis ability of CD16
+
 mDC and CD141

+
 mDC was assessed by their 

capacity to uptake FITC-dextran particulate antigen (Figure 5.6). CD16
+
 mDC had 

superior ability to uptake particulate antigen when compared to pDC, CD1c
+
 mDC 

and CD141
+
 mDC (Figure 5.6A, 5.6B), in the same sample. The higher 1,800 pRBC 

infection dose significantly diminished CD141
+
 mDC uptake (Figure 5.6C). Due to 

the significant loss of peripheral blood CD141
+
 mDC, uptake could not be assessed 

24 hours after peak parasitemia in the 1,800 pRBC cohort. In both the 150 and 1,800 

pRBC cohorts, CD16
+
 mDC retained the ability to uptake FITC-dextran particles at 

peak parasitemia (Figure 5.6D). Due to insufficient blood sampling, CD16
+
 mDC 

uptake could not be assessed 24 hours after peak parasitemia. The low frequency of 

CD141
+
 mDC in healthy adults (Ju, Clark & Hart 2010) and the further reduction of 

CD141
+
 mDC during a first P. falciparum infection precluded any additional 

functional evaluation of this myeloid DC subset in the volume of blood collected. 
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Figure 5.6 CD16+ mDC and CD141+ mDC longitudinal antigen uptake.         

A. Representative DC subset FITC-dextran uptake histograms at baseline (day 0): 

white peak, ice control; red peak, CD16
+
 mDC uptake; blue peak, CD141

+
 mDC 

uptake; orange peak, CD1c
+
 mDC uptake; green peak, pDC uptake. B. Comparison 

between pDC, CD1c
+
 mDC, CD141

+
 mDC and CD1c

+
 mDC FITC-dextran uptake at 

baseline (day 0, n=14). C. Uptake of particulate antigen by CD141
+
 mDC during 150 

pRBC (white bars) and 1,800 pRBC (grey bars); 150 pRBC; day 0 n=9, -24h n=5, 

peak n=7, +24h n=5; 1,800 pRBC; day 0 n=25, -24h n=11, peak n=7. D. Uptake of 

particulate antigen by CD16
+
 mDC during 150 pRBC (white bars) and 1,800 pRBC 

(grey bars); 150 pRBC; n=12, with exception on -24h n=6; 1,800 pRBC; day 0 n=18, 

-24h n=17, peak n=18. ΔMFI of FITC dextran uptake (calculated as [MFI for cells 

incubated at 37
o
C] – [MFI for cells incubated on ice]). Statistics were calculated 

using the Wilcoxon matched-paired test. Abbreviations: MFI, median fluorescence 

intensity. 
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CD16+ mDC reduce FcγRIII expression during short term culture. To assess 

CD16
+
 mDC cytokine production during a primary P. falciparum infection we 

utilised an intracellular cytokine assay. However, during short-term culture (6 hours) 

(Döbel et al. 2013) and after TLR stimulation (Picozza, Battistini & Borsellino 

2013), CD16
+
 mDC dramatically reduce FcγRIII expression, rendering their 

identification difficult. We show the percentage of CD16
+
 mDC dramatically 

dropped with short term culture and after TLR4 stimulation (Figure 5.7A, 5.7B, left 

plot). In contrast, the percentage of CD16
-
CD1c

-
 mDC markedly increased (Figure 

5.7A, 5.7B, middle plot). Importantly, the percentage of CD1c
+
 mDC remained 

stable during short term culture and after TLR4 stimulation (Figure 5.7A, 5.7B, 

right plot). To circumvent this problem I devised an alternative gating strategy 

(Figure 5.8), which allowed the identification of CD16
+
 mDC and characterisation 

of cytokine production during a first P. falciparum infection. CD16
+
 mDC were 

identified as T, B and NK cell negative, CD14 negative, HLA-DR positive, CD1c 

negative and CD86 bright. The CD1c
-
CD86

-
 DC population predominantly 

comprised CD123
+
 pDC, CD141

+
 mDC and CD11c

+
 CD123

-
 immature DC (Figure 

5.8B). Importantly there were no CD16
+
 mDC in the CD1c

-
CD86

-
 gate (Figure 

5.8B). Evidently, the CD1c
-
CD86

+
 DC population were predominantly comprised of 

CD16
+
 mDC. In addition there was a CD86

+
CD16

-
 population which were also 

CD1c
-
, CD141

-
, CD123

-
 and CD11c

+
, indicating this cell population may be an 

unidentified DC subset (Figure 5.8C) (MacDonald et al. 2002). Despite CD86 

expression, the CD1c
-
CD141

-
CD123

-
CD11c

+
CD86

+
 DC subset expressed less CD86 

when compared to CD16
+
 mDC (Figure 5.8D). Bright CD86 expression ensured the 
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exclusion of pDC and CD141
+
 mDC which express less CD86 when compared to 

CD16
+
 mDC (Figure 5.9A, 5.9B). To further characterise the immature DC 

population, I verified this DC subset does express CD86 (Figure 5.9B, left plot) 

however, CD86 expression did not significantly change at peak parasitemia during a 

primary P. falciparum infection (Figure 5.9C). Likewise, CD86 expression 

remained low and stable on pDC and CD141
+
 mDC at peak parasitemia (Figure 

5.9C). Finally, I showed pDC and immature DC CD86 expression does not change 

in short term culture or after TLR stimulation (Figure 5.7C). In contrast, CD1c
+
 

mDC increase CD86 expression after TLR stimulation (Figure 5.7C). Importantly, 

this DC subset is removed in the alternative gating strategy (Figure 5.8A and 

Figure 5.10A). The CD16
+
 mDC and CD16

-
CD1c

-
 mDC population reduce CD86 

expression in short term culture (Figure 5.7C) however, the intensity of CD86 on 

these subsets remained at a distinguishable level when compared to the other DC 

subsets (Figure 5.7C, Figure 5.9 and Figure 5.10B). 
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Figure 5.7 FcγRIII expression after short term culture and TLR4 

stimulation. A. Representative staining of circulating CD16
+
 mDC gating in fresh 

whole blood, from a healthy volunteer, after six hours of culture (no stimulation) and 

after six hours of culture with TLR4 stimulation. B. Percentage of CD16
+
 mDC, 

CD16
-
CD1c

-
 mDC and CD1c

+
 mDC; fresh whole blood (black circles), six hour 

culture (white triangles) and six hour culture with TLR4 stimulation (grey squares), 

n=6. C. CD86 MFI on DC subsets CD1c
+
 mDC (orange), CD16

+
 mDC (red), CD1c

-

CD16
-
 mDC (pink), pDC (green) and immature DC (purple); fresh whole blood 

(circles), six hour culture (triangles) and six hour culture with TLR4 stimulation 

(squares).
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Figure 5.8 CD16+ mDC ICC gating verification. Fresh whole blood surface gating strategy from a healthy volunteer to confirm the majority 

of CD14
-
CD1c

-
HLA-DR

dim
CD86

+
 DC are CD16

+
 mDC. A. CD16

+
 mDC were identified as lineage negative (CD3, 14, 56 and 19), HLA-DR 

positive, CD1c negative and CD86 positive. B. CD1c
-
 CD86

+
 DC were identified as a heterogeneous population, comprised of immature DC, 

CD11c
+
, CD141

+
, CD123

+
 DC. C. CD1c

-
 CD86

+
 DC were identified as predominantly CD16

+
 mDC and CD16

-
 mDC. D. CD86 expression on 

CD16
-
 mDC (left plot) and CD16

+
 mDC (right plot). Abbreviations: MFI, median fluorescence intensity.  
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Figure 5.9 CD86 expression on immature DC, pDC, CD141+ mDC and CD16+ mDC during controlled P. falciparum infection.        

A. Representative gating of DC subsets, immature DC, CD11c
-
 CD123

-
 DC (purple), pDC (green), CD16

+
 mDC (red) and CD141

+
 mDC (blue). 

B. Representative histograms of DC subset CD86 MFI gated from figure 5.8A. C. CD86 MFI of DC subsets from baseline (day 0) to peak 

parasitemia. 
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CD1c-CD86+ DC increase TNF, IL-12 and IL-10 cytokine production. Using 

the devised alternative gating strategy (Figure 5.10A, 5.10B), CD1c
-
CD86

+
 DC 

cytokine production was evaluated in the absence of stimulation (spontaneous 

production) and post TLR1/2, TLR4, TLR7, P. falciparum-infected RBC (pRBC) or 

uninfected RBC stimulation (Figure 5.10C). At peak infection, CD1c
-
CD86

+
 DC 

increased TNF, IL-12 and IL-10 spontaneous production in response to a first 

infection (Figure 5.11). Furthermore, at peak infection CD1c
-
CD86

+
 DC increased 

IL-12 production after TLR1/2, TLR4 or TLR7 stimulation (Figure 5.11A). In 

contrast, TNF production only increased post TLR7 stimulation (Figure 5.11B) and 

IL-10 after only TLR4 or TLR7 (albeit less than 5%) stimulation (Figure 5.11C). In 

response to P. falciparum-infected RBC stimulation, at peak parasitemia, CD1c
-

CD86
+
 DC significantly increased IL-10 production (Figure 5.11C). 
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Figure 5.10 Representative gating strategy of CD1c-CD86+ DC cytokine 

production after TLR or pRBC stimulation. Representative gating of whole 

blood CD1c
-
CD86

+
 DC during the intracellular cytokine assay. A. CD1c

-
CD86

+
 DC 

were identified as CD14
-
, lineage (CD3, CD19 and CD56)

-
, CD1c

-
, HLA-DR

+
.       

B. CD1c
- 

CD86
+
 cells were gated according to the isotype control (IgG2b).             

C. Intracellular cytokine production by CD1c
-
CD86

+
 DC on day 0 (TNF, IL-12 and 

IL-10) in six conditions; no stimulation (1st panel), TLR1/2 (2nd panel), TLR4 (3rd 

panel), pRBC (4
th

 panel), uRBC (5
th

 panel) stimulation and isotype control, IgG1 (6
th

  

panel).
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Figure 5.11 CD1c-CD86+ DC cytokine production after TLR or pRBC stimulation. A. TNF production by CD1c
-
CD86

+
 DC, n=6. B. IL-

12 production by CD1c
-
CD86

+
 DC, n=6. C. IL-10 production by alternate CD1c

-
CD86

+
 DC, n=6. The Wilcoxon matched-paired test was used 

for comparison between day 0 and day 7. Abbreviations: FSC, forward scatter; SSC, side scatter, * p=0.03 or p=0.06. 
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5.8 Discussion 

We show in a primary sub-microscopic P. falciparum infection CD16
+
 mDC are 

activated, with increased HLA-DR and CD86 surface expression and enhanced TNF, 

IL-12 and IL-10 spontaneous cytokine production. Additionally, CD16
+
 mDC 

increase production of these cytokines upon TLR or P. falciparum-infected RBC 

stimulation, demonstrating enhanced function despite the presence of peripheral 

parasitemia, albeit at a sub-microscopic level. In contrast, in the same samples, 

CD141
+ 

mDC significantly reduced HLA-DR expression and declined in the 

periphery. These data establish that a first P. falciparum infection is sufficient to 

compromise CD141
+
 mDC, as was observed for CD1c

+
 mDC (Loughland et al. 

2016). Amplified cytokine production alongside increased HLA-DR and CD86 

expression indicate CD16
+
 mDC are activated in healthy adults experiencing a first 

low dose P. falciparum infection. Consequently, CD16
+
 mDC are the only blood DC 

subset identified as retained peripherally and activated during a primary P. 

falciparum infection (Loughland et al. 2016).  

We describe here that the absolute number of circulating CD16
+
 mDC were retained 

and moreover their proportion in the total mDC compartment increased during a first 

P. falciparum infection. The increase in proportion is logical given our 

characterisation of peripheral CD1c
+
 (Loughland et al. 2016) and CD141

+
 mDC loss. 

The increase in CD16
+
 mDC percentage highlights the importance of determining 

both absolute number and proportion of peripheral cell subsets to ensure accurate 
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assessment of cell numbers. The mechanisms enacting both the numerical retention 

and activation of the circulating CD16
+
 mDC are unknown.  

The cytokine profile of CD16
+
 mDC in P. falciparum infection has not previously 

been reported. Identification of CD16
+
 mDC by FcγRIII expression after short term 

culture (Döbel et al. 2013) or TLR stimulation (Picozza, Battistini & Borsellino 

2013) is difficult. In this current project I have confirmed prior reports of FcγRIII 

loss (Döbel et al. 2013; Picozza, Battistini & Borsellino 2013) and now show CD86 

expression can be utilised to identify CD16
+
 mDC. Using the formulated alternative 

gating strategy, I show CD1c
-
CD86

+
 DC are multi-potent cytokine producing cells, 

with increased TNF, IL-12 and IL-10 production during a primary P. falciparum 

infection. Amplified cytokine production, particularly IL-12 after TLR stimulation 

and IL-10 after P. falciparum-infected RBC stimulation, highlights the functional 

plasticity of CD1c
-
CD86

+
 mDC, also known as CD16

+
 mDC. Increased HLA-DR 

and CD86 expression in conjunction with enhanced spontaneous cytokine production 

at peak parasitemia suggests CD16
+
 mDC have the potential to induce broad T cell 

responses and thus, orchestrate downstream adaptive immune responses (Banchereau 

et al. 2000). In malignant monoclonal gammopathies (MG), such as multiple 

myeloma (Martin-Ayuso et al. 2008) or HIV-1 infected patients (Almeida, M et al. 

2005), CD16
+
 mDC increase spontaneous pro-inflammatory cytokine production 

including IL-6, IL-8, IL-12 and TNF. Additionally, upon TLR stimulation, CD16
+
 

mDC in MG patient groups have markedly lower cytokine production compared to 

controls (Martin-Ayuso et al. 2008). In contrast, we show enhanced cytokine 

production after TLR stimulation during a primary P. falciparum infection. To 
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determine if similar immune exhaustion observed in MG patients (Martin-Ayuso et 

al. 2008) occurs in malaria, evaluation of CD16
+
 mDC TLR responsiveness in 

patients with clinical illness is required.  

Regrettably, CD141
+ 

mDC was not included in the short term culture experiments 

thus, we cannot rule out that CD141
+
 mDC may change CD86 expression with 

culture. However, CD141
+
 mDC are a rare blood DC subset and express low levels 

of CD86 when compared to CD16
+
 mDC. In addition, CD86 expression on CD141

+
 

mDC does not significantly change during a primary P. falciparum infection, 

suggesting they would not fall inside the CD86 high gate. As not all DC subsets are 

identified (MacDonald et al. 2002) we cannot unfortunately rule out that an 

unidentified DC population falls within our CD1c
-
CD86

+
 mDC population. To 

confirm the CD1c
-
CD86

-
 DC cytokine profile presented in the current project, 

isolated CD16
+
 mDC cytokine production in response to TLR or pRBC stimulation 

should be assessed.  

In contrast to CD16
+
 mDC, human CD141

+
 mDC (BDCA3)

+
 are a rare DC subset 

and are potent inducers of in vitro cytotoxic CD8
+
 T cell responses (Jongbloed et al. 

2010). In accordance with adults suffering from uncomplicated malaria (Pinzon-

Charry et al. 2013), we show CD141
+
 mDC decline in the periphery and have 

reduced HLA-DR expression. Conversely, children with severe (Urban, B. C. et al. 

2006) or uncomplicated (Arama et al. 2011) malaria have increased peripheral 

CD141
+
 mDC, suggesting an impact of age and/or malaria disease severity. Notably, 

the function of CD141
+
 mDC in human malaria infection remains elusive. Human 



166 

 

 

 

studies are difficult, given limitations in sample volumes and the paucity of 

circulating CD141
+
 mDC, nonetheless future molecular characterisation of these 

cells may clarify their role in disease.  

CD16 is a medium-affinity FcγIII protein receptor with low capacity to bind un-

complexed IgG but high affinity to bind immune complexes (Peltz et al. 1989). High 

levels of FcγRIII are associated with an immature DC phenotype. Upon short term 

culture (Döbel et al. 2013) or TLR stimulation (Picozza, Battistini & Borsellino 

2013) CD16
+
 mDC undergo spontaneous phenotypic and functional maturation and 

reduce surface FcγRIII expression. We demonstrate P. falciparum infection leads to 

reduced FcγRIII expression on CD16
+
 mDC alongside increased HLA-DR and 

CD86 and retained phagocytosis ability. Taken together, these data establish CD16
+
 

mDC activation during a primary P. falciparum infection. Activated CD16
+
 mDC 

have also been described during sporozoite P. falciparum controlled infection, 

characterised by increased HLA-DR and CD86, although FcγRIII expression was 

also increased (Teirlinck et al. 2015). Differences in the timing of infection between 

mosquito sporozoite injection and blood-stage only infection may explain the varied 

FcyRIII expression observed between clinical trials. Data investigating CD16
+
 mDC 

activation in clinical malaria is sparse. In children with uncomplicated malaria, 

HLA-DR expression reduces while CD86 expression increases, when compared to 

sympatric controls (Arama et al. 2011) however, FcγRIII expression intensity was 

not assessed. Our data demonstrate further investigation of phenotypic and 

functional activation of CD16
+
 mDC in adults and children with clinical disease is 

warranted.   
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We demonstrate CD16
+
 mDC increase activation and cytokine production during a 

first P. falciparum infection, while CD141
+
 mDC decline and reduce HLA-DR 

expression. Our recent report of CD1c
+
 mDC dysfunction (Loughland et al. 2016), 

together with our current study, reveals CD16
+
 mDC as the only mDC subset to 

increase activation and retain function during a primary P. falciparum infection. 

Taken together these data highlight the importance of assessing human DC subsets 

individually. CD16
+
 mDC activation alongside increased cytokine production 

warrants further investigation of this DC subset in longitudinal clinical malaria 

cohort trials, in which retained or enhanced CD16
+
 mDC function and phenotype 

may be revealed as an indicator of protection.  
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Chapter 6.                                             

Human DC Subset Characterisation in 

Primary P. vivax Infection 

 

6.1 Chapter Overview 

The previous chapters established human peripheral blood DC subsets are 

functionally modulated and differentially impacted during a P. falciparum infection. 

To determine if P. vivax similarly impacts DC subsets, I assessed DC subset 

numbers, viability, maturation and activation in a primary P. vivax infection. This 

chapter also presents regulatory T cell and amino acid data. At the time of thesis 

submission, the content of this chapter was submitted for publication to the journal 

Infection and Immunity and is currently under peer review.   
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6.4 Abstract 

Plasmodium vivax malaria remains a major public health problem. The requirements 

for acquisition of protective immunity to this species are not clear. Dendritic cells 

(DC) are essential for immune cell priming, but also perform immune-regulatory 

functions along with regulatory T cells (Treg). An important function of Treg 

involves activation of the kynurenine pathway via indoleamine 2,3-dioxygenase 

(IDO). Using a controlled human experimental infection study with blood-stage P. 

vivax, we characterised plasmacytoid DC (pDC) and myeloid DC (mDC) subset 

maturation, CD4
+
CD25

+
CD127

lo 
Treg activation and IDO activity. Blood samples 

were collected from six healthy adults pre-inoculation, at peak parasitemia (day 14; 

~31,400 parasites/mL) and 24 and 48 hours after antimalarial treatment. CD1c
+
 and 

CD141
+
 mDC and pDC numbers drastically declined at peak parasitemia whilst 

CD16
+
 mDC numbers appeared less affected. HLA-DR expression was selectively 

reduced on CD1c
+
 mDC, increased on CD16

+
 mDC and was unaltered on pDC. 

Plasma IFN- increased significantly and correlated with an increased kynurenine : 

tryptophan (KT) ratio; a measure of IDO activity. At peak parasitemia, Treg 

presented an activated CD4
+
CD25

+
CD127

lo
CD45RA

-
 phenotype and upregulated 

TNFR2 expression. In a mixed-effects model, the KT ratio was positively associated 

with an increase in activated Treg. Our data demonstrate that a primary P. vivax 

infection exerts immune modulatory effects by impairing HLA-DR expression on 

CD1c
+
 mDC whilst activating CD16

+
 mDC. Induction of the kynurenine pathway 

and increased Treg activation, together with skewed mDC maturation, suggest P. 
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vivax promotes an immunosuppressive environment, likely impairing the 

development of a protective host immune response. 
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6.5 Introduction 

Plasmodium vivax is a major cause of malaria morbidity, with an estimated 13.8 

million cases annually (WHO 2015). Outside of sub-Saharan Africa, P. vivax causes 

over 65% of malaria cases and is now recognised as a cause of severe and sometimes 

fatal disease (Anstey et al. 2011; Price, Douglas & Anstey 2009). As the incidence of 

falciparum malaria falls, the proportion of malaria cases due to P. vivax is predicted 

to increase, complicating efforts in malaria elimination (Shanks 2011). Immunity to 

malaria is slow to develop, incomplete and short lived (Doolan, D.L., Dobano & 

Baird 2009). One possible explanation for impaired immunity is modulation of 

immune regulatory pathways by Plasmodium. Experimentally induced human 

Plasmodium infection, otherwise referred to as controlled human malaria infection 

(CHMI), provides a unique opportunity to gain insights into the shaping of primary 

immune and regulatory responses in malaria-naive volunteers (Scholzen & 

Sauerwein 2016).  

Impairment of dendritic cell (DC) number and function is one possible immune 

regulatory strategy that Plasmodium parasites may implement to subvert host 

immune responses (Wykes & Good 2008). DC are a heterogeneous population of 

professional antigen presenting cells which can uniquely prime naive T cells 

(MacDonald et al. 2002). In P. falciparum CHMI, we previously reported loss of 

total myeloid DC (mDC) and plasmacytoid (pDC) (Woodberry et al. 2012), as well 

as CD1c
+
 mDC dysfunction, characterised by impaired expression of MHC Class II 

and skewed pro-inflammatory cytokine production (Loughland et al. 2016). In 
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malaria-endemic areas, pDC and mDC numbers are reduced during acute clinical P. 

vivax malaria (Goncalves et al. 2010; Jangpatarapongsa et al. 2008; Kho et al. 2015; 

Pinzon-Charry et al. 2013), with alterations in the mDC/pDC ratio (Goncalves et al. 

2010; Jangpatarapongsa et al. 2008). Conversely, pDC and mDC numbers were 

retained in adults with patent or sub-patent asymptomatic P. vivax infection (Kho et 

al. 2016; Kho et al. 2015). Although DC number has been evaluated during P. vivax 

malaria, it remains to be determined if P. vivax impairs DC subset maturation in a 

primary infection.  

A key immune-regulatory enzyme in DC activation is indoleamine 2,3-dioxygenase 

(IDO) (Mellor & Munn 2004; Terness, Chuang & Opelz 2006), an intracellular, non-

secreted enzyme that mediates the first and rate limiting step in the extra-hepatic 

tryptophan-kynurenine pathway. It metabolises the essential amino acid tryptophan 

(which is central to immune regulation (Moffett & Namboodiri 2003)) to the 

metabolite kynurenine. The resulting metabolic changes in the local milieu can 

contribute to immunogenic tolerance via activation of regulatory T cells (Treg) and 

suppression of effector T cell responses (reviewed in (Munn & Mellor 2013)). DC 

and other cells can express IDO in response to interferon gamma (IFN-γ). IDO 

enzymatic activity is reflected in the ratio of kynurenine (K) to tryptophan (T) 

concentrations (KT ratio) (Huengsberg et al. 1998). IDO activity correlates with 

disease severity in chronic HIV (Huengsberg et al. 1998), cancer malignancy (Huang 

et al. 2002), and is associated with dysregulated immune responses and impaired 

microvascular reactivity in sepsis (Darcy et al. 2011). Induction of the kynurenine 

pathway has been shown in murine (Hansen et al. 2004) and falciparum malaria 
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(Dobbie et al. 2000; Medana et al. 2003; Medana et al. 2002), but its role in vivax 

malaria is yet to be investigated. 

To examine perturbations of immune regulation in P. vivax infection we assessed 

longitudinal changes in DC subset phenotype and number, tryptophan metabolism 

via plasma amino acid concentrations and Treg activation in six healthy adults 

during the course of experimental P. vivax infection. We report that primary P. vivax 

infection reduced DC subset number and selectively altered their HLA-DR 

expression, induced kynurenine production and activated Treg, all of which likely 

impair the development of a protective host immune response. 
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6.6 Materials and Methods 

Study cohort: This study was nested in a clinical trial conducted to confirm the 

safety and reproducibility of the human P. vivax induced blood-stage malaria model. 

The conduct of the clinical study (Trial Registration ACTRN12613001008718) and 

the PCR method used to quantify parasitemia were described in detail elsewhere 

(Griffin et al. 2016; McCarthy, James S et al. 2013). Six healthy adults (3 males and 

3 females), 22-32 years old (median 26 years [IQR 24-31 years]), received ~100 P. 

vivax-infected erythrocytes (pRBC) via intravenous injection in saline (Griffin et al. 

2016). Antimalarial drug treatment was administered on day 14 using artemether-

lumefantrine (Griffin et al. 2016). The study was approved by the Human Research 

Ethics Committees of QIMR Berghofer Medical Research Institute (clinical and 

laboratory study) and the Human Research Ethics Committees of the NT Department 

of Health and Menzies School of Health Research (laboratory study). 

Blood collection: Blood samples anti-coagulated with acid citrate dextrose (ACD) 

were collected prior to inoculation and at the same time each morning on days 14 

and 15. On these days, plus day 16, plasma samples anti-coagulated with CTAD (a 

mixture of citrate, theophylline, adenosine and dipyridamole) were collected. Blood 

collection time points were determined by the primary clinical study. All flow 

cytometric assays were undertaken using ACD whole blood and processed within 

two hours of collection. Plasma was cryopreserved within 30 minutes of collection. 

Flow cytometric analysis: Cytometric bead arrays (BD Biosciences, USA) were 

used to measure levels of TNF, IFN-, IL-2, IL-4, IL-6 and IL-10 in plasma, 
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according to the manufacturer’s instructions. DC were enumerated from 200 µL of 

whole blood using lineage markers; anti-CD3 (HIT3a), CD14 (M5E2), CD19 

(HIBH19), CD20 (2H7), CD56 (HCD56) and CD34 (56I), each conjugated to PE, 

anti-CD1c (L161) FITC, anti-CD123 (6H6) PE-Cy7, anti-CD11c (Bly6) V450, anti-

CD141 (M80) APC, anti-CD16 (3G8) APC-Cy7 and anti-HLA-DR (L243) PerCP 

(Figure 6.1). DC caspase expression was evaluated in 1 mL of whole blood using 

the preceding panel with the following substitutions: anti-caspase-3 (C92-605) FITC 

and CD1c (L161) APC. Caspase expression in non-DC was evaluated in 100 uL of 

whole blood using anti-caspase-3 (C92-605) FITC, anti-CD56 (HCD56) PE, anti-

CD4 (RPA-T4) PerCP, anti-CD25 (B1.49.9), anti-CD14 (M5E2) APC and anti-

CD20 (2H7) APC-Cy7, anti-CD3 (UCHTI) V450 and anti-CD8 (RPA-T8). 

Regulatory T cells were characterised in 200 µL of whole blood with anti-TNFR2 

(22235) FITC, anti-CD25 (M-A251) PE, anti-CD4 (RPA-T4) PerCP, anti-CD127 

(R34.34) PC7, anti-CD3 (UCHT1) APC-eFluor780 and anti-CD45RA (HI100) V450 

(Figure 6.5). Antibodies were from Biolegend, except caspase-3 (BD Biosciences) 

and CD3 APC-eFluor780 (eBioscience). Following surface staining, red blood cells 

(RBC) were lysed with FACS lysis buffer (BD Biosciences) and washed in 

phosphate-buffered saline (PBS). Cells were permeabilised with perm/wash buffer 

(BD Biosciences) and stained with intracellular anti-caspase-3. Cells were re-

suspended in PBS/1% (w/v) paraformaldehyde (surface only) or PBS/2% fetal calf 

serum (FCS) (intracellular) and acquired on a FACSCanto II (BD Biosciences).  

The absolute number of DC was determined by adding the automated cell counter 

derived lymphocyte and monocyte counts (Table 6.1, 10
9
 cells/L) dividing by 100, 
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then multiplying by the percentage of DC with multiplication by 1000 to give the 

cell count per µL. Lymphocyte subset counts were determined using the lymphocyte 

gate.   

Blood parasitemia: Parasitemia was monitored daily eight days after infection 

using quantitative PCR (with a limit of detection of 64 parasites/mL) as previously 

described in (24).   

Amino acid measurement: Plasma amino acids (Figure 6.4 and Table 6.2) were 

measured in CTAD plasma using High Pressure Liquid Chromatography (HPLC; 

Shimadzu, Kyoto, Japan) with UV (250 nm) and fluorescence (excitation 250 nm, 

emission 395 nm) detection, as previously described (Wang, H et al. 2013). The 

plasma kynurenine to tryptophan (KT) ratio, a measure of systemic IDO activity 

(Darcy et al. 2011) was calculated by dividing the kynurenine concentration 

(µmol/L) by the tryptophan concentration (µmol/L) and multiplying the quotient by 

1000. 

Statistical analysis: Statistical analyses were performed using GraphPad Prism 5 

(Graphpad Software Inc., USA) and STATA 14 (STATA Corp LP, USA).  

Depending on the data distribution, the Wilcoxon signed rank test or the repeated 

measures one-way ANOVA with Holm test for multiple comparisons were used for 

analysis of longitudinal data. Spearman rank test was used for correlation analyses. 

Mixed effects models were used to examine longitudinal associations. A p-value of 

<0.05 was considered significant. 
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6.7 Results 

Infection and parasite detection. Following infection all subjects experienced 

some symptoms of malaria (with mean onset day 12), including fever ≥39°C (n=5) 

(Griffin et al. 2016). Parasites were detectable by PCR in all subjects from day 8 

after the pRBC inoculation, as previously reported (Griffin et al. 2016; McCarthy, 

James S et al. 2013). On day 14, at a median peak parasitemia of 31,395 

parasites/mL, individuals were treated with artemether-lumefantrine (Table 6.1). All 

subjects cleared parasitemia 48 hours after commencement of antimalarial therapy 

(Griffin et al. 2016). Automated whole blood white cell counts revealed a significant 

decline in the number of circulating lymphocytes and platelets at peak parasitemia 

(Table 1, p=0.03). No changes in circulating granulocyte or monocyte counts were 

observed. 

  

A primary P. vivax infection reduces DC number and CD1c+ mDC 

maturation. The effect of a first P. vivax blood-stage infection on circulating DC 

subset number and phenotype was examined. DC were identified as lineage marker 

negative and HLA-DR positive. Subsets were divided by expression of CD123 

(pDC) and CD11c (mDC), and mDC were further subdivided by unique expression 

of CD16 (FcγIII receptor), CD1c (BDCA-1) or CD141 (BDCA-3) (Figure 6.1A). At 

peak infection circulating pDC, CD1c
+
 mDC and CD141

+
 mDC declined and did not 

recover 24 hours after drug administration (Figure 6.1B). CD16
+
 mDC numbers 

dropped in four of six participants at peak infection (Figure 6.1B). To examine 



180 

 

 

 

whether these cells were undergoing programmed cell death, we examined 

intracellular active caspase-3 expression (Porter & Jänicke 1999). Cleaved active 

caspase-3 significantly increased in pDC, CD16
+ 

mDC and CD1c
+ 

mDC at peak 

infection (Figure 6.1C) suggesting these cells were undergoing apoptosis. The low 

frequency of CD141
+ 

mDC precluded an accurate assessment of caspase-3 staining 

in this population. There was no statistically significant evidence of caspase-3 

staining at peak infection in B cells, CD4
+
 T cells or CD8

+
 T cells (Figure 6.2).  

Cell surface expression of the MHC Class II molecule HLA-DR was measured to 

assess DC maturation in response to infection. Varying effects were observed among 

different DC subsets. HLA-DR expression significantly reduced on CD1c
+ 

mDC at 

peak parasitemia and after drug treatment, compared to baseline, while CD16
+ 

mDC 

had significantly increased HLA-DR expression at peak parasitemia and 24 hours 

after drug treatment (Figure 6.3A). In contrast, HLA-DR expression on pDC 

remained stable (Figure 6.3A). Surface expression of CD1c, a glycolipid-presenting 

molecule was significantly reduced on CD1c
+ 

mDC, markedly so in two of six 

participants (Figure. 6.3B), although this did not compromise CD1c
+ 

mDC 

identification. Surface expression of CD16 (FcγIII receptor) on mDC did not change 

significantly following infection, increasing in four of six participants and falling in 

two of six participants (Figure 6.3B). IL-3α receptor (CD123) surface expression on 

pDC decreased at peak parasitemia (Figure 6.3B). Together, these results indicate 

significant and varied changes to DC subsets during primary P. vivax infection. 
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Figure 6.1. Blood DC enumeration and caspase-3 staining. A. DC were 

identified in fresh whole blood as lineage (CD3, 14, 19, 20, 56, 34) negative and 

HLA DR positive and divided into pDC by CD123 expression and mDC by CD11c 

expression and further subdivided into CD141
+
 mDC, CD16

+
 mDC and CD1c

+
 

mDC. B. Longitudinal pDC, CD16
+
 mDC and CD1c

+
 mDC and CD141

+
 mDC 

absolute number. Day 0 is pre-infection, day 14 is peak parasitemia and day 15 is 24 

hours after the initiation of antimalarial drug therapy. C. Longitudinal caspase-3 data 

in pDC, CD16
+
 mDC and CD1c

+
 mDC (CD141

+ 
mDC not shown due to too few 

events), on day 0 at pre-infection, day 14 at peak parasitemia and day 15 at 24 hours 

after the initiation of antimalarial drug therapy. 
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Table 6.1 Peripheral blood cell populations 

Median count (IQR) 
a
n=4, 

b
n=5. Abbreviations: Grans= granulocytes, 

Lymphs=lymphocytes 

 

 

 

 

Pre-infection 
Peak 

parasitemia 

24h post 

treatment 

Pre c/-peak 

parasitemia 

stats 

Pre c/- post 

treatment 

stats 

      

Parasite genomes/ 

mL whole blood 
0 

31,395 

(22,119-

89,145) 

94 

(6-112) 
NA NA 

Platelets x 10
9
/ L 209 (1188-231) 159 (136-179) 113 (78-139)

a
 p=0.03 NS 

Grans x 10
9
/ L 2.5 (2.1-5.3) 2.8 (1.8-4.3) 1.5 (1.4-5.3)

 b
 NS NS 

Monocytes  x 10
9
/L 0.6 (0.4-1.4) 0.3 (0.2-0.4) 0.2 (0.1-0.4)

b
 NS NS 

Lymphs  x 10
9
/ L 1.7 (1.6-1.9) 0.8 (0.3-1.1) 0.6 (0.6-0.7)

b
 p=0.03 p=0.06 

PBMC  x 10
9
/ L 2.4 (2.0-2.9) 1.1 (0.6-1.4) 0.8 (0.7-1.0)

 b
 p=0.03 p=0.06 

CD14
+
 cells / µL 55 (40-72) 22 (6-37) 9 (3-17)

 b
 p=0.06 p=0.06 

B cells / µL 183 (137-338) 96 (30-206) 65 (33-110)
 b
 p=0.03 p=0.06 

NK cells / µL 86 (79-111) 10 (5-15) 16 (12-41)
 b
 p=0.03 p=0.06 

CD4
+
 T cells / µL 722 (604-938) 410 (194-527) 318 (279-381)

 b
 p=0.03 p=0.06 

CD8
+
 T cells / µL 137 (106-184) 81 (26-104) 19 (13-87)

 b
 p=0.06 p=0.06 

Treg / µL 46 (33-59) 32 (12-36)
 a
 18 (14-21)

 a
 NS NS 
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Figure 6.2 Lymphocyte enumeration and caspase staining. A. Representative 

fresh whole blood staining for CD4
+
 and CD8

+
 T cells and CD19

+
 B cells.                

B. Caspase-3 staining of B cells and T cells pre-infection and at peak parasitemia. 

Longitudinal caspase-3 staining in B cells and T cells on day 0 at pre-infection, day 

14 at peak parasitemia and day 15 at 24 hours after the initiation of antimalarial drug 

therapy. 
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Figure 6.3 DC subset maturation and activation in response to Plasmodium 

vivax infection. A. Longitudinal HLA-DR MFI on pDC, CD16
+ 

mDC and CD1c
+
 

mDC (CD141
+
 mDC were not shown as to too few events (<30) were observed).     

B. Longitudinal CD123 expression on pDC (left plot), CD16 expression on CD16
+
 

mDC (middle plot) and CD1c expression on CD1c
+
 mDC (right plot). Abbreviations: 

MFI, median fluorescence intensity. 

 



187 

 

 

 

Increase in plasma IFN-. Infection with P. vivax led to significantly elevated 

plasma concentrations of IFN- at peak parasitemia (median 176 IQR [17-981] 

pg/mL; p=0.03) which remained significantly elevated 24 hours after treatment 

(median 123 IQR [67-654] pg/mL, p=0.03; Figure 6.4A). Plasma levels of IL-10 

and IL-6 were increased 24 hours after drug treatment although concentrations were 

low (medians 8 [IQR 5-11] pg/mL; p=0.03 and 13 [IQR 7-21] pg/mL, p=0.06, 

respectively). There was no detection of IL-2, IL-4 or TNF in plasma at any time 

point examined.  
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Figure 6.4 Increased KT ratio in response to Plasmodium vivax infection. 

A. Longitudinal plasma IFN-γ concentration. B. Spearman’s correlation of IFN-γ 

and KT ratio at peak infection (day 14). C. Longitudinal plasma Kynurenine (K) 

concentration. D. Longitudinal plasma Tryptophan (T) concentration.                       

E. Longitudinal plasma KT ratio. Pre-infection (day 0), peak parasitemia (day 14), 

24 hours after drug treatment (day 15) and 48 hours after drug treatment (day 16), 

n=6. 
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Increase in IDO activity. IFN-γ is an inducer of IDO, an enzyme that mediates the 

first step in the kynurenine pathway of tryptophan metabolism. As Kynurenine (K) is 

the primary metabolite of Tryptophan (T) metabolism, the ratio of kynurenine to 

tryptophan (KT ratio) in plasma was used as a surrogate marker of IDO activity 

(Darcy et al. 2011; Wang, Y et al. 2010). Kynurenine was elevated at peak 

parasitemia compared to baseline (mean 3.6 +/- 1.6 µmol/L vs 1.5 +/- 0.3 µmol/L; 

p=0.02) and remained significantly elevated at 24 (5.7 +/- 1.1 µmol/L) and 48 hours 

(5.1 +/- 1.0 µmol/L) after drug treatment (Figure 6.4C). Tryptophan concentrations 

decreased at peak infection (mean 28.5 +/- 10.0 µmol/L vs 47.3 +/- 0.1 µmol/L at 

baseline; p=0.003) and further declined at 24 (21.2 +/1 6.0 µmol/L) and 48 hours 

(22.8 +/- 8.6 µmol/L) after treatment (Figure 6.4D). The KT ratio was also elevated 

at peak parasitemia (mean 161 +/- 147 vs 32 +/- 5 at baseline; p=0.08) and remained 

elevated at 24 (mean 305 +/- 156; p=0.02) and 48 hours (mean 272 +/- 168; p=0.03) 

post antimalarial treatment (Figure 6.4E). Despite a relatively small sample size 

there was a very strong association between plasma KT and plasma IFN- 

concentration (Spearman r=0.94, p=0.02, Figure 6.4B) with kynurenine 

concentration also correlating with plasma IFN- (Spearman r=0.94, p=0.02) at the 

peak of infection. A mixed effects model confirmed the increase in KT ratio to be 

associated with an increase in IFN-γ (p<0.001). There was no relationship between 

plasma KT and parasitemia in these six individuals. The HPLC assay used to 

determine plasma kynurenine and tryptophan levels measured 27 other amino acids 

(Table 6.2). Notably, only kynurenine and consequently the KT ratio were 

significantly elevated, whilst concentrations of 12 amino acids, including the 
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immunoactive amino acids tryptophan and L-arginine were all significantly reduced 

at peak parasitemia. 

 

Table 6.2 Longitudinal changes in plasma amino acid concentrations in 

response to Plasmodium vivax infection. 

Values represent mean and standard deviation (SD) and units are µmol/L.  Asterix 

indicates significant change from baseline, * p<0.05, ** p<0.01, *** p<0.001 

(Holm-Sidak’s multiple comparisons test). 

  
Pre-infection 

 
Peak parasitemia 

 
24 h post 
treatment 

 
48 h post 
treatment 

Significant  decrease     

Alanine 350 (85) 241 (41)* 196 (22)* 240 (43)* 

L-arginine 63 (7) 40 (15)* 34 (9)** 40 (11)** 

Asparagine 48 (12) 34 (12)** 32 (9)** 36 (7)** 

Citrulline 21 (2) 17 (4) 13 (3)** 14 (4)* 

Cysteine 39 (9) 33 (3) 31 (4)* 36 (5) 

Glycine 195 (59) 157 (75)* 121 (35)** 130 (21)* 

Histidine 76 (15) 57 (10)* 57 (11)** 68 (18) 

Hydroxyproline 13 (4) 8 (3)* 5 (2)*** 4 (2)** 

Lysine 164 (18) 103 (36)** 91 (28)** 112 (25)** 

Methionine 24 (4) 15 (6)** 15 (3)** 20 (2)** 

Ornithine 47 (8) 33 (8)* 32 (5)*** 36 (7)* 

Proline 159 (34) 104 (26)** 95 (18)** 108 (20)** 
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Serine 88 (21) 64 (18)* 60 (17)* 63 (16)** 

Taurine 40 (5) 40 (11) 39 (11) 33 (7)* 

Threonine  129 (37) 94 (45)* 86 (46)** 97 (46)* 

No significant change     

a-Aminoisobutyrate 20 (9) 12 (3) 17 (4) 20 (7) 

b-Aminoisobutyrate 1.8 (0.9) 1.8 (1) 2.1 (1) 2.6 (1.4) 

Ethanolamine 6.8 (1) 5.7 (1.5) 5.0 (1.1) 6.6 (1.3) 

Glutamate 23 (14) 24 (17) 26 (15) 27 (14) 

Glutamine 519 (75) 450 (117) 432 (37) 455 (25) 

Isoleucine 54 (11) 42 (15) 50 (8) 52 (9) 

Leucine 111 (11) 89 (29) 108 (19) 106 (13) 

1-Methylhistidine 14 (6) 12 (10) 10 (5) 6 (5) 

3-Methylhistidine 4.4 (1) 3.8 (0.9) 3.3 (0.6) 3.6 (1) 

Phenylalanine 57 (5) 49 (7) 67 (12) 61 (6) 

Tyrosine 62 (19) 38 (6) 38 (5) 41 (2) 

Valine 200 (27) 166 (42) 189 (19) 177 (23) 
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Activation of regulatory T cells. We next examined whether IDO activation 

coincided with Treg activation. Treg were identified as CD4
+
CD25

+
CD127

lo
 T cells 

and activation was measured by loss of CD45RA expression. Resting Treg (rTreg) 

expressed CD45RA and activated Treg (aTreg) were defined as CD45RA negative 

with high expression of CD25 (Figure 6.5A) (Miyara et al. 2009; Valmori et al. 

2005). We observed a significant increase in aTreg and an apparent decline in rTreg 

at peak parasitemia and 24 hours after drug treatment (Figure 6.5B). The increase in 

aTreg was matched by a significant increase in overall Treg cells expressing tumor 

necrosis factor receptor 2 (TNFR2) (Figure 6.5B), a molecule crucial for Treg 

suppressive function (Housley et al. 2011). CD45RA negative Treg predominantly 

expressed TNFR2 (less than 5% of rTreg expressed TNFR2). Notably, in a mixed 

effects model there was a strong positive longitudinal association between the 

increases in aTreg and in IDO activity (plasma KT ratio) (p<0.001), whilst there was 

no relationship between aTreg and parasitemia (p=0.67). Importantly, at peak 

parasitemia, plasma kynurenine concentration positively correlated with the 

proportion of circulating aTreg (Spearman r=0.88, p=0.03). 
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Figure 6.5 Treg enumeration and activation in response to Plasmodium 

vivax infection. A. Representative fresh whole blood staining for CD4
+
CD127

-

CD25
hi

 Treg. Treg were subdivided into rTreg with expression of CD45RA and 

aTreg via lack of CD45RA and high expression of CD25, according to Miyara et al 

(Miyara et al. 2009).  Treg activation was also quantified via expression of TNFR2. 

B. Longitudinal representation of aTreg, rTreg and TNFR2
+
 Treg on day 0 at pre-

infection, day 14 at peak parasitemia and day 15 at 24 hours after the initiation of 

antimalarial drug therapy.  
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6.8 Discussion 

Using controlled human malaria infection (CHMI), we show that a first blood-stage 

P. vivax infection selectively suppressed CD1c
+
 mDC maturation, increased the 

plasma KT ratio and activated circulating Treg. Furthermore, a strong positive 

association between plasma IFN-γ, plasma KT ratio and the magnitude of Treg 

activation was observed. It is notable that these marked changes were induced at a 

lower blood parasitemia than usually seen in clinical disease caused by P. vivax 

(Anstey et al. 2011). 

The effect of P. vivax on DC HLA-DR expression differed substantially among 

blood DC subsets. In accordance with P. falciparum sporozoite CHMI trials 

(Teirlinck et al. 2015) we report retained CD16
+
 mDC in the periphery, alongside 

increased HLA-DR expression at peak infection. In contrast, CD1c
+ 

mDC, the subset 

that routinely express high HLA-DR and are considered potent professional antigen 

presenting DC (MacDonald et al. 2002), were uniquely altered with diminished 

HLA-DR expression at peak parasitemia. In P. falciparum blood-stage CHMI we 

recently reported similarly impaired HLA-DR expression on CD1c
+
 mDC as well as 

a skewed pro-inflammatory TNF cytokine response (Loughland et al. 2016). 

Together these reports suggest that at least in a first infection, P. vivax and P. 

falciparum exert comparable effects on mDC subsets. In clinical vivax malaria, 

mDC subsets and pDC decline (Jangpatarapongsa et al. 2008; Pinzon-Charry et al. 

2013), with one study reporting stable pDC numbers (Goncalves et al. 2010). Yet, no 

studies have reported mDC subset activation and few studies have assessed total DC 
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activation in clinical vivax malaria (Goncalves et al. 2010; Pinzon-Charry et al. 

2013). In studies examining total DC, CD86 (Goncalves et al. 2010; Pinzon-Charry 

et al. 2013) and HLA-DR (Pinzon-Charry et al. 2013) expression were both 

significanly reduced. Complexities in MHC Class II antigen processing pathways 

provide multiple targets for pathogen interference (Brodsky et al. 1999), from 

modulation of  de novo synthesis (Tomer et al. 2016) to enhanced ubiquitination of 

existing MHC Class II molecules (Lapaque et al. 2009). Our previous report of 

stable HLA-DR on total mDC (Woodberry et al. 2012) highlights the importance of 

assessing DC subsets individually. We speculate that targeting specific DC subset 

functions may provide opportunities for Plasmodium to modulate primary host 

immune responses. It remains to be determined if DC subsets are similarly affected 

in clinical P. vivax malaria. 

We report a rise in plasma KT ratio shortly after the onset of malaria symptoms, 

indicating an increase in systemic IDO activity. In accordance with previous reports 

(Taylor & Feng 1991), plasma IFN-γ was positively associated with IDO activity. 

Modulation of microenvironment tryptophan availability through increased IDO 

activity is a well-characterised mechanism of immune regulation by tolerogenic DC 

(Munn & Mellor 2013). Whilst IDO activity has been demonstrated for human pDC 

(Chevolet et al. 2015; Kavousanaki et al. 2010; Staudacher et al. 2015) and CD1c
+
 

mDC (Kassianos et al. 2012), we did not measure DC-specific IDO expression in 

this study and the observed drastic increase in plasma KT ratio is unlikely to be 

attributed to DC alone. Mouse models of malaria have identified the vascular 

endothelium as a primary site of IDO expression (Hansen et al. 2004; Wang, Y et al. 
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2010), particularly sites of vascular obstruction (Hansen et al. 2004). Here we show 

for the first time induction of systemic IDO activity in vivax malaria, with activation 

of the kynurenine pathway occurring early in primary infection and remaining 

significantly elevated for at least 48 hours post antimalarial treatment. At baseline, 

the KT ratio was comparable to that reported in healthy individuals (Darcy et al. 

2011; Huengsberg et al. 1998; Padberg et al. 2012). At peak infection, however, the 

KT ratio (median 105) was similar to that reported in non-severe sepsis (median KT 

ratio 82), and increased after drug treatment (median KT ratio 229) to levels higher 

than those identified in severe sepsis patients (median KT ratio 162) (Darcy et al. 

2011). The physiological or pathophysiological relevance of this striking increase 

remains to be determined. Reduction in tryptophan and increase in kynurenine 

concentrations may drive T cell differentiation (via nutrient sensing or kynurenine 

binding to the aryl hydrocarbon receptor (Opitz et al. 2011) as well as potentially 

expanding and activating Treg (Curti et al. 2007; Fallarino et al. 2004). In murine 

malaria models, systemic IDO activity is associated with increased 

immunopathology and impaired T cell priming (Tetsutani et al. 2007). Imbalances in 

downstream kynurenine metabolites have also been associated with pathology in 

falciparum malaria (Dobbie et al. 2000; Medana et al. 2003; Medana et al. 2002). An 

improved understanding of how and where Plasmodium activates IDO may permit 

the development of novel adjunctive interventions. In fact, an antimalarial compound 

with IDO inhibitory properties was recently described (Jortzik et al. 2016).  

In this study the plasma KT ratio and the plasma kynurenine concentration were 

strongly correlated with Treg activation, indirectly supporting an immune regulatory 
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function of systemic IDO activity in vivax malaria, an infection in which Treg are 

known to be induced (Bueno et al. 2010; Gonçalves-Lopes et al. 2016; Goncalves et 

al. 2010; Jangpatarapongsa et al. 2008). However, it is not clear whether Treg 

contribute to the onset of disease by dampening or preventing the initiation of 

effector immune responses or whether they act to control immune-mediated 

pathology associated with malaria. In this study of primary P. vivax infection, we 

identified increased activation of Treg (% aTreg and % Treg expressing TNFR2) at 

peak parasitemia, but no association between Treg activation and parasitemia in this 

cohort of six individuals. Our data are consistent with previous findings of increased 

Treg activation in adults with clinical illness from vivax malaria (Bueno et al. 2010). 

In falciparum malaria, Treg were also activated and this was associated with 

increased TNFR2 expression in severe but not uncomplicated malaria (Minigo et al. 

2009). Our observation of increased ex vivo Treg TNFR2 expression in primary P. 

vivax infection contrasts with lack of increase in Treg TNFR2 expression reported in 

acute vivax malaria, in vivax-endemic regions (Gonçalves-Lopes et al. 2016), with 

the latter likely to be recurrent and not primary infections. Frequent re-exposure to 

Plasmodium spp.  is thought to reduce TNFR2
+
 Treg (Boyle, M. J. et al. 2015), with 

recurrent infections thereby potentially reshaping the host regulatory immune 

response.  

Overall our data support the notion that both Plasmodium species activate Treg and 

that in P. vivax this occurs early in blood-stage infection, with a strong association 

between measures of IDO activity and the proportion of activated Treg. While these 

associations do not demonstrate a causal effect, we speculate that asexual blood-
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stage Plasmodium infection triggers IDO activation via IFN-γ, which may contribute 

to activation of Treg. Taken together, we show early perturbation of immune 

regulatory pathways following first blood-stage P. vivax infection. Reduced DC 

subset numbers, selective modulation of CD1c
+
 mDC HLA-DR expression, increase 

in IDO activity and Treg activation are all likely to impair host immune 

responsiveness in primary P.vivax infection. Finally, our data support the modulation 

of tryptophan metabolism in response to a primary P. vivax infection as a key 

mechanism contributing to immune suppression and regulatory T cell expansion. 
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Chapter 7.                                  

Discussion and Conclusions 

Malaria remains a major global health issue, with half the world’s population at risk 

of infection and 438,000 deaths reported in 2015 (WHO 2015). Immunity to malaria 

is understood to require multiple infections (Portugal et al. 2014), is short lived and 

non-sterile (Doolan, D.L., Dobano & Baird 2009). Thus, our immune response to 

Plasmodium infection is sub-optimal. One mechanism Plasmodium may employ to 

subvert our host immune response is the disruption of DC function (Wykes & Good 

2008). Human immunology studies are difficult and human malaria immunology 

studies are generally further complicated by the complexities of prior Plasmodium 

exposure, co-infections and malnutrition, to name a few. Thus, few studies have 

assessed DC number and function during clinical malaria (Arama et al. 2011; Diallo 

et al. 2008; Goncalves et al. 2010; Jangpatarapongsa et al. 2008; Kho et al. 2015; 

Pinzon-Charry et al. 2013; Urban, B. C. et al. 2006). In order to understand if/how 

human DC function is disrupted during malaria an increased understanding of DC 

function in a pre-patent, primary Plasmodium infection is necessary. This project 

took advantage of the CHMI clinical trials (McCarthy, James S et al. 2013; 

McCarthy, J.S. et al. 2011) and longitudinally assessed human DC subset function in 

healthy malaria-naive volunteers, in which each participant became their own 

control.  
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This chapter will discuss the results from this project in the context of existing 

literature and will consider three questions. First can a primary low dose 

Plasmodium infection disrupt DC subset function? Secondly, are DC subsets 

similarly affected by falciparum and vivax infection? And thirdly, are all DC subsets 

impacted equally during a primary Plasmodium infection? Limitations and future 

directions of this project will be discussed in each section. A summary diagram is 

included which shows how a primary Plasmodium infection disrupts DC subset 

function as well as the potential implications of altered DC subset function. Finally, 

overall conclusions from this project are addressed. 

Historically, the majority of human DC malaria studies have assessed total DC or 

total myeloid DC function, with few studies evaluating myeloid DC subsets 

individually (Arama et al. 2011; Kho et al. 2015; Pinzon-Charry et al. 2013; Urban, 

B. C. et al. 2006). In clinical falciparum and vivax malaria, absolute DC subset 

numbers increase in children with severe falciparum malaria (Urban, B. C. et al. 

2006) and are reduced in adults with uncomplicated P. falciparum (Goncalves et al. 

2010; Pinzon-Charry et al. 2013) or P. vivax (Goncalves et al. 2010; 

Jangpatarapongsa et al. 2008; Pinzon-Charry et al. 2013) malaria. Moreover, our 

group previously reported reduced total mDC and pDC during a primary P. 

falciparum infection (Woodberry et al. 2012). Here, I show CD1c
+
 mDC, CD141

+
 

mDC, CD16
+
 mDC and pDC are differentially impacted during a primary 

Plasmodium infection. CD1c
+
 mDC, CD141

+
 mDC and pDC are significantly 

reduced at peak parasitemia during a primary Plasmodium infection. In contrast, 

CD16
+
 mDC are retained in the periphery during a primary falciparum or vivax 
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infection (Table 7.1). Interestingly, the proportion of peripheral blood CD16
+
 mDC 

in the total mDC compartment is increased at peak parasitemia. The changes in 

proportion highlight the importance of characterising both absolute number and cell 

frequency in the periphery to confidently comprehend how cell subsets are impacted 

during Plasmodium infection.  

Altered DC subset numbers after a low dose primary Plasmodium infection led us to 

evaluate DC subset maturation, activation and function. CD1c
+
 mDC express the 

highest levels of HLA-DR, followed by CD141
+
 mDC, pDC and CD16

+
 mDC 

((MacDonald et al. 2002) and chapter 3 Figure 3.4A) and are considered the 

classical antigen presenting DC subset (Ju, Clark & Hart 2010; MacDonald et al. 

2002). Data in chapter 3 demonstrate impaired CD1c
+
 mDC HLA-DR expression at 

peak infection. Furthermore, upon TLR stimulation, CD1c
+
 mDC failed to 

upregulate HLA-DR and reduced CD86 expression. Interestingly, HLA-DR and 

CD86 expression were also reduced on CD141
+
 mDC, yet further functional 

characterisation of this subset was not possible. CD141
+
 mDC are a rare blood DC 

subset (Ju, Clark & Hart 2010); initial low numbers together with the significant loss 

of CD141
+
 mDC during Plasmodium infection precluded their further 

characterisation. In contrast, pDC retained the ability to upregulate HLA-DR and 

also increased IL-3αR (CD123) expression, after TLR stimulation, suggesting 

impaired HLA-DR expression may be specific to CD1c
+
 mDC. CD16

+
 mDC were 

the only DC subset to increase or retain HLA-DR and CD86 expression during a 

primary Plasmodium infection and increase spontaneous cytokine production at peak 

parasitemia (Table 7.1). Upon TLR stimulation, CD16
+
 mDC preferentially increase 



202 

 

 

 

IL-12 production and, after P. falciparum-infected RBC stimulation, increase IL-10 

production, revealing CD16
+
 mDC as multi-potent cytokine producing DC. These 

data show a primary Plasmodium infection differentially impacts DC subset function 

(Figure 7.1). 

In clinical malaria, HLA-DR expression is reduced on total mDC and pDC in adults 

infected with P. falciparum (Goncalves et al. 2010; Pinzon-Charry et al. 2013) or P. 

vivax (Goncalves et al. 2010; Jangpatarapongsa et al. 2008; Pinzon-Charry et al. 

2013). Moreover, in Papuan adults with uncomplicated malaria, CD1c
+
 and CD141

+
 

mDC have reduced HLA-DR expression (Kho et al. 2015). Similarly, CD1c
+
 and 

CD141
+ 

mDC HLA-DR expression is reduced in children, both with severe (Urban, 

B. C. et al. 2006) or uncomplicated (Arama et al. 2011) falciparum malaria. One 

study has shown reduced HLA-DR expression on CD16
+
 mDC in children (Arama et 

al. 2011) and another has reported increased CD86 and HLA-DR expression on 

CD16
+
 mDC during Pf-SPZ CHMI (Teirlinck et al. 2015), yet no studies have 

reported the specific assessment of CD16
+
 mDC activation in adults with clinical 

malaria (Table 7.1). We now show CD1c
+
 mDC and CD141

+
 mDC are similarly 

impacted in regards to reduced HLA-DR expression during a primary, pre-patent 

Plasmodium infection as observed in clinical malaria. Moreover, CD1c
+
 mDC fail to 

upregulate HLA-DR expression after TLR stimulation and have a skewed pro-

inflammatory cytokine profile. In contrast, pDC remain TLR responsive during a 

primary P. falciparum infection and increase co-production of IFN-α and TNF. In 

clinical falciparum malaria, we show longitudinal pDC HLA-DR expression remains 

stable (Chapter 4, Figure 4.8). Our data support the reported stable pDC HLA-DR 
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expression (Goncalves et al. 2010) and contrast the majority of studies reporting 

pDC reduce HLA-DR expression in acute malaria (Jangpatarapongsa et al. 2008; 

Kho et al. 2015; Pinzon-Charry et al. 2013). Differences between studies may be 

explained by ethnicity of patients, malaria transmission as well as study design (ie 

longitudinal follow up or patients compared to healthy controls). To the best of my 

knowledge, no studies have reported pDC TLR responsiveness in clinical malaria.  

Interestingly, CD16
+
 mDC were the only subset to respond to a primary Plasmodium 

infection, with retained or increased activation, alongside increased cytokine 

production directly ex vivo. CD16
+
 mDC have superior ability to phagocytose 

particulate antigen when compared to CD1c
+
, CD141

+
 mDC and pDC (Figure 5.6A, 

5.6B). Moreover, CD16
+
 mDC phagocytosis function is not disrupted during a 

primary Plasmodium infection. To understand if suppression of CD1c
+
 mDC 

function or increased/retained pDC and CD16
+
 mDC activation is indicative of 

protection or pathology, future studies should endeavour to characterise pDC, CD16
+
 

mDC and CD1c
+
 mDC in cohort studies with clinical malaria patients. Seasonal 

longitudinal evaluation of the relationship between DC activation and time to 

infection may reveal mechanisms of protection or susceptibility to multiple 

infections. Moreover, future studies investigating CD141
+
 mDC function, 

specifically cytokine production and TLR responsiveness, are warranted. 
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Table 7.1 DC subsets and Plasmodium infection 

 

 

 

 

 

 

 

 

* few patients tested; # P. vivax only $ proportions only; italics answered in this thesis.  (Urban, B. C. et al. 2006)=1; (Arama et al. 

2011)=2; (Kho et al. 2015)=3; (Pinzon-Charry et al. 2013)=4; (Goncalves et al. 2010)=5; (Jangpatarapongsa et al. 2008)=6; (Teirlinck et 

al. 2015)=7; (Woodberry et al. 2012)=8. 

Human blood DC subsets 
Clinical 
malaria; 
children 

Clinical 
malaria; 
adults 

Asymptomatic; 
children 

Asymptomatic; 
adults 

PfSPZ 
CHMI  

Blood-
stage 
CHMI 

CD1c+ mDC 

 
Numbers 

 
Stable

1+2
$   Reduced

3+4
  Reduced

3
 Stable

3
 Increased

7
$ Reduced 

Activation 
HLA-DR 

reduced
1+2

   
HLA-DR 

reduced
3
*  

HLA-DR stable
3
 HLA-DR stable

3
* 

HLA-DR 
and CD86 

stable
7
  

Reduced 

CD141+ mDC 

Numbers Increased
1+2

$   
Reduced

4
; 

stable
3
 

Stable
3
 Stable

3
 Reduced

7
$ Reduced 

Activation 
HLA-DR 

reduced
1+2

   
HLA-DR 

reduced
3
* 

HLA-DR stable
3
 HLA-DR stable

3
* 

HLA-DR 
and CD86 

stable
7
 

Reduced 

CD16+ mDC 

Numbers Stable
2

$   Reduced
4
 ? ? Stable

7
$ Retained 

Activation 
HLA-DR 
reduced

2
   

? ? ? 
HLA-DR 

and CD86 
increased

7
 

Increased 

pDC 

Numbers 
Stable

1
; 

Increased 
2
$  

Reduced
3+4+6

 
stable

5
 

Increased
3
 Stable

3
 Increased

7
$ Reduced

8
 

Activation 
HLA-DR 
reduced

2
   

Reduced 
HLA-DR and 

CD86
3+5 

 
? Stable

3
 

HLA-DR 
increased

7
 

Reduced
8
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Figure 7.1 Summary diagram; Differential DC subset modulation during primary Plasmodium infection. Plasmodium-

infected RBCs (pRBC) impaired CD1c
+
 mDC HLA-DR and CD86 expression and increased CD1c

+
 mDC TNF production, potentially 

inducing naive T cell differentiation towards a Th2 response and impairing Th1 responses. In contrast, pRBC activated CD16
+
 mDC 

with increased HLA-DR and CD86 expression, alongside enhanced IL-10 production, potentially inducing naive T cell differentiation 

towards a Treg phenotype and impairment of Th1 responses. pDC remain TLR responsive during pRBC infection, with increased IFN-α 

production, potentially inducing naive T cell differentiation towards a Tr1 cell phenotype. Note, pDC expressed very low levels of 

CD86 therefore, this is not shown in the schematic. pRBC impaired CD141
+
 mDC HLA-DR and CD86 expression, CD141

+
 mDC 

cytokine response during pRBC infection remains unknown. Th0; naïve T cell, Th2; T helper cell 2, Th1; T helper cell 1, Treg; 

regulatory T cell and Tr1; type 1 regulatory T cell. 
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The results presented in this thesis demonstrate DC subsets are functionally altered 

during a primary, pre-patent Plasmodium infection. Functional modulation of DC 

subsets during CHMI trials, demonstrate immune modulation by Plasmodium does 

not require high parasitemia. Peripheral blood DC are the sentinels of the immune 

system and are the only APCs capable of processing and presenting antigen to naive 

T cells (Banchereau & Steinman 1998). Thus, functional modulation of DC subsets 

will likely impact downstream adaptive immune responses, including impairment of 

protective immune responses. 

Reduced DC subset maturation and altered cytokine production during Plasmodium 

infection is likely to impact T cell differentiation, activation and proliferation. The 

functional properties of DC are dependent on their activation; inflammatory Th1 

CD4
+
 T cells are induced after stimulation with mature DC. In contrast, immature 

DC induce IL-10 producing regulatory CD4
+
 T cells (Jonuleit et al. 2000). Impaired 

HLA-DR expression alongside increased TNF, but unchanged IL-12 production, 

suggests CD1c
+
 mDC have reduced ability to prime effector T cell responses and 

could potentially induce a regulatory CD4
+
 T cell response (Jonuleit et al. 2000). Our 

group have described dysfunctional CD1c
+
 mDC in clinical malaria (Kho et al. 2015; 

Pinzon-Charry et al. 2013) and now in primary Plasmodium infection. The 

disbarment of CD1c
+
 mDC during Plasmodium infection may provide increased 

opportunity for possible co-infections, such as bacteraemia (Church & Maitland 

2014) during malaria. Indeed, the importance of functional peripheral blood CD1c
+
 

mDC is highlighted in Staphylococcus aureus infection (Jin et al. 2014), in which 

CD1c
+
 mDC are the sole DC subset to respond to S. aureus. CD1c

+
 mDC increase 
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HLA-DR expression alongside enhanced phagocytosis, consequently inducing 

appropriate T cell activation and proliferation (Jin et al. 2014). The Plasmodium 

parasite-induced impairment of CD1c
+
 mDC function may provide some insights 

into the exacerbated clinical outcome of children with Plasmodium and bacteraemia 

co-infections (Church & Maitland 2014). 

We show CD1c
+
 mDC are disproportionally impacted during a primary Plasmodium 

infection. We also show CD141
+ 

mDC have reduced HLA-DR expression. Further 

characterisation of this subset was not possible thus, we cannot determine if 

Plasmodium similarly impacts CD141
+
 mDC TLR responsiveness and cytokine 

production, as observed for CD1c
+
 mDC. Longitudinally, CD1c

+
 mDC HLA-DR 

expression (without stimulation) remains significantly reduced 24 hours after 

effective antimalarial treatment. Persistent CD1c
+
 mDC dysfunction suggests 

Plasmodium infection may fundamentally alter DC physiology or a parasite product 

may remain that continues to impact new DC but not all DC subsets equally. Not 

only do we show HLA-DR expression is dramatically reduced on CD1c
+
 mDC 

without stimulation, we also demonstrate impaired HLA-DR and reduced CD86 

expression after TLR stimulation. In murine studies, pre-incubation of DC with 

intact P. yoelii-infected RBCs inhibits DC maturation upon TLR stimulation (Bettiol 

et al. 2010). Similarly, we show broad TLR inhibition of CD1c
+
 mDC maturation, 

suggesting Plasmodium may affect downstream signalling cascades common to 

different TLR activation pathways (Eriksson, Sampaio & Schofield 2013). 

Additional post antimalarial treatment time points are necessary to understand the 

kinetics of CD1c
+
 mDC TLR responsiveness and determine if CD1c

+
 mDC respond 
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to TLR stimulation after effective antimalarial drug treatment. It is unclear if the 

observed CD1c
+
 mDC modulation is due to the acute inflammation or 

microenvironment disturbance (Vega-Ramos et al. 2014).  

The current project aimed to assess gene expression of DC subsets before and at 

peak P. falciparum infection. Initially we isolated total DC (CD1c
+
 mDC, CD141

+
 

mDC and pDC) and pDC alone by magnetic bead separation, before and at peak 

parasitemia, in both the 150 pRBC and 1,800 pRBC cohorts. However, our 

understanding of how DC subsets are differentially impacted by primary 

Plasmodium infection led us to postpone RNA sequencing of total DC isolated 

samples, as we were not confident of how to interpret RNAseq data from a 

heterogeneous cell population. We did attempt to isolate CD1c
+
 mDC using the 

BDCA-1 magnetic bead isolation kit however, the purity of the targeted BDCA-1 

population was low in quality (Schrøder et al. 2016). During the course of this 

project there were no magnetic bead isolation kits available for specific CD16
+
 mDC 

isolation.  

In chapter 4, we show modest changes in pDC gene expression before and after 

infection, alongside the retained ability of pDC to respond to TLR agonists. Among 

DC subsets, pDC uniquely express TLR9 (Blasius & Beutler 2010; Hornung et al. 

2002). TLR9 is one of the few TLRs for which a specific Plasmodium parasite-

derived protein-DNA agonist has been identified (Sharma et al. 2011; Wu et al. 

2010). However, TLR9 is located intracellularly; therefore, to bind the protein-DNA 

complex; pDC would have to phagocytose the circulating pRBCs or other infected 



211 

 

 

 

cells. We show pDC have the lowest particulate antigen uptake; we also show pDC 

uptake remains unchanged in P. falciparum infection. Although pDC increase IFN-α 

production upon TLR9 stimulation with CpG, they do not specifically respond to 

pRBC stimulation (even at baseline). These data imply pDC retain their functional 

capacity during primary Plasmodium infection. 

To the best of my knowledge, no studies have reported the cytokine profile of CD16
+
 

mDC during Plasmodium infection. As discussed in chapter 5, I confirm (Döbel et 

al. 2013; Picozza, Battistini & Borsellino 2013) CD16
+
 mDC lose FcγRIII 

expression after short term culture and TLR stimulation. To circumvent this issue, I 

devised an alternative gating method to identify CD16
+
 mDC after short term 

culture. CD16
+
 mDC are identified as CD1c

-
CD86

+
 DC. Few studies have assessed 

CD16
+
 mDC absolute number (Pinzon-Charry et al. 2013) or activation (Arama et al. 

2011; Teirlinck et al. 2015) during Plasmodium infection. Here, I report increased or 

retained HLA-DR and CD86 expression on CD16
+
 mDC during a primary 

Plasmodium infection. In the absence of stimulation, CD16
+
 mDC increased IL-12, 

TNF and IL-10 cytokine production at peak infection. Appropriate CD16
+
 mDC 

activation alongside increased cytokine production, suggests CD16
+
 mDC could 

activate or prime naive T cells. IL-12 is known as an important cytokine for the 

induction of protective immune responses in murine malaria (Su & Stevenson 2002). 

However, in humans a clear understanding of the function of IL-12 or other factors 

produced by DC that impact the effective presentation of Plasmodium antigens and 

stimulation of T cells is lacking (Perez-Mazliah & Langhorne 2015). The responsive 

phenotype of CD16
+
 mDC during a primary Plasmodium infection may be a double-



212 

 

 

 

edged sword. If Plasmodium activates CD16
+
 mDC via a TLR dependant pathway, 

CD16
+
 mDC may preferentially produce IL-12, theoretically inducing protective T 

cell responses (Doolan, Denise L & Hoffman 1999; Stevenson et al. 1995). 

However, we show, upon stimulation with P. falciparum-infected RBCs, CD16
+
 

mDC preferentially increase IL-10 at peak infection potentially contributing to a 

heightened IL-10 response in malaria, risking the induction of highly suppressive 

regulatory T cells (Boks et al. 2012; Jonuleit et al. 2000). It remains to be determined 

what the CD16
+
 mDC cytokine profile is in people with uncomplicated and severe 

malaria and indeed individuals with asymptomatic infection. The examination of 

blood DC subset activation and function in volunteers re-challenged with pRBC after 

the resolution of a primary infection may also provide insights into the duration or 

stability of DC activation. These data may provide insights into the involvement of 

CD16
+
 mDC in directing a suppressive or protective response to Plasmodium.  

CD16
+
 mDC were the only DC subset to remain unchanged numerically in the 

periphery. Additionally, as a result of the significant numerical decline of CD1c
+
 and 

CD141
+
 mDC, the proportion of CD16

+
 mDC significantly increased at peak 

infection. In HIV, several studies have shown total mDC and pDC depletion in the 

periphery (Chehimi et al. 2002; Grassi et al. 1999; Pacanowski et al. 2001; Soumelis 

et al. 2001). Interestingly, when subsets are specifically analysed, CD16
+
 mDC 

numbers and proportion increase in long-term HIV
+
 non-progressors (Almeida, M et 

al. 2005). However, the clinical relevance of increased CD16
+
 mDC and how this 

may contribute to a stable disease diagnosis is unclear. In CHMI Pf-SPZ infection, 

the proportion of CD16
+
 mDC in the periphery also remains stable and HLA-DR and 
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CD86 expression increase (Teirlinck et al. 2015), suggesting Pf-SPZ infection 

equally activates CD16
+
 mDC, as was observed in blood-stage only CHMI. The Pf-

SPZ CHMI mimics the natural route of Plasmodium infection by mosquito bite 

(Sauerwein, Roestenberg & Moorthy 2011). Similar results between the different 

CHMI trials indicate the activation of CD16
+
 mDC is blood-stage dependent and 

does not require the parasite to initially go to the liver. Taken together, these data 

underscore the importance of the blood-stage in immune activation (Tran et al. 2013) 

and solidify evidence of CD16
+
 mDC responsiveness during Plasmodium infection.  

The results presented in this thesis suggest falciparum and vivax infection similarly 

impact DC subset number and activation. Malaria caused by P. vivax was, until 

recently, considered a benign infection and consequently received much lower 

priority from researchers, policy makers and funding bodies in the past. However, 

the burden of P. vivax should not be underestimated. In Central and South-East Asia, 

P. vivax accounts for up to 50% of all malaria cases (WHO 2015). An increased 

understanding of how P. vivax impacts our host immune response is imperative for 

malaria elimination. In both P. vivax and P. falciparum infection, we show CD1c
+
 

mDC, CD141
+
 mDC and pDC numbers are reduced yet CD16

+
 mDC numbers 

remain stable in the periphery. Interestingly, P. falciparum and P. vivax similarly 

impact DC subset maturation. CD1c
+
 and CD141

+ 
mDC HLA-DR expression is 

dramatically reduced after either P. falciparum or P. vivax infection. In contrast, 

CD16
+
 mDC retain and increase HLA-DR expression after Plasmodium infection. In 

clinical vivax and falciparum malaria, DC number, maturation and activation are 

comparably impacted (Kho et al. 2015; Pinzon-Charry et al. 2013). Alongside 
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alterations in DC maturation, P. vivax infection increased IDO activity and 

regulatory T cell activation, all of which likely impair host immune responsiveness 

in primary P. vivax infection. Our group have also observed increased IDO activity 

as well as regulatory T cell activation during, primary P. falciparum infection 

(Minigo and Yeo., unpublished). Taken together, both clinical malaria and primary 

Plasmodium infection data indicate P. falciparum and P. vivax evade host immune 

responses by modulation of specific DC subsets and may indeed induce similar 

regulatory pathways.  

An important limitation of the results presented in chapter 6 is the small cohort size. 

During the time of candidature three safety and feasibility P. vivax CHMI trials were 

conducted, with two participants in each trial (Griffin et al. 2016; McCarthy, James S 

et al. 2013). Participant blood volume available during this study was very limited 

and precluded further DC subset functional studies. Ideally, intracellular cytokine 

assays would have been performed, but this would have required additional P. vivax 

cohorts. Future P. vivax CHMI trials are necessary to confirm the results presented in 

chapter 6 as well as to further evaluate DC subset function during primary P. vivax 

infection. Moreover, comprehensive functional DC subset characterisation in clinical 

P. vivax from malaria-endemic areas would be informative.  

Possible explanations for the loss of DC subsets during primary Plasmodium 

infection include: DC migration to peripheral tissues, impaired bone marrow re-

population, or DC apoptosis. DC migration is a likely explanation for reduced 

peripheral blood DC during Plasmodium infection. In adults with clinical falciparum 
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malaria, reduced pDC number, alongside increased CCR7 expression after in vitro 

schizont stimulation, suggests pDC may migrate to the lymph node during malaria 

(Pichyangkul et al. 2004). A limitation of human immunology studies is the inability 

to sample both peripheral blood and tissues simultaneously. Thus, we cannot 

determine the proportion of DC that may have migrated to tissues during infection. 

Another possibility for reduced peripheral blood DC is impaired re-population from 

the bone marrow (Romani et al. 1994). RNAseq analysis of pDC revealed reduced 

CXCR4 gene expression at peak parasitemia. CXCR4 is a chemokine integral for 

maintenance of hematopoietic stem cells in mice (Sugiyama et al. 2006) and human 

CD34
+
 hematopoietic progenitor cells (Aiuti et al. 1997). Reduced pDC CXCR4 

expression indicates reduced ability to repopulate circulating pDC from bone 

marrow cell precursors (Swiecki & Colonna 2015), suggesting Plasmodium may 

impact DC subset haematopoietic cell differentiation. 

DC apoptosis is another possible explanation for the observed loss of peripheral 

blood DC. Apoptosis is a highly regulated form of cell death in which homeostasis is 

maintained by a delicate balance between cell proliferation and cell death (Cagnol & 

Chambard 2010; Chen, M & Wang 2010; van Engeland et al. 1998). Previously, our 

group have reported differences in DC viability between cohorts with different sized 

inoculums. The higher 1,800 pRBC infection resulted in reduced DC number and 

increased DC apoptosis (Woodberry et al. 2012), suggesting the initial pRBC dose 

does impact DC viability. To further delineate these results the current project 

assessed DC subset function and viability during the 150 and 1,800 pRBC infections. 

The 150 pRBC cohort, unlike the initial safety study (Woodberry et al. 2012), was 
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permitted to reach the pre-determined parasitemia threshold of 1000 pRBC/mL 

before treatment was initiated. DC apoptosis was assessed by expression of active 

caspase-3, an executioner caspase crucial to both the intrinsic and extrinsic apoptotic 

pathways (Cagnol & Chambard 2010). Interestingly, I show  in chapters 3 and 4, 

CD1c
+
 mDC and pDC have increased caspase-3 staining after only the 1,800 pRBC 

infection, supporting our previous results (Woodberry et al. 2012). Moreover, at 

peak infection both CD1c
+
 mDC and pDC numbers significantly reduced only 

during the 1,800 pRBC infection, with a significant correlation between reduced 

pDC number and increased active capase-3 observed. Interestingly, pDC RNAseq 

analysis revealed reduced gene expression of BAG3, an anti-apoptotic protein 

(Rosati et al. 2007; Rosati et al. 2009), potentially suggesting a mechanism of DC 

loss attributable to apoptosis. The main technical difference between the 150 pRBC 

and 1,800 pRBC cohorts is the duration of the infection before parasitemia reaches 

the pre-determined threshold of 1000 pRBC/mL (1,800 pRBC; day 7-8; 150 pRBC; 

day 10-11). The period of infection before parasites are detectable by PCR is 1.5 

days longer in the 150 pRBC cohort. Thus, immunological differences, such as 

altered DC numbers, observed between the 150 and 1,800 pRBC cohorts may be 

explained by the duration of infection before parasite density has reached the 

detection threshold. In spite of this, the CHMI clinical trials were highly controlled, 

eliminating the majority of variables that confound immunological evaluations of 

humans with malaria.  

In clinical vivax and falciparum malaria, our group have reported total DC apoptosis 

in Papuan adults using annexin V staining (Pinzon-Charry et al. 2013). In murine 
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malaria, evidence of early DC apoptosis in relation to parasite load has been reported 

(Sponaas et al. 2006). The differences in DC viability observed between our study 

cohorts (150 vs 1,800 pRBC) indicate that initial pRBC dose impacts DC outcome as 

opposed to the overall parasite load. We speculate the beginning of a blood-stage 

infection and/or the rate of parasite multiplication is crucial to the outcome of DC 

viability.  An increased understanding of how the initial pRBC dose impacts DC 

function is of relevance to whole Plasmodium parasite vaccination, which is 

currently being explored (reviewed in (Stanisic & Good 2016)). Induction of 

immunity has been shown using whole parasites by exposure of malaria-naive 

volunteers to infectious mosquito bites; subsequent challenge with infected 

mosquitos showed volunteers were protected (Roestenberg et al. 2009; Roestenberg 

et al. 2011). Additionally, a small trial involving injection of repeated low doses of 

pRBC in healthy volunteers was published in 2002 (Pombo et al. 2002). Repeat 

infection with less than 30 parasites followed by antimalarial drug cure showed some 

protection against the same concentration of parasites (Pombo et al. 2002). However, 

residual concentrations of antimalarial drugs may have contributed to the observed 

immunity (Roestenberg et al. 2009). Our longitudinal examination of malaria-naive 

individuals provided clear evidence of altered DC subset viability and function 

during a pre-patent primary Plasmodium infection. Cell mediated immunity (Good, 

M.F. 2011) is one method by which protective immunity can be induced after 

Plasmodium infection. Cellular immunity requires functional DC, thus it is 

reasonable to speculate a very low concentration of parasite perhaps less than 150 

parasites would be desirable in the context of a whole parasite vaccine. This project 
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also has implications for the delivering of vaccines to children living in malaria 

endemic regions who may, as a consequence of their exposure to Plasmodium have 

compromised DC. Data from this study suggest that ensuring parasitemia is cleared 

with antimalarial therapy before vaccine delivery may be required for optimal 

vaccine efficacy. Additional studies are warranted to confirm this notion and further 

determine when after antimalarial therapy DC subsets regain full function. 

A major question that arises from these results is what is the mechanism employed 

by Plasmodium to disrupt HLA-DR expression, both partially and fully. Reduced 

DC HLA-DR expression has been shown in parasitic (Everts et al. 2010), bacterial 

(Lapaque et al. 2009) and viral (Kunitani et al. 2002; Neumann, Eis-Hübinger & 

Koch 2003) infections, suggesting impaired HLA-DR expression is not a 

Plasmodium-specific phenomenon. Compromised HLA-DR expression is associated 

with the impaired capacity of CD1c
+
 mDC to prime T cell responses in helminth 

(Everts et al. 2010) and primary P. falciparum infection (Chapter 3, Figure 3.10). 

Helminth infections are common in malaria endemic areas (reviewed in (Hartgers & 

Yazdanbakhsh 2006)) thus, this may contribute to susceptibility to Plasmodium 

infection.  

The mechanisms that underlie impaired HLA-DR expression during Plasmodium 

infection remain to be determined. Mechanisms of MHC Class II inhibition can be 

divided into two strategies: broad spectrum or targeted inhibition. Broad spectrum 

inhibition is associated with interference of IFN-γ pathway induction or stimulation 

of regulatory cytokines such as IL-10 (reviewed in (Forsyth & Eisenlohr 2016). In 
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contrast, targeted inhibition is associated with CIITA regulation, invariant chain 

interaction and MHC Class II degradation (Forsyth & Eisenlohr 2016). In Epstein-

Barr virus, BZLF1 (also known as ZEBRA) suppresses CIITA transcription by 

directly binding to the CIITA promoter (Li, D et al. 2009). In HCMV (human 

cytomegalovirus), protein US3 binds the α/β dimers of MHC Class II resulting in 

reduced affinity for the invariant chain (Hegde & Johnson 2003), abrogating surface 

MHC Class II and impairing CD4
+
 T cell proliferation (Hegde & Johnson 2003). 

Similarly, human simplex virus-1 glycoprotein b (virus envelope protein) targets 

HLA-DR, HLA-DM and the invariant chain, thereby manipulating the MHC Class II 

pathway (Neumann, Eis-Hübinger & Koch 2003). Moreover, Salmonella can reduce 

HLA-DR surface expression by enhancing ubiquitination of MHC Class II (Lapaque 

et al. 2009). MARCH I, a ubiquitin ligase, is capable of mediating ubiquitination of 

MHC Class II (Matsuki et al. 2007). Similarly, Epstein Barr virus increases 

expression of BDLF3 (late lytic protein), which induces ubiquitination of MHC 

Class II molecules (Quinn et al. 2016). To understand if de novo synthesis of MHC 

Class II expression is impaired by Plasmodium, future studies should endeavour to 

isolate DC subsets, sequence DC subset RNA and perform differential gene 

expression analysis, before and after Plasmodium infection, to determine if the MHC 

Class II processing pathway is specifically targeted. Moreover, comparison between 

pDC and CD1c
+
 mDC MHC Class II gene expression may provide insights into the 

mechanisms that may differ between permanently impaired HLA-DR and 

temporarily down-regulated HLA-DR.  
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The studies in this thesis present a unique insight into the phenotypic and functional 

characterisation of human DC subsets during primary Plasmodium infection (Table 

7.1; Figure 7.1). To understand the clinical relevance of our findings further 

assessment of DC subset function, including cytokine production in asymptomatic 

malaria, is needed. The evidence presented in this thesis indicates the CHMI trials 

are not a model for protective immune responses but offer insights into 

immunopathology. Thus, to evaluate the role of DC subsets in maintaining 

parasitemia below the pyrogenic threshold, future studies should assess DC subset 

function in asymptomatic individuals. The optimised intracellular cytokine assays 

described in this thesis provide a validated method to evaluate DC subset function in 

whole blood and cryopreserved PBMC from asymptomatic individuals living in 

malaria-endemic countries.  

CD16
+
 mDC were the only DC subset to respond ex vivo during a primary P. 

falciparum infection. Future investigations should endeavour to assess CD16
+
 mDC 

function using purified populations, as FcγRIII expression is lost in short term 

culture on CD16
+
 mDC (Döbel et al. 2013). Isolation of CD16

+
 mDC could be 

achieved by magnetic bead separation or through the use of a cell sorter. To 

determine if retained maturation results in increased antigen presentation ability, 

future experiments should also assess CD16
+
 mDC antigen presenting ability in T 

cell cytokine and proliferation assays. 

This thesis has shown pDC population can be purified at a high quality using 

standard magnetic bead isolation techniques. These isolated samples ensure highly 
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specific gene expression data, which can provide mechanistic insight into general 

DC biology as well as DC biology during Plasmodium infection. Isolated total DC 

and pDC samples remain from studies presented in this thesis. The phenotypic and 

functional characterisation of DC subsets presented warrants further investigation 

using these longitudinally isolated DC samples. The proposed functional and 

molecular studies on isolated human DC subsets will extend data obtained in this 

thesis and further improve understanding of how Plasmodium subverts our host 

immune response in clinical and asymptomatic malaria. In addition, RNAseq 

analyses may afford the opportunity to identify key molecules and mechanisms that 

drive Plasmodium alteration of DC biology.  

This project has demonstrated that DC subset function is modulated in a primary 

Plasmodium infection. In the context of existing literature, our results demonstrate 

that DC functional modulation occurs in healthy malaria-naive volunteers and likely 

contributes to the impaired immune response observed during clinical malaria. I 

hypothesise Plasmodium induced DC subset modulation hampers immune 

responsiveness and assists parasite expansion. Together, these results improve our 

understanding of DC subset function during Plasmodium infection. Understanding 

how and why DC subsets are disproportionately impacted by P. falciparum and P. 

vivax may aid development of strategies to prevent parasite immune evasion and 

enhance protective immune responses, and potentially guide vaccine strategies for 

malaria elimination. 
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