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Summary 

Despite considerable efforts and achievements, malaria continues to be one of the most 

devastating infectious diseases in the world. Clearly, an effective vaccine against malaria 

would help to reduce disease burden and support elimination programs. This year, the malaria 

vaccine RTS,S/AS01 will be rolled out in three countries of sub-Saharan Africa, representing 

a milestone in malaria vaccine development. However, RTS,S induced only partial and short-

lived protection when assessed in large-scale clinical trials in infants and children of sub-

Saharan Africa, highlighting the need for more effective vaccines. Conversely, it has been 

known for a long time that sterile protection against malaria can be achieved by administration 

of large amounts of radiation-attenuated sporozoites. The Sanaria PfSPZ Vaccine consists of 

radiation-attenuated, aseptic, purified, cryopreserved Plasmodium falciparum sporozoites 

(PfSPZ). This vaccination approach has induced up to 100% protection during clinical trials in 

malaria-naïve, US volunteers. At the same time, development of the PfSPZ Vaccine also 

enabled the use of non-attenuated cryopreserved PfSPZ in controlled human malaria infection 

(CHMI) to assess vaccine efficacy. Together, these tools are not only promising for vaccine 

development, but also offer a unique opportunity to study the human immune response to 

P. falciparum in a highly controlled setting in sub-Saharan Africans, the population most 

strongly affected by malaria. 

Thus, the aims of this thesis were: First, to study the cellular immune response towards RTS,S, 

the most advanced subunit malaria vaccine in a paediatric phase III clinical trial in Tanzania. 

Second, to assess safety, immunogenicity and protective efficacy of the PfSPZ Vaccine, a live-

attenuated malaria vaccine, in a phase I clinical trial in adult Tanzanians. Third, to develop an 

analysis pipeline that allows for unbiased detection of ex vivo phenotypic alterations of T-cell 

subsets measured by multicolour flow cytometry. Fourth, to analyse the immune response of 

unconventional T cells towards PfSPZ vaccination and CHMI in Tanzanian volunteers in a 

comprehensive and unbiased approach. These aims led to the generation of data that are 

presented in the following four manuscripts: 
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Manuscript 1: RTS,S/AS01E Malaria Vaccine Induces Memory and Polyfunctional 

T Cell Responses in a Pediatric African Phase III Trial 

 

RTS,S is a subunit vaccine based on the main PfSPZ surface antigen, the circumsporozoite 

protein (CSP). While RTS,S induces a certain protection against clinical malaria across 

different populations and age groups, this protection is only partial and short-lived. The reasons 

for this weak immune response are largely unknown, but clearly, appropriate T-cell help is 

important for long-lived humoral immunity. Here, we analysed T-cell polyfunctionality and 

their memory phenotype induced by RTS,S vaccination in children living in sub-Saharan 

Africa. We found CSP-specific T cells to be more polyfunctional than previously appreciated, 

expressing not only IFN-γ, but also IL-4, IL-21 and CD40 ligand, implying a possible role in 

B-cell help. CSP-specific T cells were also found in the memory compartment, which might 

be important for long-lasting protection. While this study was not designed to assess the effect 

of those phenotypes on clinical outcome, it highlights the complexity of the cellular immune 

response towards RTS,S. 

 

Manuscript 2: Safety, immunogenicity and protective efficacy against controlled human 

malaria infection of PfSPZ Vaccine in Tanzanian adults 

 

In this study, we assessed the safety of the PfSPZ Vaccine and at the same time monitored 

vaccine efficacy by direct venous inoculation of PfSPZ Challenge for the first time in Africa. 

The dosage of PfSPZ vaccination was similar to the one that led to 100% protection in malaria-

naïve, US volunteers. We found PfSPZ Vaccine and Challenge to be safe and well tolerated. 

Vaccine efficacy, however, was considerably lower than in US volunteers, at 5% in the low-

dose group and 20% in the high-dose group. This effect can only be partially explained by the 

rigorous mode of CHMI applied in this study for two reasons: first, immunogenicity was also 

lower than in US volunteers, and second, a cohort in Mali showed similar results. The way 

forward might be administration of higher doses of PfSPZ, but these findings also highlight 

our incomplete understanding of the human immune response towards P. falciparum and the 

need for further research. 
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Manuscript 3: Modulation of bacterial metabolism by the microenvironment controls 

MAIT cell stimulation  

 

Human mucosal-associated invariant T (MAIT) cells are an abundant T-cell subset recognising 

microbial metabolites presented by the MHC class I-related molecule MR1. The influence of 

the gut microenvironment on the generation of MAIT-cell antigens has not been well 

characterised. In this manuscript, we show that altered bacterial growth conditions lead to 

differential accumulation of MAIT-cell antigens, inducing distinct T-cell activation patterns. 

These findings might also be relevant during malaria, as more and more studies show the 

bidirectional interactions between the composition of the human gut microbiome and malaria 

infection. 

Of note, in this manuscript we developed an unbiased approach to identify phenotypic 

alterations of T-cell subsets using high dimensional multicolour flow cytometry using 

dimensionality reduction and clustering algorithms. This analysis pipeline is highly versatile 

and was used in Manuscript 4 to detect ex vivo phenotypic alterations in unconventional T cells. 

 

Manuscript 4: Unbiased analysis of unconventional T cells in Tanzanian volunteers 

reveals a personalised Vδ1 T-cell response upon controlled human malaria infection 

 

Here, we used PBMC derived from the clinical trial described in Manuscript 2 to examine the 

role of unconventional T cells during PfSPZ vaccination and CHMI. While we could not detect 

major changes in frequency and surface marker expression upon vaccination, upon CHMI all 

examined γδ T-cell subsets as well as MAIT cells were expanded and activated in volunteers 

who developed asexual blood-stage parasitaemia. Remarkably, the Vδ1 and Vδx subsets 

showed a particularly strongly activated phenotype that was characterised by an expansion of 

CD38+PD-1+ co-expressing cells. Interestingly, we isolated Vδ1 T-cell clones and showed that 

a group of clones expressed a functional TCR Vγ10 chain, a gene that so far has been thought 

to be non-functional in humans. Intriguingly, a data base search revealed that this functional 

TCRγ chain is unique to Africans and people of recent African descent, and is present at a 

frequency of 27% in the Tanzanian trial population. Together, our results indicate a highly 

personalised T-cell response during controlled human malaria infections that encompasses 

T-cell subsets that so far were not well characterised or even unknown. 
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1.1. Malaria biology, disease burden and pathogenesis 

1.1.1. Disease burden 

Malaria continues to be one of the most devastating infectious diseases globally. According to 

the WHO World Malaria Report, in 2016 there were 216 million cases of malaria leading to an 

estimated 445’000 deaths [1]. Worryingly, earlier trends towards lower malaria incidence and 

number of deaths are currently stalling and even reverting. Sub-Saharan Africa is especially 

strongly affected by malaria – about 90% of both cases and deaths occur in this region. The 

most vulnerable population are children under the age of 5 years, accounting for 70% of all 

malaria deaths [1]. 

1.1.2. Malaria transmission and life cycle 

1.1.2.1. Pre-erythrocytic stage 

Malaria is caused by parasites of the Plasmodium genus and is transmitted to humans through 

bites of infected Anopheles mosquitoes [2]. The huge majority of malaria cases and deaths in 

humans are caused by P. falciparum, a species that is particularly prevalent in sub-Saharan 

Africa. During a blood meal, infected mosquitoes inject a small number of sporozoites into the 

skin of the human host (see Figure 1) [3], [4]. Most sporozoites will leave the skin through 

blood or lymph, but recent evidence from mouse models suggests that a fraction of sporozoites 

can remain in the skin for several days [5]. Sporozoites can move by gliding motility and a part 

of the injected sporozoites will invade a blood vessel, enter the blood stream and reach the 

liver. Interaction between sporozoites and human hepatocytes involves circumsporozoite 

protein (CSP), the main surface protein of sporozoites [6]. The parasites uses cell traversal to 

escape from the liver sinusoids into the liver parenchyma, where they can traverse several 

hepatocytes before setting up residence inside a parasitophorous vacuole (PV) within a 

hepatocyte [7]. There, the sporozoite develops into a spherical liver stage that grows 

extensively and ultimately gives rise to thousands of merozoites that will then enter the blood 

stream. For this purpose, the parasite induces cell death of the hepatocyte and manipulates the 

hepatocyte membrane, leading to formation of parasite-filled vesicles (merosomes) containing 

hundreds of merozoites [8]. The merosomes are remarkably stable and help the parasite to 

distribute in the human body until finally the merozoites are released and proceed to invade 

erythrocytes [9]. The duration of liver-stage development is variable between few days to 

several weeks in different Plasmodium species, but for P. falciparum, it takes about 6 days to 

complete [10]. 
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Figure 1 Plasmodium life cycle in human and mosquito [11]. 

 

1.1.2.2. Blood stage 

The erythrocytic stage of development is characterized by repeated cycles of erythrocyte 

invasion, parasite replication, egress and invasion of other erythrocytes. Invasion of 

erythrocytes by merozoites is facilitated through specific interaction between parasite proteins 

and receptors on the erythrocyte surface [12]. Inside an erythrocyte, the parasite sets up 

residence inside a PV and develops into the ring-stage, while it starts to actively re-model the 

host cell. It feeds on haemoglobin as well as nutrients from blood plasma and develops into a 

trophozoite [13]. The trophozoite stage is characterized by extensive parasite growth, sustained 

by ingestion of large amounts of haemoglobin, leading to accumulation of toxic haem groups, 

which the parasite converts into the crystalline haemozoin form and stores in its food vacuole 

[14]. Then, during the schizont stage, the parasite undergoes a few rounds of nuclear divisions, 

leading to generation of 16-32 merozoites [13]. Finally, the merozoites escape through lysis of 

the erythrocyte and PV membranes in a protease-dependent process [15]. The free merozoites 

can then infect other erythrocytes, completing the cyclic erythrocyte development. 
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1.1.2.3. Sexual stage and mosquito stage 

Successful transmission of Plasmodium parasites from the human host to a mosquito involves 

formation of a sexual parasite stage [16]. This involves the formation of male and female 

gametocytes, a process that only a small fraction of blood-stage parasites undergo. During 

gametogenesis, the parasite develops through five morphological stages, of which only the last 

one is detectable in peripheral blood. The other stages occur within erythroid precursor cells in 

the bone marrow, enabling early gametocytes to avoid splenic clearance [17], [18]. 

When gametocytes are taken up by a mosquito during a blood meal, they sense a change in 

temperature, pH and chemical environment, which induces their development into gametes 

within the mosquito mid-gut [19]. There, male microgametes and female macrogametes fuse 

to form a short diploid stage, the zygote, that then develops into an ookinete. In the ookinete 

stage, meiotic recombination occurs, the parasite traverses the epithelial cell layer in the 

mosquito mid-gut and transforms into an oocyst [20]. Ultimately, the oocyst ruptures, releasing 

sporozoites into the haemocoel of the mosquito from where they migrate to the salivary glands 

and are ready to be injected into the human host [21].  

1.1.3. Malaria pathogenesis 

Malaria is characterised by cyclic episodes of fever that are caused by synchronised rupture of 

infected erythrocytes, releasing large amounts of parasites and parasite-derived molecules that 

induce a strong pro-inflammatory response. Most symptoms are relatively unspecific and 

include chills, headache, nausea, diarrhoea and anaemia [11]. First symptoms of malaria appear 

7-10 days after infection, indicating that pre-erythrocytic stages are clinically silent, while most 

clinical symptoms and complications occur only upon blood-stage parasitaemia [11]. A certain 

degree of anaemia is induced by rupture and destruction of infected erythrocytes by blood-

stage parasites. However, it has become clear that the majority of cleared erythrocytes are 

uninfected, an effect that is explained by the reduced half-life of all erythrocytes and an 

increase of splenic clearance [22], [23]. 

Plasmodium parasites extensively remodel the erythrocyte and its plasma membrane by 

expressing a range of parasite-encoded proteins on the erythrocyte surface [24]. This leads to 

increased rigidity of the membrane, binding of infected erythrocytes to endothelial cells as well 

as formation of aggregates of infected and uninfected erythrocytes (rosetting), which helps the 

parasite to avoid splenic clearance [25]. Adherence of erythrocytes to the microvasculature 

leads to obstruction of blood flow, endothelial injury and increased inflammation [26]. When 
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this sequestration takes place in the brain or placenta, the severe complications of cerebral and 

placental malaria can occur [27]. 

In malaria-endemic areas, the most vulnerable population are children under the age of 5 years, 

including foetuses. Older children and adults usually develop a certain level of protective 

immunity induced by repeated exposure to the parasite, leading to decreasing disease severity 

with age [11]. 

1.2. Unconventional T cells 

1.2.1. Overview 

The majority of human T cells are reactive to peptides presented by major histocompatibility 

complex (MHC) molecules. In terms of numbers, the major subsets are CD4+ T cells restricted 

to MHC class II, and CD8+ T cells restricted to MHC class I. MHC molecules are highly 

polymorphic and can present peptides derived from a huge range of endogenous and foreign 

proteins that are recognised by an equally large repertoire of T-cell receptors (TCRs) [28]. This 

huge diversity of TCRs means that each naïve antigen-specific T cell is very rare and cannot 

induce a strong immune response. Protective immunity conferred by these adaptive T cells thus 

requires expansion of rare, antigen-specific T cells and formation of immunological memory. 

In contrast, unconventional T cells are generally not restricted to peptide-MHC complexes (see 

Figure 2). Instead, the major unconventional T-cell subsets are reactive to CD1 (natural killer 

T cells), MR1 (MAIT cells) or BTN3A1 (Vγ9Vδ2 T cells) [28]. Furthermore, these subsets 

tend to have a narrow TCR repertoire, localise to tissues rather than circulate in peripheral 

blood, and have the potential to respond rapidly to antigenic challenge [28]. These 

characteristics are referred to as innate-like, a fitting term for some unconventional T cells such 

as NKT cells, MAIT cells, or Vγ9Vδ2 T cells. However, some unconventional T cells show 

clonal selection upon antigen encounter, have strong proliferative capacity and altered 

phenotypic and homing properties after antigen encounter, reminiscent of adaptive T cells [29], 

[30]. Thus, while some unconventional T-cell subsets show innate-like behaviour, there are 

others that clearly do not fit this paradigm. 

In this introduction, I will focus on γδ T cells and MAIT cells due to their abundance in humans 

and known, but largely unexplored role in human malaria infection (see also section 1.3.3). 
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Figure 2  Overview of human unconventional TCRαβ (left) and TCRγδ T cells (right). The T cells of 

 focus in this thesis are highlighted: MAIT cells (left) and γδ T cells (adapted from [28]). 

 

1.2.2. γδ T cells 

1.2.2.1. Overview 

The TCRγ chain genes were discovered and cloned in the 1980s, which was followed by the 

chance discovery of the TCRδ locus during examination of the TCRα locus, within which the 

TCRδ genes are located [31], [32]. γδ T cells have several specialised roles that indicate a non-

redundant role of this subset compared to conventional αβ T cells. For example, they develop 

very early in ontogeny of many different species [33]. Moreover, the length of the 

complementarity-determining region 3 (CDR3) of the γδ TCR is much less constrained than 

the one of the αβ TCR, and especially the CDR3 of the TCRδ chain can be significantly longer. 

This is reminiscent of the CDR3-length distribution of antibodies and it has been implied that 

γδ T cells recognise antigen in an antibody-like manner [34]. As an example, human γδ T cells 

can recognise the algae protein phycoerythrin (PE), a known B-cell antigen, independently of 

an antigen-presenting molecule [35].  

A specialised role of γδ T cells is highlighted by the fact that they are enriched in epithelia, 

where they can fulfil specific roles such as protection against parasitic disease [36]. Some 

murine subsets of γδ T cells home directly to tissues as has been demonstrated for epidermis, 

dermis, intestine, lungs or uterus. These tissue-resident γδ T cells often have a limited, tissue-

specific TCR diversity and are thought to recognise either self-ligands or pathogen-derived 

ligands that are abundant in these anatomical sites [28], [37], [38]. A prototypical example of 

TTTTTypeTypeTypeype IIIII
NNNKNKKTKTKTT NKN cecelllc lllssssss

Antigen–
presenting

cell

TTTypepe III
NNK cellsNKKT KTT cellllssss

CCCD1aCD1aD1a-
restrictedeeseststesstrictrictrictteededd

T cellsll

GEM
T cellsT ceT c llslss

LDN5-likeeLDLDN5-likkeee
T cellsT ceT cT llss

DDiverserseDiveDiveDiveverserserss
CD1bCD1bCD1b-

restricteddestestesttt irictrictrictricteeede
T ceT c llss

CCD1c-
restrictedeestrictededd

T cellsll

HHLA-LA-LA-L E-E-
re rict ddeestesttricrictricteeded

T ceT llssllll

TRBC

TRBV25

-GalCer
Other lipids

2m

TRAV10
TRAJ18

TRAC

CD1d
CD1d

TRAV1-2
TRAJ9

TRBV4-1

CD1a

CD1b

CD1b

CD1b

CD1c

HLA-E

PPBF Lysophosphatidylcholine
Other lipids

Lysophosphatidylcholined
Dideoxymycobactin

Other lipids

Glucose monomycolate

Glucose monomycolate

MAIT
cells

MR1

TRAV1-2
TRAJ33
TRAJ12
TRAJ20

TRBV6
TRBV20

5-OP-RU

Riboflavin
derivatives

MHCI leader peptides

Sulfoglycolipid
Other lipids

Phosphomycoketides
Methyl-lysophosphatidic acid 

Other lipids

Fatty acids
Wax esters
Squalene

CMV-derived peptides

CD1c-
restricted

T cells

TRDV1
TRDV3 -GalCer

Sulfatide
Other lipids

Phosphatidylethanolamine
from pollen

Undefined
self lipids

IPP
HMBPP

Phycoerythrin
Aminoacyl tRNA-
synthetases

CD1d

TRDV1

TRDV1

TRDV2

TRGV9 TRDV1
TRDV5

MHC-like stress ligands
EPCR, ULBP, MICA

Butyrophilin
3A1

Unknown
ligand

Unknown
ligandTRDV1

TRDV3

CD1a

CD1c

?

?

?

CD1d-
restricted

 T cells

CD1a-
restricted

 T cells

Stress ligand-
reactive

T cells

Phosphoantigen-
reactive

T cells

Free antigen-
reactive

T cells

Free antigens

‘Other’
TRDV3

T cells

‘Other’
TRDV1

T cells

TRGCTRDC 

Antigen–
presenting

cell



 7 

these subsets are dendritic epidermal γδ T cells that home to the epidermis, express an almost 

monoclonal TCR repertoire and have been described in several mammalian species, but 

notably not in humans [39]. Recently, these intra-epithelial subsets of γδ T cells have been 

shown to be selected by specific butyrophilin-like (BTNL) molecules that are expressed in a 

tissue-specific manner [40]. Thus, some γδ T-cell subsets show a restricted TCR repertoire, 

home to defined sites and recognise potentially conserved antigens. This is inconsistent with a 

conventional adaptive behaviour, involving repeated sampling of antigen in secondary 

lymphoid organs, followed by expansion of rare, antigen-specific T-cell clones. 

On the other hand, γδ T cells have been reported to have adaptive-like behaviour, one example 

of which are the PE-specific cells mentioned above that upon activation upregulate CD44 and 

downregulate CD62L, reminiscent of a priming response of αβ T cells [35]. However, the 

limited clonal expansion and different kinetics upon vaccination with PE highlight marked 

difference to a canonical response of a naïve conventional T cell [30]. Clearly, γδ T-cell biology 

cannot be fully explained with the dichotomy of innate versus adaptive immunity. 

1.2.2.2. Vγ9Vδ2 T cells 

In humans, the most abundant γδ T-cell subset in peripheral blood expresses the combination 

of Vγ9 and Vδ2 TCR chains. These cells recognise small phosphorylated compounds such as 

isopentenyl pyrophosphate (IPP) [41], often termed phosphoantigens. IPP is an important 

intermediate in isoprenoid synthesis, a ubiquitous biochemical pathway present in prokaryotic 

as well as eukaryotic cells, explaining the wide pattern of reactivity of Vγ9Vδ2 T cells [42]. 

The IPP-related compound (E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) is 

much more strongly stimulatory than IPP and is derived from a synthetic pathway that is 

present in eubacteria as well as apicomplexan parasites, but is absent in most eukaryotes [43]. 

In addition, Vγ9Vδ2 T cells can recognise certain tumour cells in a TCR-mediated manner, 

possibly through the recognition of tumour-cell-derived IPP that can accumulate upon 

enhanced cell metabolism [44], [45]. Recent advances have revealed the central role of 

butyrophilin 3A1 (BTN3A1) in activation of Vγ9Vδ2 T cells. The mechanism of action is 

intriguingly different from antigen presentation in conventional T cells: phosphorylated 

compounds bind to the intracellular domain of BTN3A1, an event that is then sensed on the 

cell surface by the Vγ9Vδ2 TCR [46]. The exact mechanisms remain somewhat mysterious 

but are thought to involve conformational changes in BTN3A1 as well as recruitment of 

intracellular binding partners of BTN3A1 [47]. This inside-out signalling makes sense 

physiologically, allowing a cell to sense metabolic alterations that can occur for example during 
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transformation. Furthermore, in enables cells to sense pathogen-derived phosphoantigens from 

intracellular pathogens such as Mycobacterium tuberculosis [46]. Thus, the Vγ9Vδ2 TCR acts 

like a surrogate pattern recognition receptor (PRR) that can sense cell stress through 

accumulation of both endogenous or pathogen-derived phosphoantigens [48]. 

1.2.2.3. Non-Vγ9Vδ2 γδ T cells 

γδ T cells are sometimes grouped into Vδ2+ and Vδ2neg subsets [49]–[51]. However, this 

classification is not accurate, as a recent characterisation of Vδ2+ T cells indicates different 

features of Vγ9+Vδ2+ and Vγ9negVδ2+ T cells, the latter having adaptive-like characteristics 

[30]. More precise is a characterisation into Vγ9Vδ2 T cells, which are largely innate-like and 

responsive to phosphoantigens in the context of BTN3A1, and the remainder of γδ T cells that 

have more adaptive-like features [30]. 

The majority of this latter group expresses the Vδ1 TCRδ chain – a subset that at birth and in 

some epithelial tissues is the largest subset of all γδ T cells [52], [53]. These cells have 

traditionally been considered to act in an innate-like fashion, because of their potent cytokine 

response, abundant expression of NK receptors and wide range of responsiveness [48]. 

However, this view is changing as data accumulate that Vδ1 T cells show clonal expansion and 

a maturation of their phenotype upon antigenic challenge such as cytomegalovirus (CMV) 

infection [29], [54]. Importantly, these expanded clonotypes can persist over several years, 

contributing to long-term immune protection [48]. This clonal expansion is accompanied by 

changes in phenotype and expression of effector molecules. The TCR-diverse, ‘naïve’ Vδ1 

T-cell subset expresses high levels of CD27, which is accompanied by expression of CD28, 

CD62L and CCR7, markers that were downregulated on clonally expanded Vδ1 T cells –

closely resembling phenotypic behaviour of CD8+ conventional T cells [29]. Interestingly, this 

CD27lo subset retained responsiveness to TCR-mediated stimulation, but was not responsive 

towards IL-12 and IL-18, further indicating an adaptive-like character and setting them apart 

from Vγ9Vδ2 T cells and MAIT cells [29]. While CMV was shown to be a major driver of 

clonal expansion, it is not the only stimulus to do so, as also some CMV-negative donors 

showed expanded Vδ1 clonotypes [48]. Of note, CMV infection did not induce clonal selection 

within the Vδ1 T-cell subset of all donors, further adding evidence for a personalised, and not 

innate-like response. This fact could be explained by the lack of CMV-specific Vδ1 clonotypes 

in some of these donors, or by a compensatory immune response from other subsets [48].  

Only few γδ TCR ligands have been identified, but one example that could prove to be 

characteristic of the non-Vγ9Vδ2 γδ T-cell response is endothelial protein C receptor (EPCR) 
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[55]. Intriguingly, the corresponding T-cell clone recognised CMV-infected fibroblasts in an 

EPCR-dependent manner, but EPCR was not upregulated upon infection. Rather, the T cell 

relied on other, TCR-extrinsic signals, such as interaction with ICAM-1, which is upregulated 

upon CMV infection [55]. Thus, for full activation, non-Vγ9Vδ2 γδ T cells might rely on 

integration of several signals, both TCR-mediated and TCR-extrinsic [48]. Consistent with 

this, in addition to EPCR, other self-encoded ligands have been suggested to be recognised by 

γδ TCRs [56]. 

1.2.3. MAIT cells 

MAIT cells are characterised by expression of the TCRα chain rearrangement Vα7.2-Jα33 

paired with a biased TCRβ repertoire and high surface expression of CD161 [57]–[59]. They 

are restricted to the MHC class I-related molecule MR1 and depend on the presence of the 

commensal microbiota for development and activation [60]. The canonical MAIT-cell antigens 

presented by MR1 were discovered to be vitamin B metabolites derived from microbial 

biosynthesis pathways [61]. Further characterisation revealed the molecular nature of these 

antigens – they are derived from 5-amino-6-D-ribitylaminouracil (5-A-RU), an intermediate of 

the riboflavin biosynthesis pathway present in many microbes. 5-A-RU itself is not a strong 

antigen, but depends on non-enzymatic condensation with the small molecules glyoxal or 

methylglyoxal to generate the potent antigens 5-(2-oxoethylideneamino)-6-D-

ribitylaminouracil (5-OE-RU) and 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-

RU), respectively [62]. These adducts are instable, but can get trapped and stabilised in the 

antigen-binding pocket of MR1 by formation of a Schiff base with lysine 43 [62]. Recent 

studies showed that the repertoire of MR1 ligands is larger than expected and could include 

drugs [63], ligands derived from riboflavin-auxotroph bacteria [64], and ligands derived from 

mammalian cells [65]. 

Consistent with recognition of these antigens, MAIT cells are activated by cells infected with 

bacteria or yeast that are able to synthesize riboflavin, but not by uninfected or virus-infected 

cells [66]. Thus, MAIT cells contribute to antimicrobial immunity by targeting cells that sense 

microbial ligands intracellularly [66], an effect reminiscent of Vγ9Vδ2 T cells. Notably, MAIT 

cells can also be potently activated by IL-12 and IL-18 in a TCR-independent manner, an effect 

that is conserved across many CD161-expressing T cells [67], [68]. 

In summary, MAIT cells fit the paradigm of innate-like T cells well in many aspects, having a 

biased TCR repertoire, fast effector response, shared and conserved antigen specificity and 

high responsiveness to cytokines. 
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1.3. The human immune response to P. falciparum 

1.3.1. Immune response towards the pre-erythrocytic stage 

1.3.1.1. Immune response to natural infection 

The pre-erythrocytic stage induces only a minimal immune response and therefore, no per-

erythrocytic immunity is achieved by natural infection, even after repeated exposure [69]. One 

reason for this is the low number of sporozoites injected into the host and the short time they 

spend in the circulation. Furthermore, pre-erythrocytic stages of Plasmodium spp. reside 

mainly in the skin and liver, compartments that are known to be immunomodulatory and do 

not induce strong immune responses [70]. Data from mouse models also indicate that parasites 

actively down-modulate the immune response by inducing a regulatory-T-cell response in the 

skin and suppressing Kupffer cell function in the liver [71], [72]. More recent evidence 

suggests that hepatocytes can sense Plasmodium RNA through a cytoplasmic RNA sensor, 

leading to a partially protective immune response through release of type I interferons [73]. 

1.3.1.2. Immune response to high-dose sporozoite administration 

In stark contrast to the almost undetectable immune response upon natural infection, pre-

erythrocytic immunity can be achieved by administration of attenuated sporozoites. The 

immunodominant sporozoite antigen is CSP, and antibodies against this protein are readily 

induced upon exposure to Plasmodium falciparum sporozoites (PfSPZ) [74]–[76]. 

Several studies have also shown a role of CD8+ TCRαβ+ liver-resident, sporozoite-specific 

T cells in protection against pre-erythrocytic malaria (see Figure 3) [77], [78]. Plasmodium-

specific CD8+ T cells can be primed in skin-draining lymph nodes and then migrate to the liver, 

where they recognise infected hepatocytes [79]. As sporozoites do not infect dendritic cells 

(DCs), the priming of CD8+ T cells requires cross-presentation of sporozoite-derived antigens. 

Furthermore, hepatocytes need to present antigen on MHC class I molecules, and this 

necessitates access of antigen to the cytosol, either upon cell traversal of sporozoites or through 

release of antigen from the hepatocyte PV [80]. This pathway of antigen presentation might 

account for the immunodominance of CSP, as sporozoites constantly shed this protein, for 

example during cell traversal of hepatocytes [81]. The effector functions that leads to the 

protective effect of CD8+ T cells in the liver have not been elucidated, but probably there is a 

redundant role of IFN-γ, TNF, Fas ligand, perforin and possibly other effector molecules [82]. 

In order to reach full protection from malaria, large numbers of parasite-specific T cells are 

needed, as from a single infected hepatocyte huge numbers of merozoites that can be released, 
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and thus even the unrecognised development of a single sporozoite could spoil protection [70], 

[83]. 

 

 
Figure 3 Human immune response to P. falciparum (adapted from [84]). 
 

1.3.1.3. Immune response to RTS,S 

RTS,S/AS01 (RTS,S) is a recombinant subunit vaccine consisting of recombinant 

P. falciparum CSP in combination with hepatitis B surface antigen (see section 1.4.2). This 

vaccine is designed to protect through induction of high titres of anti-CSP antibodies and strong 

TH1 T-cell responses. Indeed, RTS,S reliably induces anti-CSP antibodies and antibody titres 

are associated with protection against malaria [85]. However, the majority of vaccination-

induced antibodies are short-lived, with an estimated half-life of only 45 days [85]. This is a 

huge contrast with data from viral vaccines in US volunteers, where vaccination-induced 

antibodies have half-lives of typically dozens of years [86]. Different schedules of vaccination 

allowed also to compare the effect of a booster dose of RTS,S, which was beneficial, but 

antibody levels after boosting did not exceed the levels after primary vaccination [85]. 

In addition, vaccination induces CSP-specific CD4+ and CD8+ T cells, and the frequency of 

both subsets have been associated with protection [87], [88]. Studies of T-cell responses in 
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vaccinated children living in sub-Saharan Africa also indicate an expansion of CSP-specific 

TH1 T cells [89]–[91]. To which extent antibodies and T cells contribute to protection and 

especially what determines the short half-life of antibodies, remains poorly understood and 

requires further investigation. 

Due to the complexity of the Plasmodium life cycle and its interaction with the human host, 

the correlate of protection will probably be an equally complex one [92]. 

1.3.2. Immune response to the blood stage 

Erythrocytes are a formidable choice of host cell by the parasite to minimise detection by the 

host immune system, as they do not express MHC class I, MHC class II or BTN3A1 [93], [94]. 

Nevertheless, over repeated natural exposure, protection from clinical malaria develops 

frequently [95]. In high-transmission areas, children under the age of five are susceptible to 

life-threatening malaria, adolescents tend to have mild malaria episodes, while adults are often 

largely protected from clinical malaria [95]. Thus, the human immune system cannot induce 

sterile protection upon natural exposure, but over frequent encounter of the parasite can 

develop protection from symptomatic malaria. 

Two main immune processes are thought to contribute to the protective immune response 

against blood-stage infection. One is inflammation, particularly the protective induction of 

IFN-γ, and the other is the humoral immune response, leading to generation of neutralising 

antibodies [70].  

Blood-stage parasitaemia induces a considerable release of pro-inflammatory cytokines such 

as IL-1β, IL-6, IL-8, IL-10, IL-12 and TNF [96]. Higher levels of these cytokines correlate 

with better control of parasitaemia, but also with stronger clinical symptoms, highlighting the 

dual role of these cytokines [97]. A part of this pro-inflammatory response is induced by 

recognition of pathogen-associated molecular patterns (PAMPs) by immune cells expressing 

the corresponding PRR. In the case of Plasmodium, the main PAMPs include 

glycosylphosphatidylinositol (GPI) anchors, haemozoin, and stimulatory nucleic acid motifs 

[98]. GPI anchors are recognised by macrophages mainly through TLR2, an interaction that 

depends on the fine-structure of the GPI anchor and leads to release of pro-inflammatory 

cytokines [99]. Haemozoin activates PRRs by a mechanism that is incompletely understood, 

but probably involves phagocytosis of haemozoin together with parasite DNA [98]. 

Inflammation is also enhanced by interactions of parasite-encoded proteins with host receptors, 

such as PfEMP1 binding to endothelial protein C receptor (EPCR) and inhibiting its protective 

function [100]. 
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A central player in control of blood-stage parasitaemia are CD4+ T cells, both by their ability 

to produce protective IFN-γ as well as provide B-cell help [93]. Early models of CD4+ T-cell 

biology in malaria indicated a TH1 response during early blood stage and a shift towards TH2 

in late blood stage [101]. However, recent advances have shown that reality is not so simple, 

but that T cells can exhibit plasticity and multifunctionality. Furthermore, T follicular helper 

(TFH) cells might play an important role in the cross-talk with humoral immunity, with IL-21 

and CD40L being main molecular players [102]. Thus, future studies should include markers 

for these effector molecules that could be crucial for protective immunity against malaria. 

IFN-γ during early blood stage is not only produced by CD4+ T cells, but also involves NK 

cells and γδ T cells, but the extent to which they contribute to protection has not been 

conclusively answered [103], [104]. Interestingly, γδ T cells bearing NK receptors, but not NK 

cells, have been reported to contribute significantly to IFN-γ release upon in vitro stimulation 

with P. falciparum parasites [105]. Thus, pro-inflammatory cytokines from various sources are 

important mediators in a protective immune response against blood-stage parasites, but we are 

only beginning to understand the complexity that lies beyond.  

The humoral immune response also plays an important role in protection against blood-stage 

malaria as indicated more than 50 years ago when transfer of purified antibodies from malaria-

immune individuals to susceptible children led to decreased parasite number and disease 

severity [106]. However, the parasite is extremely adept at evading antibody-dependent 

clearance through its huge genetic diversity and the ability to extensively vary the proteins that 

it expresses on the erythrocyte membrane [107]. Further complicating antibody-based 

immunity against P. falciparum is the fact that the half-life of anti-Plasmodium antibodies is 

extremely short and can drop to undetectable levels within months [108]. 

1.3.3. Unconventional T cells in malaria 

1.3.3.1. Pre-erythrocytic stage 

Recent data suggest that γδ T cells are expanded upon PfSPZ vaccination and a role in the 

protective response has been postulated, but the mechanisms of action remain unclear [76], 

[109]. The task of examining this further is complicated by the absence of an equivalent of 

Vγ9Vδ2 T cells in mouse models [110]. 

In the pre-erythrocytic immune response to P. yoelii, NKT cells were found to be recruited to 

the liver upon innate sensing of parasites in the liver and subsequent release of type I 

interferons. Furthermore, NKT cells, but not conventional T cells or NK cells were found to be 
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important in protection against a secondary infection [111]. This indicates that unconventional 

T cells might play a role in pre-erythrocytic immunity by sensing type I interferons in the liver. 

1.3.3.2. Blood stage 

Vγ9Vδ2 T cells are expanded upon blood-stage malaria and their frequency has been associated 

both with improved parasite control and more severe pathogenesis [110], [112]–[114]. This 

expansion is at least partially attributable to the fact that P. falciparum-infected erythrocytes 

contain phosphoantigens able to stimulate Vγ9Vδ2 T cells [115], [116]. However, erythrocytes 

do not express the known binding partner of Vγ9Vδ2 T cells, BTN3A1 [94]. Indeed, activation 

seems to be independent of contact between Vγ9Vδ2 T cells and infected erythrocytes, 

supporting a model in which phosphoantigens are released upon schizont rupture and can be 

self-presented by Vγ9Vδ2 T cells that express BTN3A1 [94]. Consistently, free merozoites, 

but not intra-erythrocytic parasites are targeted by Vγ9Vδ2 T cells, emphasizing the 

erythrocyte as a niche for parasite development, in which it is also largely protected from 

Vγ9Vδ2 T cells. The mechanism by which free merozoites are recognised by Vγ9Vδ2 T cells 

remains unknown [117]. A possible mechanism in vivo might be antibody-dependent 

cytotoxicity, as Vγ9Vδ2 T cells can express the Fc receptor CD16 [118].  

Evidence for an involvement of non-Vγ9Vδ2 γδ T cells in malaria remains fragmental. Early 

work indicated a high frequency of Vδ1 T cells in healthy individuals living in a malaria-

endemic region in Ghana as well as rapid, but transient expansion of Vδ1 T cells upon malaria 

chemotherapy in children [119], [120]. This expansion included the usage of all TCRγ chains, 

indicating a polyclonal response, but enigmatically, there was an increase of Vδ1 T cells that 

could not be stained with any of the available anti-TCRγ antibodies [120]. 

The frequency of MAIT cells was recently found to be dynamically altered during a CHMI 

clinical trial in Tanzania [121]. On the day of first detectable blood-stage parasitaemia, MAIT 

cells were decreased in peripheral blood, and expanded afterwards, but the mechanisms of 

activation remain unclear and might be cytokine-driven, as P. falciparum does not possess the 

ability to produce the canonical MAIT-cell antigens [121], [122]. 

1.4. Malaria vaccine development 

1.4.1. The need for a malaria vaccine 

The current malaria control strategy relies on a combination of several measures. This includes 

indoor residual spraying of insecticides, sleeping under insecticide-treated bed nets, seasonal 
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chemoprophylaxis as well as targeted diagnostics and treatment. While these measures have 

proven quite successful, malaria elimination is still difficult to achieve and insecticides as well 

as anti-malarial drugs are prone to development of resistance [1]. An effective vaccine would 

complement these malaria control efforts. Current malaria vaccine approaches include pre-

erythrocytic vaccines that prevent both disease and transmission, blood-stage vaccines that 

limit infection, and transmission-blocking vaccines that block the spread of malaria [123]. The 

optimal vaccine would act during the pre-erythrocytic stage as this could not only prevent 

clinical disease, but also block transmission of malaria and therefore be useful in elimination 

campaigns. 

1.4.2. RTS,S 

The most advanced malaria vaccine, RTS,S/AS01 (RTS,S) received a positive scientific 

opinion from the European Medicines Agency in 2015 [124] and will be rolled out in 2018 in 

three countries in sub-Saharan Africa, representing a milestone in malaria vaccine development 

[125]. 

RTS,S is based on the two recombinant proteins RTS and S. RTS is a fusion protein between 

the carboxy-terminal part of P. falciparum CSP (RT), containing known B-cell and T-cell 

epitopes, and HBsAg (S). When RTS and S are expressed concomitantly in yeast cells, they 

assemble spontaneously into virus-like particles, a structure that is thought to enhance 

immunogenicity [126]. RTS,S is often formulated with AS01, an adjuvant system containing 

the two immune-stimulatory molecules MPL and QS-21 [127]. MPL is derived from 

lipopolysaccharide, is a ligand for TLR4, and can therefore directly stimulate antigen-

presenting cells, while QS-21 is a saponin molecule that enhances both antibody and CD8+ 

T-cell responses [127].  

Between 2009 and 2011, RTS,S was tested in a phase III clinical trial in nine sub-Saharan 

countries in children (age 5-17 months) and infants (age 6-12 weeks). Vaccine efficacy against 

clinical malaria during a follow up of 36-48 months was 36% and 26% in the two age groups, 

respectively [128]. This represents a significant decrease over initial results examining a 

shorter follow-up period, indicating waning immune response during the time of follow up 

[128], [129]. Vaccine efficacy was found to be consistently lower in infants than in children, 

which coincided with lower anti-CSP antibody titres. The presence of anti-CSP antibodies 

before the first vaccination was associated with lower titres post-vaccination, indicating that 

previous exposure might dampen vaccination-induced immune responses [129].  
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Although representing a major advance, the RTS,S vaccine efficacy falls far short of the goal 

of 80% protection from clinical disease established in the 2006 Malaria Vaccine Technology 

Roadmap [130]. 

1.4.3. Whole-sporozoite vaccination 

1.4.3.1. Radiation-attenuated sporozoites 

More than 40 years ago, it was demonstrated that complete protection from malaria can be 

achieved in humans through administration of large numbers of irradiated sporozoites by 

mosquito bite [131], [132]. However, it requires the bites of around 1000 infected mosquitoes 

to induce sterile immunity in humans, which is not feasible for a wide application. 

Development of techniques to aseptically produce, isolate and cryopreserve P. falciparum 

sporozoites that are radiation-attenuated, pure, metabolically active and non-replicating (the 

PfSPZ Vaccine) by the biotechnology company Sanaria has overcome these problems [133]. 

A first clinical trial in 80 volunteers showed that administration of 1.35*105 PfSPZ Vaccine 

intradermally (ID) or subcutaneously was safe and well tolerated [78]. However, protection 

was low and immunogenicity was modest and dose-dependent, providing evidence for an 

immunological threshold that needs to be overcome to reach protection. In the same study, 

experiments with mice and non-human primates indicated that intravenous administration 

leads to better protection and immunogenicity [78]. Therefore, the next clinical trial evaluated 

whether the same holds true for humans. Indeed, intravenous administration of five doses of 

1.35*105 PfSPZ Vaccine led to 100% (6 out of 6) protection against homologous controlled 

human malaria infection (CHMI) by mosquito bite [76]. 

Currently, several trials are under way to assess safety, efficacy and immunogenicity of the 

PfSPZ Vaccine in the malaria-endemic regions Tanzania (NCT02132299, NCT03420053), 

Gabon (NCT03521973), Equatorial Guinea [134], Kenya (NCT02687373), Burkina Faso 

(NCT02663700) and Mali [135]. Results from the clinical trial in Mali confirmed that the 

vaccine is safe and well tolerated. Protective efficacy against natural infection was 29% 

through 24 weeks of follow-up, falling short of the target 80% for use in elimination programs. 

Antibody responses to CSP and PfSPZ upon vaccination were detectable but low and did not 

correlate with protection and neither did any measured cellular responses [135]. 

In the BSPZV1 clinical trial in Bagamoyo, protection was assessed by direct venous 

inoculation (DVI) of 3200 PfSPZ Challenge, which consists of non-attenuated, fully infectious 
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PfSPZ. This resulted in 20% protection in the high-dose group that was vaccinated with 5 doses 

of 1.35*105 PfSPZ Vaccine per injection (see Chapter 3; Jongo et al, manuscript in press). 

1.4.3.2. Fully infectious sporozoites under chemoprophylaxis 

An optimal vaccine based on PfSPZ would allow development of the parasite into late liver 

stage, allowing for a wider range and higher load of liver-stage antigens to be expressed and 

thus inducing a stronger immune response, while still preventing clinical disease [136]. 

However, radiation-attenuated PfSPZ are thought to arrest development early during liver stage 

[137].  

An alternative approach of whole-sporozoite vaccination is the administration of fully 

infectious PfSPZ and concomitant chemoprophylaxis using e.g. chloroquine. Chloroquine does 

not affect liver-stage development of P. falciparum, but kills blood-stage parasites and thus 

exposes the immune system to the whole range of pre-erythrocytic as well as early blood-stage 

antigens, while still avoiding clinical disease [138]. Promisingly, first experiments in mouse 

models indicated that this regimen can induce sterile protection [139]. Similar results were 

obtained in human studies in which PfSPZ were administered by mosquito bite under 

chloroquine treatment leading to 100% protection against homologous mosquito bite challenge 

[140], [141]. Recently, this approach has been further developed by replacing the mosquito 

bites with DVI of PfSPZ Challenge, leading to 100% protection in the high-dose group (3 doses 

of 5.12*104 PfSPZ Challenge) [142]. Currently, this approach (termed PfSPZ-CVac) is being 

evaluated in clinical trials in Equatorial Guinea (NCT02859350) and Mali (NCT02996695). 

1.4.3.3. Genetically attenuated parasites 

Genetically attenuated parasites (GAP) can represent promising tools for vaccination, because 

the stage at which parasite development arrests can potentially be controlled by choosing the 

genes that are deleted. Initial studies screened for genes that are essential for completion of the 

liver-stage development in the rodent malaria parasite P. berghei and knockout of these genes 

indeed led to attenuation and inhibition of blood-stage parasitaemia and induced a protective 

immune response [143], [144]. 

First evaluation of GAP in humans involved P. falciparum parasites deficient for the proteins 

P52 and P36, two related proteins important for liver-stage development. Administration to 

humans by mosquito bite showed strong, but surprisingly only incomplete attenuation, leading 

to blood-stage infection in one volunteer after 200 bites of infected mosquitoes [145]. To 

increase safety of these GAP, a third gene, sap1, was knocked out leading to a triple-knockout 
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GAP showing complete attenuation in a humanized mouse model carrying human hepatocytes 

[146]. These GAP have been recently tested in humans and proven to be completely attenuated 

and able to induce functional anti-sporozoite antibodies [147]. However, the GAP that are 

currently being evaluated in humans arrest early in liver-stage development, highlighting the 

delicate balance between safety and immunogenicity in this system [147]. 

1.4.4. Controlled human malaria infection 

Historically, controlled human malaria infection (CHMI) has been evaluated as treatment for 

neurosyphilis [148] and even HIV [149]. Nowadays, it is a valuable tool to assess malaria drug 

and vaccine efficacy as well as an approach for vaccination when co-administered with malaria 

chemoprophylaxis (see section 1.4.3.2) [150]. Most of the early studies used bites of infected 

mosquitoes as a means of administration of sporozoites [151]. More recently, technology was 

developed to generate the aseptic, purified, cryopreserved, fully infectious PfSPZ Challenge, 

allowing for more controlled conditions and lower infrastructural requirements than CHMI by 

mosquito bite [152]. The first clinical trial was performed in Dutch volunteers by ID 

administration of PfSPZ Challenge and resulted in 83% infectivity, independently of the 

administered dose (2’500-25’000 PfSPZ Challenge), while adverse events were comparable to 

the ones observed in mosquito bite challenge [152]. In a next step, the ID administration route 

was compared with intramuscular (IM) administration, indicating a higher infectivity through 

the ID route [153]. 

The PfSPZ Challenge given ID was then tested in Tanzanian adults and revealed a similar 

infection rates as in the malaria-naïve, Dutch cohort [154]. Further optimisation of the protocol 

indicated a more than 20-fold higher efficiency when the challenge was administered by DVI 

as compared with the IM route, leading to 100% of infected volunteers after injection of 3’200 

PfSPZ Challenge by DVI [155], [156]. Therefore, this standard of CHMI was used in the 

BSPZV1 clinical trial (see Chapter 3). 

1.5. Aims of the thesis 

As described in section 1.4.2, the most advanced malaria vaccine RTS,S will start to be rolled 

out in 2018. The first aim of this thesis (see Chapter 2) was to assess the T-cell response 

induced by RTS,S vaccination in a cohort of children living in sub-Saharan Africa. In 

particular, the goal was to measure a wide range of effector molecules including IL-4, IL-21 
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and CD154 that are important for the cross-talk between T cells and B cells and thus, for 

efficient formation of a humoral immune response. 

 

Currently, several whole, purified P. falciparum sporozoite-based vaccination approaches are 

under evaluation in clinical trials, as described in section 1.4.3. The second aim of the thesis 

was the assessment of safety, immunogenicity and protective efficacy of the PfSPZ Vaccine 

during a phase I clinical trial in healthy, male Tanzanian adults (see Chapter 3). For the first 

time in Africa, vaccine efficacy was to be assessed by homologous CHMI via DVI. 

 

The human immune response towards malaria infection involves a wide range of immune cells, 

including unconventional T cells. Recently, MAIT cells have been described to be altered 

during a CHMI in Tanzania [121]. The third aim of this thesis was to examine how MAIT cells 

can sense alterations in bacterial metabolism induced by different growth conditions (see 

Chapter 4). At the same time, the goal was to develop a novel, unbiased analysis pipeline to 

detect phenotypic alterations in T cells measured by multicolour flow cytometry. 

 

The forth aim of this thesis was to dissect the immune response of unconventional T cells 

towards PfSPZ vaccination and CHMI (see Chapter 5). This should be done using an unbiased 

analysis approach using the methodology developed in Chapter 4. We hypothesised that using 

this approach, we could identify subsets of unconventional T cells that have been previously 

overlooked in the immune response during malaria. After identification of interesting subsets 

using an ex vivo flow cytometry approach, the goal was to characterise these T-cell subsets 

using complementary in vitro assays. 
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Comprehensive assessment of cellular responses to the RTS,S/AS01E vaccine is  
needed to understand potential correlates and ultimately mechanisms of protection 
against malaria disease. Cellular responses recognizing the RTS,S/AS01E-containing 
circumsporozoite protein (CSP) and Hepatitis B surface antigen (HBsAg) were assessed 
before and 1  month after primary vaccination by intracellular cytokine staining and 
16-color flow cytometry in 105 RTS,S/AS01-vaccinated and 74 rabies-vaccinated 
participants (controls) in a pediatric phase III trial in Africa. RTS,S/AS01E-vaccinated 
children had significantly higher frequencies of CSP- and HBsAg-specific CD4+ T cells 
producing IL-2, TNF-α, and CD40L and HBsAg-specific CD4+ T producing IFN-γ and 
IL-17 than baseline and the control group. Vaccine-induced responses were identified 
in both central and effector memory (EM) compartments. EM CD4+ T cells expressing 
IL-4 and IL-21 were detected recognizing both vaccine antigens. Consistently higher 
response rates to both antigens in RTS,S/AS01E-vaccinated than comparator-vacci-
nated children were observed. RTS,S/AS01E induced polyfunctional CSP- and HBsAg-
specific CD4+ T cells, with a greater degree of polyfunctionality in HBsAg responses. In 
conclusion, RTS,S/AS01E vaccine induces T cells of higher functional heterogeneity and 
polyfunctionality than previously characterized. Responses detected in memory CD4+ 
T  cell compartments may provide correlates of RTS,S/AS01-induced immunity and 
duration of protection in future correlates of immunity studies.

Keywords: malaria, Plasmodium falciparum, vaccine, cellular immune responses, T cells, intracellular cytokine 
staining, flow cytometry
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INTRODUCTION

A highly efficacious vaccine can substantially contribute to 
control and eventual elimination of malaria. This life-threatening 
disease caused an estimated 429,000 deaths in 2015 (1), mainly 
among sub-Saharan African children. In 2009–2014, the RTS,S/
AS01E malaria vaccine was evaluated in a pediatric Phase III trial 
in Africa (2–4). Vaccine efficacy (VE) against clinical malaria 
over 1 year post-immunization was moderate (56%) in children 
enrolled at age 5–17 months and low (31%) in infants enrolled at 
age 6–12 weeks. Importantly, the protective effects waned quickly 
over time. To better understand why the RTS,S/AS01E vaccine 
induced only partial and short-lived protection against malaria, a 
thorough examination of the immune responses elicited, includ-
ing different effector functions and memory phenotypes, using 
qualified or validated assays to ensure appropriate assay sensitiv-
ity and specificity to detect small frequencies of antigen-specific 
cells is needed.

RTS,S is a vaccine based on the circumsporozoite protein 
(CSP) of Plasmodium falciparum, targeting the sporozoite and 
liver stages of infection. This self-assembling virus-like particle 
consists of a recombinant protein containing part of CSP fused 
to the hepatitis B surface antigen (HBsAg) and it is coexpressed 
with HBsAg alone. In the Phase III trial, RTS,S was formulated 
with AS01E liposomal adjuvant containing monophosphoryl 
lipid A and QS21 and was designed to induce strong anti-CSP 
antibody and T helper (TH) 1 cell responses. Accordingly, in 
past clinical trials in endemic areas, RTS,S consistently induced 
high anti-CSP IgG titers (5–11) and moderate TH1 CD4+ T cell 
responses (5–10). IgG titers have been recently shown to cor-
relate with vaccine-induced protection in secondary analysis 
of Phase III trial data (12, 13). However, IgG responses do not 
explain why RTS,S/AS01E VE is moderate or short-lived.

Regarding the cellular responses, CD4+ T  cells expressing 
IL-2, TNF-α, and IFN-γ (and CD40L in naïve adults) have been 
detected by intracellular cytokine staining (ICS) or ELISpot 
(5–11, 14, 15) upon vaccination. In vaccinated naïve adults 
challenged with P. falciparum-infected mosquitoes, CSP-specific 
CD4+ T cells and IFN-γ measured by ELISPot were associated 
with protection (11, 14, 15). One study evaluating RTS,S/AS02D 
in African children less than 1 year old did not find any associa-
tion with protection (5), whereas in another one with RTS,S/
AS01E in children 5–17  months old observed CSP-specific 
TNF-α+ CD4+ T cell responses to be associated with a reduced 
risk of clinical malaria independently of anti-CSP IgG titers 
(8). Polyfunctional analysis of the ICS data of the later study 
showed that IFN-γ-IL-2−TNF-α+ CD4+ T  cells independently 
predicted reduced risk of clinical malaria, although the response 
was also detected in control vaccinees, and found a synergistic 
interaction with anti-CSP IgG titers (9). CD8+ T cell responses 
were only detected in humans in two studies, one in infants in 
whom the responses were not correlated with protection and 
the other in naïve adults (5, 14). Interestingly, NK  cells were 
found to be the main producers of IFN-γ in one field trial, but 
its association with protection was not assessed (10). Overall, no 
clear cellular correlates of protection have been demonstrated 
in African trials although only a limited number of assays 

restricted to a few immune variables have been studied. There 
has been no assessment of other cell effector functions, such as 
TH2 or follicular helper T  cells (TFH), or memory phenotypes 
that may be induced by RTS,S/AS01E and could be correlated 
with antibody responses and involved in vaccine-induced 
protection. Interestingly, in the Phase III trial, we detected TH1 
responses in supernatants of CSP-stimulated cells associated 
with protection in RTS,S/AS01E vaccinees, whereas a TH2 
cytokine, IL-5, was associated with increased risk for malaria 
(16). To our knowledge, TH2 responses had only been examined 
in one previous study in humans, where IL-4 was found elevated 
in culture supernatants from RTS,S/AS02D-vaccinated infants 
(5). Lastly, memory T cell subsets have only been examined in 
a study with malaria-naïve adults who underwent a challenge 
with P. falciparum-infected mosquitoes after RTS,S vaccination. 
In that study, central memory T (TCM) cells and effector/effector 
memory T  cells from RTS,S-vaccinated adults produced IL-2 
after ex vivo CSP stimulation and frequencies were higher in 
protected vs. non-protected subjects (15).

Assessing the memory phenotype, the polyfunctionality 
degree and other relevant functions besides TH1 responses, such 
as TH2, TH17, cytotoxic, or immunoregulatory responses, may be 
key to identify functionally complex responses to RTS,S/AS01E 
and unravel its mode of action. In fact, complexity of the immune 
response to malaria and the partial and short-lived protection 
induced by RTS,S/AS01E stresses the need to expand the breadth 
of immunological profiling to TH2- and regulatory-type markers. 
This may be particularly relevant in infants in African settings, as 
they are exposed to prenatal and environmental factors that may 
modulate immune response to vaccines.

The aim of this study was to analyze RTS,S/AS01E cel-
lular immunogenicity after primary vaccination using two 
qualified 16-color multiparametric ICS assays that allow the 
assessment of memory cell subsets and regulatory, cytotoxic, 
TH1, TH2, TH17, TFH effector functions, most of them never 
assessed before, and to identify and establish a baseline of cell 
phenotypes and functional responses to be evaluated in stud-
ies of immune correlates of protection elicited by the vaccine. 
To this end, we analyzed the CSP- and HBsAg-specific cells  
ex vivo using previously cryopreserved peripheral blood mono-
nuclear cells (PBMC) isolated from a subset of children aged 
5–17  months at enrollment from Tanzania and Mozambique 
and following receipt of either the RTS,S/AS01E vaccine or a 
comparator rabies vaccine.

MATERIALS AND METHODS

Study Population and Study Design
We performed a study on a subset of 179 children aged 5–17 months 
from the RTS,S/AS01E Phase III trial (ClinicalTrials.gov 
NCT00866619), described elsewhere (4): 105 children received 
RTS,S/AS01E and 74 children received the rabies vaccine as a 
comparator at study months zero (M0), one, and two. PBMC were 
collected at M0 before vaccination and approximately 30  days 
after the third vaccination dose (M3). RTS,S/AS01E-vaccinated 
and rabies-vaccinated children were randomly selected for this 
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study among participants with no reported malaria episodes 
defined by observation of P. falciparum parasites on blood smears, 
identified through passive case detection during 18  months of 
follow-up after third vaccination dose. Of note, PBMC samples 
from children who had malaria cases were reserved for future 
correlates analyses to test the selected markers identified in this 
study. Samples were collected in two different African centers: 
Manhiça Health Research Center, Fundação Manhiça (FM-CISM, 
Mozambique; 120 children), and Ifakara Health Institute and 
Bagamoyo Research and Training Centre (IHI-BRTC, Tanzania; 
59 children). The two sites had low-medium malaria transmission 
intensity at the time of the study (2–4). Investigators conducted 
all assays blinded to vaccination status.

Sample Collection
Blood was collected in 5  ml sodium citrate (BD Vacutainer® 
CPT™) tubes. PBMCs were isolated by density gradient cen-
trifugation, cryopreserved and shipped to the Fred Hutchinson 
Cancer Research Center where the PBMC were thawed and 
stained (see Methods in Supplementary Material).

PBMC Stimulations
Thawed PBMC were rested in a 37°C, 5% CO2 incubator over-
night. The resting step increases the sensitivity of the assay (data 
not shown), probably by decreasing the stress and activation 
of PBMC due to the thawing process and exposure to the toxic 
cryopreservation agent. PBMC were stimulated with peptide 
pools covering the HBsAg or the CSP antigen present in the 
RTS,S vaccine (Table S1 in Supplementary Material). Negative 
controls contained 0.5% DMSO, the diluent for peptide pools, 
and Staphylococcal enterotoxin B was used as positive control 
stimulation at 1 µg/ml. Cultures were incubated 6 h at 37°C, 5% 
CO2. This short incubation time increases the sensitivity and 
specificity of the assay to detect antigen-specific cells, avoiding 
non-specific and secondary immune responses. Further details 
are found in Supplementary Material.

Intracellular Cytokine Staining
Peripheral blood mononuclear cells were stained with one 
of two 16-color ICS panels that were designed for the study 
and that had previously undergone assay qualification with a 
formerly validated panel (17, 18). Cell staining was performed 
as described (17) (Supplementary Material). Antibody details 
can be found in Tables S2 and S3 in Supplementary Material. 
Data were acquired using a BD LSR II flow cytometer (BD 
Biosciences) directly from the plates using a high throughput 
sampler. We found some toxicity of HBsAg peptides, but since 
we could exclude dead cells, data were considered acceptable 
for analysis. We noted some spillover from CD154 to CXCR5 
and therefore, TFH-like cells were excluded from the analysis. 
Flow cytometry analysis was performed using FlowJo software 
(Version 9.9 Tree Star). Gating strategies for both panels are 
shown in Figures S1 and S2 in Supplementary Material.

Statistical Analysis
The raw FCS files and manual gates were imported into the R 
environment (19) using the OpenCyto framework (20) and cell 

counts for the cell gates of interest were obtained for all stimula-
tions and subjects.

For the analysis of the effect of vaccination on the frequen-
cies of cells expressing the functional markers, a multivariate 
linear mixed effect model was fitted using logarithm-10 trans-
formed cell frequencies (cells expressing the functional marker/
total number of cells within each cell subset) as an outcome. 
These models are commonly used (21–24) and allow to model 
jointly the different cell stimulations that each subject sample 
underwent using random effects. The model included a random 
intercept for the subject effect nested within stimulation and a 
random slope for timepoint. In these models, observations gen-
erated by different subjects (biological replicates) are assumed 
to be independent. We included the following predictors in the 
regression models (as fixed effects): stimulation (CSP, DMSO, 
or HBsAg and DMSO, as appropriate), time of visit (pre- vs. 
post-vaccination), and vaccination status (RTS,S/AS01E vs. 
comparator vaccine), as well as all interactions between the 
three factors to allow variations of responses across subgroups 
of vaccinees and time. Linear combination of coefficients 
in these models allowed addressing specific study questions 
(details in Supplementary Material). Through these models, we 
estimated the % change in cell frequencies in RTS,S/AS01E vs. 
comparator vaccinees at each timepoint, the % change from M0 
to M3 in each vaccine group, and the % change in RTS,S/AS01E 
vs. comparator vaccinees accounting for both timepoints. 
Statistical significance of comparisons was based on likelihood 
ratio tests. Antigen-specific responses were analyzed account-
ing for background, i.e., DMSO stimulation.

To define positivity of responses in each cell subset and sub-
ject, we identified the functional markers that were differentially 
expressed between the antigen (CSP or HBsAg) stimulations 
and their corresponding background (DMSO control stimula-
tion) for each cell subset, subject, and at each timepoint. Thus, 
the proportion of cells expressing that marker was compared 
between the two stimulation conditions for each subject and 
timepoint. The statistical method used was mixture models for 
single-cell assays (MIMOSA) (25), using the default algorithm 
(Expectation–Maximization algorithm) and a false-discovery 
rate of 0.05%. This method was chosen because it has higher 
sensitivity and specificity than alternative methods such as 
Fisher’s exact test (25). A separate model for each functional 
marker, cell subset, and stimulation was fitted. Once we had 
defined the positivity or negativity for each functional marker, 
cell subset, subject, and timepoint, then the proportion of chil-
dren with positive responses between vaccine groups at baseline 
or 1-month post-vaccination was compared using two-sided 
Fisher’s exact test.

Polyfunctional responses (cell subsets that express multiple 
functional markers) were analyzed using combinatorial polyfunc-
tionality analysis of antigen-specific T cell subsets (COMPASS) 
(26). COMPASS models all cell subsets expressing functional 
markers simultaneously and selects the subsets most likely to 
have a positive antigen-specific response. The antigen-specific 
response is quantified by the probability of having a positive 
response. COMPASS functionality and polyfunctionality scores, 
summarizing each subject’s polyfunctional profile, were compared 
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between vaccine groups using Wilcoxon test. The functionality 
score is the estimated proportion of antigen-specific cell subsets 
detected among all possible ones, whereas the polyfunctionality 
score is similar but weighted by the degree of polyfunctionality. 

In addition, COMPASS generates heatmaps that show the poste-
rior probabilities for each modeled cell subset for each subject. 
CD107a marker was eliminated from MIMOSA and COMPASS 
analysis, because peptide pool stimulation was associated with a 

FIGURE 1 | Continued
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FIGURE 1 | Continued  
CSP- and hepatitis B surface antigen (HBsAg)-specific CD4+ T cell responses induced by RTS,S/AS01E. CSP- (A) and HBsAg- (B) specific CD4+ T cells expressing 
the common functional markers of both intracellular cytokine staining panels. (i) Forest plot showing the overall effect of RTS,S/AS01E (R) vaccination from baseline 
(M0) to 1 month post-third immunization (M3) taking into account the M0–M3 changes in comparator (C) vaccinees. The % change between RTS,S/AS01E and 
comparator vaccinees taking into account M0–M3 changes and 95% confidence intervals shown were obtained with a multivariate linear mixed effect model. P 
values (P) were obtained through likelihood ratio test and were adjusted for multiple testing (P-Adj) through Holm’s approach. (ii) Box plots showing the frequencies 
of CD4+ T cells expressing the functional markers after background subtraction found to be statistically significant in (i). Boxplots illustrate the medians and the 25th 
and 75th quartiles, and whiskers display 1.5 times interquartile ranges, outliers are not shown to facilitate visualization of the differences between comparison 
groups. Differences between vaccine groups at M0 and at M3 and differences from M0 to M3 within each vaccine group were computed through a multivariate 
linear mixed effect model and P values obtained through likelihood ratio test and were adjusted for multiple testing through Holm approach. Only significant P values 
adjusted for multiple testing are shown. Sample size in (A), for markers detected by both staining panels N = 100 RTS,S/AS01E and 65 comparator at M0, 100 
RTS,S/AS01E and 70 comparator at M3. For comparisons including M0 and M3, only subjects that had samples at both timepoints are included (N = 156 for 
markers detected by both panels, N = 83 for markers detected by panel 1, N = 73 for markers detected by panel 2). Sample size in (B) N = 62 RTS,S/AS01E and 
36 comparator at M0, 67 RTS,S/AS01E and 50 comparator at M3. For IL-17 (detected by panel 2) N = 30 RTS,S/AS01E and 18 comparator at M0, 37 RTS,S/
AS01E and 27 comparator at M3. For comparisons including M0 and M3, only subjects that had samples at both timepoints are included (N = 71 for markers 
detected by both panels, N = 35 for markers detected by panel 1, N = 36 for markers detected by panel 2).
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non-specific increase in CD107a compared to background, and 
response positivity could not be defined.

Statistical tests were considered significant at 0.05 α-level. 
Adjustments for multiple testing were done using Holm (27) 
and Benjamini–Hochberg (28) approaches. All analyses were 
conducted using R software. See Supplementary Material for 
detailed descriptions.

RESULTS

Study Population
We used two different multiparameter ICS panels to assess cellu-
lar immune responses specific to the RTS,S/AS01E vaccine anti-
gens. PBMC from 55 RTS,S and 41 comparator vaccinees, and 50 
RTS,S and 33 comparator vaccinees were stained with antibody 
panel 1 (P1) and panel 2 (P2), respectively. The two panels had 
the same set of core markers, which allowed the exclusion of 
dead cells, monocytes (CD14), identification of CD4+ and CD8+ 
T cells (CD4, CD8 and CD3), NK and NK-T cells (CD56), the 
TH1 cytokines IFN-γ, IL-2, and TNF-α, the TH2 cytokine IL-4, 
the costimulatory molecule CD154 (CD40L), and the cytotoxic 
marker granzyme B (Figures S1 and S2 in Supplementary 
Material; Tables S2 and S3 in Supplementary Material). P1 
additionally had CD45RA and CCR7 markers that allowed the 
identification of memory cell subsets, and IL-21, a cytokine 
related to TFH. Panel 2 (P2) included γδ TCR for the identifica-
tion of γδ T cells and several functional markers: the regulatory 
cytokine IL-10, the TH2 cytokine IL-13, the TH17 cytokine IL-17, 
and cytotoxicity marker CD107a. The gating strategy is detailed 
in Figures S1 and S2 in Supplementary Material. The common 
set of core markers (lineage and functional markers) allowed 
the pooled analysis for these markers. Males and females were 
similarly represented in both study sites and vaccine groups, 
with a proportion of 59 and 56.8% females in the RTS,S/AS01E 
and comparator groups, respectively.

Frequencies of CSP- and HBsAg-Specific 
CD4+ T Cells Induced by RTS,S/AS01E
We compared frequencies of CSP- or HBsAg-specific T  cells 
expressing functional markers in RTS,S- and rabies-vaccinated 

children, accounting for the pre-vaccination frequencies in a 
multivariate model. RTS,S/AS01E-vaccinated children had a 
statistically significant increase of CSP-specific CD4+ T  cells 
expressing IL-2 (217% increase), TNF-α (72.3%), and CD154 
(101.4%) from baseline to post-vaccination in contrast to the 
rabies vaccinees (Figure 1A, i). We observed larger increases over 
time of HBsAg-specific CD4+ T cells expressing IL-2 (732.2%), 
TNF-α (346%), and CD154 (268.3%) (Figure  1B, i) in RTS,S/
AS01E than in rabies vaccinees.

Figure  1A (ii) and Figure  1B (ii) show the frequencies 
of CSP- and HBsAg-specific CD4+ T  cells after background 
subtraction. Higher frequencies of CSP- and HBsAg-specific 
CD4+ T  cells expressing the above markers, and additionally 
HBsAg-specific CD4+ T cells expressing IFN-γ and IL-17 cells, 
were observed in RTS,S/AS01E vaccinees at post-vaccination 
compared to baseline and to comparators. No differences were 
detected between the two vaccine groups at baseline, or from 
baseline to post-vaccination in comparator vaccinees, the latter 
suggesting that there was no effect of naturally acquired immu-
nity on cellular responses.

Antigen-specific T  cells in memory subsets, defined by 
CD45RA and CCR7, were analyzed following vaccination. CD4+ 
TCM (CD45RA− CCR7+) and CD4+ TEM (CD45RA− CCR7−) cells 
recognized both vaccine antigens. After accounting for baseline 
frequencies, RTS,S/AS01E vaccinees had more CSP-specific 
CD4+ TEM cells producing IL-2 and TNF-α, respectively, than 
comparator vaccinees (Figure  2A, i). Comparisons between 
vaccine groups at post-vaccination and from baseline to post-
vaccination revealed additional responses: higher frequencies 
of CD4+ TCM expressing IL-2 and TNF-α and CD4+ TEM cells 
expressing CD154, IL-4 and IL-21, in RTS,S/AS01E than com-
parator vaccinees (Figure  2A, ii). Regarding HBsAg-specific 
responses, RTS,S/AS01E vaccinees had increased frequencies 
of CD4+ TCM producing IL-2, TNF-α and CD154 and CD4+ TEM 
producing IL-2, TNF-α, CD154 and IL-21 than comparator 
vaccinees (Figure 2B, i).

Therefore, RTS,S/AS01E vaccination induced CSP and 
HBsAg-specific CD4+ TCM and CD4+ TEM with TH1, and addi-
tional TH2, and TFH functions. No overall effect of RTS,S vaccina-
tion was detected on the frequencies of terminally differentiated 
CD4+ T cells (CD45RA+ CCR7−), naïve CD4+ T cells (CD45RA+ 
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FIGURE 2 | Continued
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FIGURE 2 | Continued  
CSP- and hepatitis B surface antigen (HBsAg)-specific CD4+ T cell memory responses induced by RTS,S/AS01E. CSP- (A) and HBsAg- (B) specific memory CD4+ 
T cell subsets [central memory (CM); effector memory (EM); naive (N); terminally differentiated (TD)] expressing functional markers measured in the intracellular 
cytokine staining panels panel 1. (i) Forest plot showing the overall effect of RTS,S/AS01E (R) vaccination from baseline (M0) to 1 month post-third immunization 
(M3) taking into account the M0–M3 changes in comparator (C) vaccinees. The % change between RTS,S/AS01E and comparator vaccinees and 95% confidence 
intervals shown were obtained with a multivariate linear mixed effect model. P values (P) were obtained through likelihood ratio test and were adjusted for multiple 
testing (P-Adj) through Benjamini–Hochberg approach. (ii) Box plots showing the frequencies of CD4+ TCM and CD4+ TEM cells expressing selected functional markers 
after background subtraction. Boxplots illustrate the medians and the 25th and 75th quartiles, and whiskers display 1.5 times interquartile ranges, outliers are not 
shown to facilitate visualization of the differences between comparison groups. Differences between vaccine groups at M0 and at M3 and differences from M0 to M3 
within each vaccine group were computed through a multivariate linear mixed effect model and P values obtained through likelihood ratio test and were adjusted for 
multiple testing through Holm approach. Only significant P values adjusted for multiple testing are shown. Sample size in (A) For N = 53 RTS,S/AS01E and 35 
comparator at M0, 52 RTS,S/AS01E and 39 comparator at M3. For comparisons including M0 and M3, only subjects that had samples at both timepoints are 
included (N = 83). Sample size in (B) N = 32 RTS,S/AS01E and 18 comparator at M0, 37 RTS,S/AS01E and 27 comparator at M3. For comparisons including M0 
and M3, only subjects that had samples at both timepoints are included (N = 35).
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CCR7+), other analyzed cell subsets (NK, NK-T like, γδ T, CD8+ 
T  cells) or on other functional markers (Tables S5 and S6 in 
Supplementary Material).

Non-Specific CD4+ T Cell and CD8+ T Cell 
Responses Induced by RTS,S/AS01E 
Vaccination
Analysis of frequencies of cell subsets expressing functional 
markers in the background (DMSO, serving as the unstimu-
lated control) revealed non-specific responses (i.e., not specific 
for CSP or HBsAg) upon RTS,S/AS01E vaccination (Figure 3). 
Accounting for baseline and responses in comparator vac-
cinees, RTS,S/AS01E vaccination increased the frequencies of 
CD4+ T  cells producing IL-2 or TNF-α or CD154, IL-4, and 
CD107a (Figure  3A, i). In comparator vaccinees, a decrease 
in these two subsets from baseline to post-vaccination was 
detected. Interestingly, RTS,S/AS01E vaccination also increased 
the frequencies of CD8+ T  cells producing IL-4 and CD107a 
(Figure 3B, i).

Since we detected an effect of RTS,S/AS01E vaccination in 
the background, we looked at the ex vivo antigen stimulations 
when not accounting for background. RTS,S/AS01E-vaccinated 
children had CD4+ T  cells and CD8+ T  cells expressing IL-4 
and CD107a, as was observed for the background alone and, 
thus, likely reflecting non-specific responses (Figure S3 in 
Supplementary Material). Additionally, RTS,S/AS01E vaccina-
tion increased the frequencies of CD4+ T cells expressing IL-13 
and CD8+ T  cells expressing CD154 and IL-2 or TNF-α or 
CD154 following CSP stimulation when not taking background 
into account (Figure S3 in Supplementary Material). These addi-
tional responses in RTS,S/AS01E-vaccinated children were no 
longer significant when taking into account the background and 
likely reflect a non-specific effect of RTS,S/AS01E vaccination.

Higher Proportion of Positive CD4+ T Cell 
Responses Defined by MIMOSA in  
RTS,S/AS01E than Comparators
To assess the vaccine specificity of the antigen-specific T cell 
responses detected and the rate of responders to the RTS,S/
AS01E vaccine (participants whose T-cells responded to 

stimulation), we determined the positivity of the responses for 
each subject comparing the frequencies of T cells expressing a 
functional marker in the antigen-stimulated and unstimulated 
control conditions for each participant using the MIMOSA 
statistical method. If a response is truly vaccine specific, one 
would expect to detect it after vaccination but not at baseline 
or in the comparator vaccinees. We found a significantly higher 
proportion of IL-2+, TNF-α+, and CD154+ CD4+ T cell positive 
CSP-specific responses in RTS,S/AS01E than in comparator 
vaccinees post-vaccination (Table 1). Response rates for these 
markers ranged from 24 to 30% in RTS,S/AS01E vaccinees; 
whereas for comparator vaccinees, there were none or very few 
responses (Table 1). Similarly, CSP-specific positive responses 
were absent or very low at baseline, supporting the specific-
ity of the definition of positivity (Table S7 in Supplementary 
Material).

For HBsAg, we additionally detected more IFN-γ+ and IL-17+ 
CD4+ T cell positive responses in RTS,S/AS01E than comparator 
vaccinees at post-vaccination. Rates of HBsAg responders ranged 
from 26.7 to 76.1% in RTS,S/AS01E vaccinees (Table 1). However, 
a proportion of comparator vaccinees at post-vaccination and 
all vaccinees at M0 were also positive (Table  1; Table S7 in 
Supplementary Material), likely due to the fact that these children 
received the hepatitis B vaccine during the Expanded Program of 
Immunization (EPI) before the study. Most of the CSP respond-
ers were also HBsAg responders (Figure S4 in Supplementary 
Material).

When looking at CD4+ TCM and CD4+ TEM cell subsets, 
we found a significantly higher proportion of CSP respond-
ers in RTS,S/AS01E than in comparator vaccinees for IL-2, 
TNF-α, and CD154 (Table  2). Regarding HBsAg responses, 
RTS,S/AS01E vaccinees had higher rates of IL-2 and CD154 
responses in CD4+ TCM cells and IFN-γ, IL-2, TNF-α, 
CD154 and IL-21 responses in CD4+ TEM than comparator 
vaccinees. Very few positive responses to CSP and HBsAg 
were detected in comparator vaccinees or at baseline 
(Table  2; Table S8 in Supplementary Material). Almost 
no positive responses were found in the other cell subsets  
analyzed (CD4+ TTD, CD4+ TN, NK, NK-T like, γδ T, CD8+ T cells, 
and memory CD8+ T cell subsets), and no significant differences 
were detected between vaccination groups for any of the two  
vaccine antigens (Tables S9–S11 in Supplementary Material).
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CSP- and HBsAg-Specific Polyfunctional 
CD4+ T Cell Responses Induced by  
RTS,S/AS01E
When analyzing the pooled data for the functional markers 
included in both panels, RTS,S/AS01 vaccinees had significantly 

higher functionality and polyfunctionality scores for CSP- and 
HBsAg-specific CD4+ T  cells than comparator vaccinees 
(Figures 4A,B). Heatmaps of posterior probabilities of responses 
showed CSP-specific CD4+ T  cell responses among subsets 
coexpressing three markers (IL-2, TNF-α, and CD154), and 
two markers (TNF-α and CD154; IL-2 and TNF-α) in RTS,S/

FIGURE 3 | Continued
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FIGURE 3 | Continued  
Non-specific CD4+ T and CD8+ T cell responses induced by RTS,S/AS01E as determined by the difference between M0 and M3 for the control stimulation. 
Frequencies in control stimulations (stimulation with the peptide diluent, DMSO, considered background) of CD4+ T cells (A) and CD8+ T cells (B) expressing the 
common functional markers of both intracellular cytokine staining panels and also functional markers measured separately in each panel. (i) Forest plot showing the 
overall effect of RTS,S/AS01E (R) vaccination from baseline (M0) to 1 month post-third immunization (M3) taking into account the M0–M3 changes in comparator (C) 
vaccinees. The % change between RTS,S/AS01E and comparator vaccinees and 95% confidence intervals shown were obtained with a multivariate linear mixed 
effect model. P values (P) were obtained through likelihood ratio test and were adjusted for multiple testing (P-Adj) through Holm approach. (ii) Box plots showing the 
frequencies of T cells expressing functional markers when significant differences were detected. Boxplots illustrate the medians and the 25th and 75th quartiles, and 
whiskers display 1.5 times interquartile ranges, outliers are not shown to facilitate visualization of the differences between comparison groups. Differences between 
vaccine groups at M0 and at M3 and differences from M0 to M3 within each vaccine group were computed through a multivariate linear mixed effect model and P 
values obtained through likelihood ratio test and were adjusted for multiple testing through Holm approach. Only significant P values adjusted for multiple testing are 
shown. Sample size in (A) for markers detected by both staining panels N = 100 RTS,S/AS01E and 65 comparator at M0, 101 RTS,S/AS01E and 70 comparator at 
M3. For CD107a (detected by panel 2), N = 47 RTS,S/AS01E and 30 comparator at M0, 49 RTS,S/AS01E and 31 comparator at M3. For comparisons, including 
M0 and M3, only subjects that had samples at both timepoints are included (N = 157 for markers detected by both panels, N = 83 for markers detected by panel 1 
and N = 74 for markers detected by panel 2). Sample size in (B) for markers common from both staining panels N = 100 RTS,S/AS01E and 64 comparator at M0, 
99 RTS,S/AS01E and 69 comparator at M3. For CD107a N = 47 RTS,S/AS01E and 30 comparator at M0, 47 RTS,S/AS01E and 31 comparator at M3. For 
comparisons including M0 and M3, only subjects that had samples at both timepoints are included (N = 154 for markers detected by both panels, N = 82 for 
markers detected by panel 1 and N = 742 for markers detected by panel 2).

TABLE 1 | Comparison of proportion of positive CD4+ T cell responses to CSP and hepatitis B surface antigen (HBsAg) between RTS,S/AS01E and comparator 
vaccinees 1-month post-third vaccination.

CSP HBsAg

RTS,S/AS01E Comparator P-value RTS,S/AS01E Comparator P-value

Functional 
markera

Intracellular 
cytokine staining 

panelb

Positive/total (%) Positive/total (%) Raw Pc Adj Pd Positive/total (%) Positive/total (%) Raw Pc Adj Pd

IFN-γ P1 and P2 1/100 (1%) 0/70 (0%) 1 1 34/67 (50.75%) 9/50 (18%) <0.001 0.001
IL-2 P1 and P2 30/100 (30%) 0/70 (0%) <0.001 <0.001 49/67 (73.13%) 9/50 (18%) <0.001 <0.001
TNF-α P1 and P2 24/100 (24%) 0/70 (0%) <0.001 <0.001 48/67 (71.64%) 4/50 (8%) <0.001 <0.001
CD154 P1 and P2 29/100 (29%) 5/70 (7.14%) <0.001 0.002 51/67 (76.12%) 15/50 (30%) <0.001 <0.001
IL-4 P1 and P2 0/100 (0%) 2/70 (2.86%) 0.17 0.5 17/67 (25.37%) 6/50 (12%) 0.1 0.2
IL-2 or TNF-α or 
CD154

P1 and P2 21/100 (21%) 0/70 (0%) <0.001 <0.001 46/67 (68.66%) 2/50 (4%) <0.001 <0.001

IL-21 P1 2/52 (3.85%) 0/39 (0%) 0.5 1 20/37 (54.05%) 12/27 (44.44%) 0.61 1
IL-10 P2 0/48 (0%) 0/31 (0%) 1 1 3/30 (10%) 2/23 (8.7%) 1 1
IL-13 P2 5/48 (10.42%) 1/31 (3.23%) 0.39 1 20/30 (66.67%) 8/23 (34.78%) 0.03 0.11
IL-17 P2 1/48 (2.08%) 0/31 (0%) 1 1 8/30 (26.67%) 0/23 (0%) 0.007 0.03

Bold font indicates differences with p-values <0.05.
aGranzyme B was included in the analysis, but not shown because it is constitutively expressed independently of cell stimulation and activation.
bData from markers detected by both staining panels, P1 and P2, are combined.
cRaw P, original P-value computed based on two-sided Fisher’s exact test.
dAdj P, P values adjusted for multiple testing through Holm’s approach.

9

Moncunill et al. Cellular Responses to RTS,S/AS01E Malaria Vaccine

Frontiers in Immunology | www.frontiersin.org August 2017 | Volume 8 | Article 1008

AS01E vaccinees, whereas almost no responses were detected in 
comparator vaccinees or at baseline (Figure 4A, ii). For HBsAg 
responses, more CD4+ T cell subsets with positive responses and 
with higher degree of polyfunctionality were detected in RTS,S/
AS01E vaccinees (Figure  4B, ii). Besides the same triple- and 
double-positive CD4+ T cell responses recognizing CSP antigen, 
we also detected CD154+ IL-2+ TNF-α+ IFN-γ+ CD4+ T  cells 
and CD154+ IL-2+ TNF-α+ IL4+ CD4+ T cells. By contrast, com-
parator vaccinees or all vaccinees at baseline had none or weak 
responses in these subsets that could be explained by background 
responses to previous malaria exposure or hepatitis B vaccination. 
Therefore, RTS,S/AS01E induced polyfunctional CD4+ T cells to 
both vaccine antigens, with a higher degree of polyfunctionality 
for HBsAg that included TH1 and TH2 responses.

When the COMPASS analysis was performed using all the 
functional makers included in each antibody panel separately, we 
identified additional highly polyfunctional CD4+ T cell subsets 

coexpressing IL-13 (for both vaccine antigens) or IL-21 (for 
HBsAg) in addition to IL-2, TNF-α and CD154 (Figure S5 in 
Supplementary Material). This further highlights the induction 
of highly polyfunctional CD4+ T cell subsets with a TH2 and TFH 
functions by RTS,S/AS01E. No polyfunctional responses were 
detected in CD8+ T cells for either vaccine antigen.

DISCUSSION

We provide a detailed characterization of the ex vivo antigen-
specific T cell response induced by RTS,S/AS01E vaccination in a 
pediatric Phase III trial (2–4). In addition to previously described 
IL-2- and TNF-α-expressing CD4+ T cell responses (5–10), we 
have identified for the first time in a pediatric field trial TH2 
effector functions and IL-21 in RTS,S vaccinees, attributed the 
responses to the central memory (CM) and effector memory 
(EM) compartments, and observed polyfunctional CD4+ T cell 
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TABLE 2 | Comparison of proportion of positive responses to CSP and hepatitis B surface antigen (HBsAg) in memory CD4+ T cell subsets between RTS,S/AS01E and 
comparator vaccinees 1-month post-third vaccination.

CSP HBsAg

RTS,S/AS01E Comparator P-value RTS,S/AS01E Comparator P-value

Memory subset Functional 
markera

Positive/total (%) Positive/total (%) Raw Pb Adj Pc Positive/total (%) Positive/total (%) Raw Pb Adj Pc

CM IFN-γ 1/52 (1.92%) 0/39 (0%) 1 1 1/37 (2.7%) 0/27 (0%) 1 1
IL-2 12/52 (23.08%) 0/39 (0%) <0.001 0.009 14/37 (37.84%) 0/27 (0%) <0.001 0.001
TNF-α 8/52 (15.38%) 0/39 (0%) 0.01 0.049 8/37 (21.62%) 0/27 (0%) 0.02 0.058
CD154 11/52 (21.15%) 0/39 (0%) 0.002 0.01 12/37 (32.43%) 1/27 (3.7%) 0.005 0.02
IL-4 0/52 (0%) 0/39 (0%) 1 1 2/37 (5.41%) 0/27 (0%) 0.5 1
IL-21 0/52 (0%) 0/39 (0%) 1 1 0/37 (0%) 0/27 (0%) 1 1

EM IFN-γ 1/52 (1.92%) 0/39 (0%) 1 1 9/37 (24.32%) 0/27 (0%) 0.008 0.03
IL-2 21/52 (40.38%) 0/39 (0%) <0.001 <0.001 23/37 (62.16%) 1/27 (3.7%) <0.001 <0.001
TNF-α 12/52 (23.08%) 0/39 (0%) <0.001 0.009 18/37 (48.65%) 0/27 (0%) <0.001 <0.001
CD154 14/52 (26.92%) 2/39 (5.13%) 0.01 0.049 21/37 (56.76%) 1/27 (3.7%) <0.001 <0.001
IL-4 4/52 (7.69%) 0/39 (0%) 0.13 0.46 8/37 (21.62%) 1/27 (3.7%) 0.07 0.19
IL-21 7/52 (13.46%) 0/39 (0%) 0.02 0.07 16/37 (43.24%) 2/27 (7.41%) 0.002 0.01

TD IFN-γ 0/52 (0%) 0/39 (0%) 1 1 0/37 (0%) 0/27 (0%) 1 1
IL-2 0/52 (0%) 0/39 (0%) 1 1 0/37 (0%) 0/27 (0%) 1 1
TNF-α 0/52 (0%) 0/39 (0%) 1 1 0/37 (0%) 0/27 (0%) 1 1
CD154 0/52 (0%) 0/39 (0%) 1 1 0/37 (0%) 0/27 (0%) 1 1
IL-4 0/52 (0%) 0/39 (0%) 1 1 0/37 (0%) 0/27 (0%) 1 1
IL-21 0/52 (0%) 0/39 (0%) 1 1 0/37 (0%) 0/27 (0%) 1 1

Naive IFN-γ 0/52 (0%) 0/39 (0%) 1 1 1/37 (2.7%) 2/27 (7.41%) 0.57 1
IL-2 0/52 (0%) 0/39 (0%) 1 1 4/37 (10.81%) 2/27 (7.41%) 1 1
TNF-α 0/52 (0%) 0/39 (0%) 1 1 5/37 (13.51%) 0/27 (0%) 0.07 0.19
CD154 0/52 (0%) 0/39 (0%) 1 1 1/37 (2.7%) 0/27 (0%) 1 1
IL-4 0/52 (0%) 0/39 (0%) 1 1 0/37 (0%) 0/27 (0%) 1 1
IL-21 0/52 (0%) 0/39 (0%) 1 1 14/37 (37.84%) 11/27 (40.74%) 1 1

Bold font indicates differences with p-values <0.05.
CM, central memory (CD45RA− CCR7+); EM, effector memory (CD45RA− CCR7−); TD, terminally differentiated (CD45RA+ CCR7−).
aGranzyme B was included in the analysis, but not shown because it is constitutively expressed independently of cell stimulation and activation.
bRaw P, original P-value computed based on two-sided Fisher’s exact test.
cAdj P, P values adjusted for multiple testing through Benjamini–Hochberg approach.
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responses, which may be a key feature of a protective response. 
Although this analysis was limited to vaccine recipients who did 
not become infected with P. falciparum, this study has identified 
key immune responses that can be examined in a larger case-
control study within this trial.

RTS,S/AS01E vaccination induced distinct antigen-specific 
CD4+ T  cell populations in a subset of children: CSP-specific 
IL-2, TNF-α, and CD154 CD4+ T  cell responses and HBsAg-
specific IFN-γ, IL-2, TNF-α, CD154, and IL-17 CD4+ T  cell 
responses. Frequencies of cytokine-positive CD4+ T  cells 
were consistent with the frequencies of IL-2 and TNF-α CSP-
specific responses reported previously in RTS,S Phase II trials 
in endemic areas (5–10). Although no clear associations of 
TNF-α and IL-2 responses with protection were found in past 
field studies, they could contribute in RTS,S-induced protection  
(8, 9). TNF-α is an effector cytokine that may mediate mecha-
nisms of P. falciparum pre-erythrocytic protection (29–31) 
and IL-2 induces proliferation of T  cells and amplifies effector 
functions. CD4+ T  cells producing IL-2 may contribute to the 
memory pool of CD4+ T cells with effector functions since they 
can be maintained during long periods of time and can develop 
into IFN-γ-producing T cells following subsequent stimulation 
(32). Of note, rates of IL-2 CSP responders (23–40% depending 

on the CD4+ T cell subset) were similar to the estimated VE in 
the Phase III trial (50% after a year of follow-up or 28% till study 
end) (4). IL-2 expression can also induce NK activation and 
secretion of IFN-γ (10, 33, 34), a key effector cytokine involved 
in malaria protection (35). Contrary to previous findings, we 
did not detect IFN-γ expression in CD4+ T  cells or NK  cells  
ex vivo following CSP stimulation (5, 7, 8, 10, 14). This is probably 
due to the short stimulation time in our study compared to longer 
times in whole blood assays from previous studies, which allowed 
bystander activation of CD4+ T cells and NK cells through IL-2 
(10). Remarkably, we detected CD40L expression in antigen-
specific CD4+ T cells, in contrast to previous field studies (6, 7).

Importantly, CD4+ T cell responses were detected in CM and 
EM compartments. Memory phenotypes are relevant to define 
high-quality and long-lasting responses, for instance, the higher 
proliferative potential of CM cells has been associated with pro-
tection from infection (32, 36–38). CD4+ TCM responses could, 
therefore, be involved in long-lasting protection, whereas the 
CD4+ TEM responses could be associated with the short protec-
tion observed in the trial. IL2+, CD154+, and TNF-α+ CD4+ 
TCM cells were detected, whereas CD4+ TEM cells had additional 
effector functions, in accordance with the different cytokine 
profiles associated with these memory T cell subsets (32, 39, 40) 
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FIGURE 4 | CSP- (A) and hepatitis B surface antigen (HBsAg)-specific (B) CD4+ T cell polyfunctional responses. (i) Box plots of functionality and polyfunctionality 
scores calculated by combinatorial polyfunctionality analysis of antigen-specific T cell subsets (COMPASS), stratified by vaccine group and timepoint. The 
functionality score represents the estimated proportion of cell subsets showing positive responses among all possible cell subsets expressing any functional marker, 
whereas the polyfunctional score is similar but it is weighted by the degree of polyfunctionality. Boxplots illustrate the medians and the 25th and 75th quartiles, and 
whiskers display 1.5 times interquartile ranges. COMPASS analysis was performed using the common markers of both panels and all subjects with data (IL-4, IFN-γ, 
granzyme B (GzB), IL-2, TNF-α, CD154, 64 possible subsets). P values computed through Wilcoxon tests and adjusted for multiple testing through Holm approach 
separately for CSP and HBsAg antigens are shown. (ii) Heatmap of COMPASS posterior probabilities showing CD4+ T cell responses to CSP and HBsAg in RTS,S/
AS01E and comparator vaccinees at pre-vaccination (M0) and 1 month post-third vaccination (M3). Columns represent functional cell subsets with detectable 
antigen-specific responses, color coded by the number of functional markers they express and are ordered by increasing degree of polyfunctionality. Rows represent 
study children, which are stratified by vaccine status, at the top the comparator vaccinees and at the bottom the RTS,S/AS01E vaccinees. Each cell shows the 
probability (color coded by purple intensity) that the corresponding child shows an antigen-specific response in the corresponding cell subset. Sample size in (A) 
N = 100 RTS,S/AS01E and 65 comparator at M0, 100 RTS,S/AS01E and 70 comparator at M3; (B) N = 62 RTS,S/AS01E and 36 comparator at M0, 67 RTS,S/
AS01E and 50 comparator at M3.
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and studies reporting CD4+ TEM cells as the main producers of 
effector cytokines (32, 40). Higher frequencies of CD4+ TEM cells 
expressing IL-4, and IL-21 for both vaccine antigens, and IFN-γ 
for HBsAg, were detected in RTS,S/AS01E-vaccinated children 
compared to baseline frequencies or comparator vaccinees. TH2 
(IL-4) and TFH (IL-21) effector functions together with CD40L 
could provide help to B  cells for humoral responses and may 

correlate with antibody responses (41–44). No responses were 
detected in CD4+ TTD cells, a cell subset with high IFN-γ effec-
tor function, with no long-term memory potential and fated for 
death (32).

RTS,S/AS01E vaccination induced polyfunctional CSP- and 
HBsAg-specific CD4+ T cells. This finding is particularly impor-
tant since multifunctional T cells have been associated with higher 
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quality responses and risk (26) or protection from infections 
(45, 46). Most CSP and HBsAg positive responses were found 
in the triple functional marker CD4+ T cell subset coexpressing 
IL-2, TNF-α, and CD154, although we also observed responses 
in a 4-function subset coexpressing IL-13. For HBsAg, we also 
found numerous responses in CD4+ T  cells subsets simultane-
ously producing four functional markers: IL-2, TNF-α, CD154 
plus IL-21 or IFN-γ or IL-4, reflecting TFH, TH1 and TH2 distinct 
differentiation of these effector cell subsets.

Overall, HBsAg-specific responses were of higher magni-
tude, effector breadth and polyfunctionality than CSP-specific 
responses, suggesting a higher quality of response probably due 
to a booster effect since children should have been previously vac-
cinated with hepatitis B, or a higher immunogenicity of HBsAg 
compared to CSP due to the higher proportion of HBsAg than 
CSP in RTS,S (4:1).

RTS,S/AS01E may have a non-specific effect since higher 
background CD4+ T  cell and CD8+ T  cell responses were 
detected after vaccination compared with baseline. Since these 
responses included IL-4 and CD107a, it could be indicating a 
bias to a TH2 status and higher cytolytic potential of T cells in 
RTS,S/AS01E-vaccinated children. There is increasing evidence 
of non-specific effect of vaccines (47, 48), but a non-specific effect 
of RTS,S/AS01E may still have an impact on the response against 
P. falciparum infection. The significance of these responses may 
be worth noting in the context of the future correlates analyses. 
This finding of a non-specific effect highlights the importance of 
correcting for the background (by subtracting background) in 
order to assess antigen-specific effects.

In this study, we only included children without experiencing  
a documented malaria episode during the 18  months of 
follow-up; therefore, the clinical relevance of our findings will 
be assessed in future correlates studies. The exclusion of malaria 
cases is unlikely to bias results and affect study conclusions since 
malaria transmission intensity was low at that time in Manhiça 
and Bagamoyo and lack of malaria is not likely to be due solely 
to vaccine-induced protection, but also to lack of exposure to 
the mosquito-bearing parasite. Another potential limitation of 
our study relates to the toxicity of HBsAg peptide concentration 
used. Although this could impact cellular responsiveness, we did 
exclude dead and dying cells in the analysis, and it is likely that 
any impact would affect both vaccine groups.

The breadth of functions, patterns, and variability of responses 
to CSP, together with memory phenotypes of responding cell 
subsets described in our study, reflects a complex response to the 
RTS,S/AS01 vaccine. These responses, together with anti-CSP 
IgG data, may provide insights into the lack of protection in a 
substantial proportion of vaccinees, and may be key in providing 
correlates for VE and duration of protection.
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Abstract. Weareusingcontrolled humanmalaria infection (CHMI) bydirect venous inoculation (DVI) of cryopreserved,
infectious Plasmodium falciparum (Pf) sporozoites (SPZ) (PfSPZ Challenge) to try to reduce time and costs of developing
PfSPZ Vaccine to preventmalaria in Africa. Immunizationwith five doses at 0, 4, 8, 12, and 20weeks of 2.7 × 105 PfSPZ of
PfSPZ Vaccine gave 65% vaccine efficacy (VE) at 24 weeks against mosquito bite CHMI in U.S. adults and 52% (time to
event) or 29% (proportional) VE over 24weeks against naturally transmitted Pf inMalian adults.We assessed the identical
regimen in Tanzanians for VE against PfSPZ Challenge. Twenty- to thirty-year-old men were randomized to receive five
dosesnormal salineorPfSPZVaccine in adouble-blind trial. Vaccineefficacywasassessed3and24weeks later. Adverse
eventswere similar in vaccinees and controls. Antibody responses toPf circumsporozoite proteinwere significantly lower
than in malaria-naı̈ve Americans, but significantly higher than in Malians. All 18 controls developed Pf parasitemia after
CHMI. Four of 20 (20%) vaccinees remained uninfected after 3 week CHMI (P = 0.015 by time to event, P = 0.543 by
proportional analysis) and all four (100%)were uninfected after repeat 24weekCHMI (P=0.005by proportional,P=0.004
by time to event analysis). Plasmodium falciparum SPZ Vaccine was safe, well tolerated, and induced durable VE in four
subjects. Controlled human malaria infection by DVI of PfSPZ Challenge appeared more stringent over 24 weeks than
mosquito bite CHMI in United States or natural exposure inMalian adults, thereby providing a rigorous test of VE in Africa.

INTRODUCTION

In2015 and in 2016, therewere an estimated429,000–730,500
deaths caused by malaria.1–3 Plasmodium falciparum (Pf) is
the cause of > 98% of malaria deaths and > 80% of malaria
cases in sub-Saharan Africa. Our goal is to field a vaccine that
will prevent infection with Pf and thereby prevent all mani-
festations of Pf malaria and parasite transmission from
humans to mosquitoes.4

Plasmodium falciparum sporozoites (SPZ) are the only im-
munogens that have ever prevented Pf infection in > 90% of
subjects.5–7 Sanaria® PfSPZ Vaccine (Sanaria Inc., Rockville,
MD) is composed of radiation-attenuated, aseptic, purified,
cryopreserved PfSPZ.8,9 When administered by rapid in-
travenous injection, PfSPZ Vaccine protected 100% (6/6) of
malaria-naı̈ve subjects in the United States against mosquito
bite–controlled human malaria infection (CHMI) with Pf para-
sites similar to those in the vaccine (homologous) 3 weeks after
the last immunization,10 and 65% at 24 weeks.11 Protection
was durable against homologous mosquito bite CHMI for at
least 59 weeks12 and heterologous (parasites different than in
vaccine) mosquito bite CHMI for at least 33 weeks.13 PfSPZ
Vaccine also prevented naturally transmitted heterogeneous
Pf in adults in Mali for at least 24 weeks (vaccine efficacy [VE]
52% by time to event and 29% by proportional analysis).14

We used the same dosage regimen as in the United States
and Mali to evaluate the tolerability, safety, immunogenicity,
and VE of PfSPZ Vaccine in young adult male Tanzanians.

Previously, we had conducted the first modern CHMI in Africa
and showed that injection of aseptic, purified, cryopreserved
PfSPZ, Sanaria® PfSPZ Challenge, consistently infected
Tanzanian volunteers and subsequently repeated in multiple
other countries.15–21 In this study, we took advantage of this
capability to assess VE of PfSPZVaccine byCHMIwith PfSPZ
Challenge (NF54). The same PfSPZ Vaccine dosage regimen
was less immunogenic and protective in Tanzanians than in
Americans,11 and VE against homologous CHMI in Tanzania
was lower (or similar) to VE against intense field exposure to
heterogeneous Pf parasites in Mali.14

MATERIAL AND METHODS

Study design and population. This double-blind, ran-
domized, controlled trial was conducted in Bagamoyo, Tan-
zania, between April 2014 and August 2015. Sixty-seven
healthy male volunteers of 18–35 years of age were recruited
from higher learning institutions in Dar es Salaam. After initial
screening, prospective volunteers were invited to the Bag-
amoyo Clinical Trial Unit of the Ifakara Health Institute (IHI) to
complete informed consent and screening.
All had to complete a 20-question assessment of trial un-

derstanding with a 100% correct response rate on the first or
second attempt (Supplemental Table 1) to be eligible. Volun-
teers were screened using predetermined inclusion and ex-
clusion criteria (Supplemental Tables 2 and 3). History of
malaria in the previous 5 years or antibodies to Pf exported
protein 1 (PfEXP1) byanenzyme-linked immunosorbent assay
(ELISA) above a level associated with a single, recent Pf in-
fection by CHMI19 (see the Antibody assays section) were the
exclusion criteria. Hematology, biochemistry, and parasitol-
ogy testing, including malaria thick blood smear (TBS), stool,

* Address correspondence to Stephen L. Hoffman, Sanaria Inc., 9800
Medical Center Dr., Suite A209, Rockville, MD 20850. E-mail:
slhoffman@sanaria.com
†These authors contributed equally to this study.
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and urine by microscopy was carried out. Tests for human
immunodeficiency virus andhepatitis B andCwereperformed
after counseling; volunteers were excluded if positive and
referred for evaluation and management by appropriate local
physicians. Volunteers were excluded if they had significant
abnormalities on electrocardiograms.
The trial was performed in accordance with Good Clinical

Practices. The protocol was approved by institutional review
boards (IRBs) of the IHI (Ref. No. IHI/IRB/No:02-2014), the Na-
tional Institute for Medical Research Tanzania (NIMR/HQ/R.8a/
Vol.IX/1691), the Ethikkommission Nordwest-und Zentral-
schweiz, Basel, Switzerland (reference number 261/13), and by
the Tanzania Food and Drug Authority (Ref. No. TFDA 13/CTR/
0003); registered at Clinical Trials.gov (NCT02132299); and
conducted under U.S. FDA IND application.
Investigational products (IPs). The IPs were Sanaria®

PfSPZ Vaccine8–14 and Sanaria® PfSPZChallenge.15–20 PfSPZ
Vaccine consists of aseptic, purified, vialed, metabolically ac-
tive, nonreplicating (radiation attenuated), cryopreserved
PfSPZ (NF54 strain). It was stored, thawed, diluted, and ad-
ministered by direct venous inoculation (DVI) in 0.5 mL through
a 25-gauge needle.11,14,18,20 PfSPZ Challenge is identical to
PfSPZ Vaccine except it is not radiation attenuated. It was
handled and administered like PfSPZ Vaccine. Preparation of
IPs was supervised by the study pharmacist. After labeling the
syringe, the pharmacist handed it to the clinical team through a
window.
Allocation and randomization. Volunteers were allocated

to five groups (Table 1; Figure 1). Forty-nine received PfSPZ
Vaccine and eight normal saline (NS). Ten were additional in-
fectivity controls. The clinical team and volunteers were blin-
ded to assignment to vaccine or NS until study end.
Group 1. Three volunteers received consecutive doses of

3×104, 1.35× 105, and 2.7× 105PfSPZofPfSPZVaccine at 4-
week intervals to assess safety (Group 1).
Groups 2 and 3. Volunteers were randomized to receive

1.35 × 105 PfSPZ of PfSPZ Vaccine (N = 20) or NS (N = 4)
(Group 2), or 2.7 × 105 PfSPZ of PfSPZ Vaccine (N = 20) or NS
(N = 4) (Group 3) at 0, 4, 8, 12, and 20 weeks.
Group 4. Six volunteers were immunized with 2.7 × 105

PfSPZ of PfSPZ Vaccine on the same schedule as Group 3.
Group 5. Ten volunteers served as unblinded infectivity

controls during CHMIs (see in the following paragraph): two
with CHMI #1, two with CHMI #2, and six with CHMI #3.
Vaccine efficacy. Controlled human malaria infection.

Vaccine efficacy was assessed by CHMI by DVI of 3.2 × 103

PfSPZ of PfSPZ Challenge. Controlled human malaria in-
fection #1 was 3 weeks after the last immunization in Group 2.
Controlled human malaria infection #2 was 3 weeks after the

last immunization in Group 3. Controlled human malaria in-
fection #3was 24weeks after the last immunization in Groups
3 and 4 and included the four volunteers in Group 3 who did
not develop parasitemia after CHMI #2 and the six Group 4
volunteers. Volunteers were inpatients from day 9 after PfSPZ
Challenge injection for observation until diagnosed and
treated for malaria or until day 21; daily outpatient monitoring
for TBS-negative volunteers continued until day 28. Thick
bloodsmearswereobtainedevery12hours ondays9–14after
CHMI and daily on days 15–21 until positive or until day 21.
Thick blood smears could be performed more frequently, if
volunteers had symptoms/signs consistent withmalaria. After
initiation of treatment, TBSs were assessed until two con-
secutive daily TBSs were negative and on day 28.
Detection of Pf parasites and parasite DNA. Slide prepara-

tion and reading for TBSs were performed as described.19

Sensitivity was 2 parasites/μL blood unless the volunteer was
symptomatic, in which case four times as many fields were
read. Parasitemia was also determined by quantitative poly-
merase chain reaction (qPCR) with sensitivity of 0.1 parasites/
μL blood based on a multiplex assay detecting Plasmodium
spp. 18S genes and the human RNaseP gene as endogenous
control.22 A second, more sensitive qPCR assay with a sen-
sitivity of 0.05 parasites/μL blood and targeting the Pf-specific
telomere-associated repetitive element 223 was used to
reanalyze all samples thatwere negative by 18S-based qPCR.
After the start of CHMI, the time of first blood sample positivity
by qPCR was used to determine infection status and for the
calculation of prepatent period. Volunteers were continuously
monitored by qPCR until malaria treatment based on TBS
positivity. The World Health Organization International Stan-
dard for Pf DNA Nucleic Acid Amplification Techniques
(NIBSC, Hertfordshire, United Kingdom) was used as stan-
dard for calculation of parasite densities. DNA was extracted
from 100 μL whole blood and eluted with 50 μL Elution Buffer
using Quick-gDNA Blood MicroPrep Kit (Zymo Research,
Irvine, CA). Blood samples were analyzed retrospectively by
qPCR after storing at −80!Cafter the conclusion of CHMIs. To
exclude field strain infections, parasite genotyping was per-
formed on samples randomly chosen as described.24 In all
cases in which TBS was negative and qPCR was considered
positive, two consecutive samples were positive by qPCR.
Adverse events (AEs). Volunteers were observed as in-

patients for 48 hours after administration of IP and discharged
with diaries and thermometers for recording AEs and tem-
peratures and followed with daily telephone calls. Symptoms
and signs (solicited and unsolicited) were recorded and
graded by physicians: mild (easily tolerated), moderate
(interfere with normal activity), severe (prevents normal activity),

TABLE 1
Demographic characteristics of volunteers

Vaccinees Normal saline controls Infectivity controls

Number of volunteers 49 8 10
Percentage males 100% 100% 100%
Mean age in years (range) 24 (20, 30) 23 (20, 28) 25 (21, 28)
Percentage Africans 100% 100% 100%
Mean body mass index (range) 22.33 (18.00, 29.70) 21.91 (19.00, 24.20) 21.68 (18.40, 24.30)
Number (%) heterozygous for alpha thalassemia 22 (44.9%) 4 (50%) 5 (50%)
Number (%) with LTBI* (QuantiFERON positive) 17 (34.7%) 3 (36.5%) 1 (10%)
Number (%) positive on screeningof urine or stool for parasitic infection 0 (0%) 1 (12.5%) 0 (0%)
Number (%) students 49 (100%) 8 (100%) 10 (100%)
* Latent tuberculosis infection.
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or life threatening. Axillary temperature was grade 1 (> 37.5–
38.0!C), grade 2 (> 38.0–39.0!C), grade 3 (> 39.0–40.0!C), or
grade 4 (> 40.0!C). Hematological and biochemical abnormali-
ties were also assessed using standard clinical assays.
During the first 7 days after injection of IPs, prespecified

local (site of injection) and systemic AEswere solicited. Open-
ended questioning was used to identify unsolicited AEs
through day 28 (Supplemental Table 4). All AEswere assessed
for severity and relatedness to IP administration. Adverse
events were classified as definitely related, probably related,
possibly related, unlikely to be related, and not related. Defi-
nitely, probably, and possibly were considered to be related.
Unlikely to be related and not related were considered to be
unrelated.ForCHMIs, volunteers returnedonday9 foradmission
to theward for diagnosis and treatment ofmalaria. Events during
the8–28dayperiodwereassessed for relationship toPf infection
and considered related if the event waswithin 3 days before and
7 days after TBS was first positive.

Antibody assays. Sera were assessed for antibodies
by ELISA, immunofluorescence assay (aIFA), and inhibition
of sporozoite invasion (ISI) assay as described (seeSupplemental
Table 5).25 For ELISAs, the results are reported as the serum di-
lution at which the optical density (OD) was 1.0. Enzyme-linked
immunosorbent assay forPfEXP1wasused toscreen volunteers
for possible malaria exposure (Supplemental Table 6). Any
subject with an OD 1.0 of ³ 600 was excluded. This was be-
cause we had previously determined in Tanzanians who un-
derwent CHMI19 that antibodies to PfEXP1 at this level were a
sensitive indicator of recent Pf infection (unpublished).
T-cell assays.T-cell responses in cryopreservedperipheral

blood mononuclear cells (PBMC) were measured by flow
cytometry in a single batch after the study as described.12

After stimulation, cells were stained as described.26 The
staining panels are in Supplemental Table 7 and antibody
clones and manufacturers are in Supplemental Table 8. All
antigen-specific frequencies are reported after background

FIGURE 1. Volunteer participation (CONSORT 2010 diagram). This figure appears in color at www.ajtmh.org.
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subtractionof identical gates from the samesample incubated
with control antigen. Data were analyzed with FlowJo v9.9.3
(TreeStar, Ashland, OR) and graphed in Prism v7.0a (Graph-
Pad, San Diego, CA).
Statistical analysis. Comparisons of categorical variables

between groups were analyzed using 2-tailed Fisher’s exact
test. Comparisons of continuous variables between groups
were analyzed by 2-tailed nonparametric tests. For multiple
group comparisons, theKruskal–Wallis testwas used. Time to
event was assessed by the Kaplan–Meier curves and log-rank
test. Vaccine efficacy by time to event was quantified using
Cox proportional hazards ratios. Time to event data were
analyzed from CHMI injection until positive TBS result or
positive qPCR result. Controlled human malaria infection
follow-up period lasted until day 28 after CHMI injection.
Analyses of immunological data are described with the data.
Role of the funding source. The funders were involved in

study design, study management, data collection, data anal-
ysis, data interpretation, and writing the report. Salim Abdulla
and Stephen L. Hoffman had full access to all data in the study
and final responsibility for decision to submit for publication.

RESULTS

Study population and experience with DVI. Fifty-seven
Tanzanianmen (Table 1; Figure 1)met the criteria (Supplemental
Tables 2 and 3) and received PfSPZ Vaccine (N = 49) or NS
(N = 8). All volunteers had AA hemoglobin and normal G6PD
activity. Thirty-one volunteers (46%) were heterozygous for
α-thalassemia; 21 had evidence of latent tuberculosis in-
fection by Quantiferon testing, but showed no evidence of
active tuberculosis. One volunteer (group 2, NS) had
Strongyloides stercoralis on screening and was success-
fully treated before vaccination (Table 1).
Of 237 immunizations with PfSPZ Vaccine, 234 were com-

pleted with a single injection (98.7%). Two hundred and thirty

injections (97.0%) were considered painless by the volunteer.
For NS subjects, 39 of 40 immunizations (97.5%) were com-
pleted in a single injection and 39 of 40 (97.5%) considered
painless by the volunteer. The nurse performing immuniza-
tions considered the procedure to be simple in 265 of 273
single injections (97.1%).
One subject in Group 2 received four immunizations. The

third immunization was withheld while the subject was evalu-
ated forwhatwasdiagnosedasbenign ethnic neutropenia.27,28

One subject in Group 4missed his second immunization when
he left town. All other subjects (other than Group 1 and added
infectivity controls) received five immunizations.
Safety. Among 49 volunteers who received 237 doses of

PfSPZVaccine, therewere 17 solicited AEs possibly related to
IP (17/237 = 7.2%) in 10 of the 49 vaccinees (20.4%) (Table 2).
Among eight volunteers who received 40 doses of NS, there
were two solicited AEs possibly related to IP (2/40 = 5.0%) in
one of the eight controls (12.5%) (Table 2). There were no AEs
consideredby theclinicians tobeprobably or definitely related
to IP. There were no local or serious AEs. One episode each of
headache and fever were grade 2; all other solicited AEs were
grade 1. None of the comparisons of AEs between vaccinees
and controls or between Group 2 (1.35 × 105 PfSPZ) and
Groups 3 and 4 (2.7 × 105 PfSPZ) showed statistically signif-
icant differences (Table2). Twenty-six of 49vaccinees (53.1%)
experienced 43unsolicitedAEs (0.88/individual) in the 28days
following injections #1–#4 and the 21 days before CHMI after
injection #5. Seven of eight controls (87.5%) experienced 14
unsolicited AEs (2/individual) during this period. None of these
unsolicited AEs recorded within 28 days of an immunization
was considered related to IP.
Laboratory abnormalities occurred at roughly equal rates

comparing PfSPZ Vaccine recipients and controls, except for
leukocytosis and eosinophilia, which were more frequent in
controls (Table 3). There was no apparent explanation for
these differences. A cyclic variation in total bilirubin following

TABLE 2
Solicited AEs by group considered possibly* related to administration of the investigational product during the first 7 days post immunization

Group 1 (dose escalation) Group 2 (1.35 × 105 PfSPZ) Group 3 (2.7 × 105 PfSPZ) Group 4 (2.7 × 105 PfSPZ) Total PfSPZ vaccine NS controls

Number of volunteers 3 20 20 6 49 8
Total number of injections 9 99 100 29 237 40
Number of local AEs 0 0 0 0 0 0
Numbers of systemic AEs (% of total immunizations)
All 1 (11%) 10 (10.1%) 6 (6%) 0 17 (7.2%) 2 (5.0%)
Headache* 1 (11%) 7 (7%)† 2 (2%) 0 10 (4.2%) 1 (2.5%)
Abdominal pain 0 2 (2%) 1 (1%) 0 3 (1.3%) 0
Chills 0 0 1 (1%) 0 1 (0.4%) 0
Fever 0 0 2 (2%) 0 2 (0.8%) 0
Diarrhea 0 0 0 0 0 1 (2.5%)
Chest pain 0 1 (1%) 0 0 1 (0.4%) 0
Other 0 0 0 0 0 0

Systemic AEs - no. volunteers with ³ 1 event (% of volunteers)
Any 1 (33%) 7 (35%) 2 (10%) 0 10 (20.4%) 1 (13%)
Headache 1 (33%) 6 (30%) 2 (10%) 0 9 (18.4%) 1 (13%)
Abdominal pain 0 2 (10%) 1 (5%) 0 3 (6.1%) 0
Chills 0 0 1 (5%) 0 1 (2.0%) 0
Fever 0 0 2 (10%) 0 2 (4.1%) 0
Diarrhea 0 0 0 0 0 1 (13%)
Chest pain 0 1 (5%) 0 0 1 (2.0%) 0
All other 0 0 0 0 0 0
AEs = adverse events; PfSPZ =Plasmodium falciparum sporozoites. There were no significant differences between vaccinees as compared with normal saline (NS) controls for any or all AEs. All

AEswere grade 1, except one headache and one fever. Local solicited AEs: injection site pain, tenderness, erythema, swelling, or induration. Systemic solicited AEs: allergic reaction (rash, pruritus,
wheezing, shortness of breath, bronchospasm, allergy-related edema/angioedema, hypotension, and anaphylaxis), abdominal pain, arthralgia, chest pain/discomfort, chills, diarrhea, fatigue, fever,
headache, malaise, myalgia, nausea, pain (other), palpitations, shortness of breath, and vomiting.
* All AEs were considered possibly related. None were considered probably or definitely related.
† 4/7 episodes of headache occurred after the third vaccine dose and did not recur with fourth or fifth doses. No factor was identified to account for this apparent clustering of headache.
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each immunization was observed equally in volunteers re-
ceiving vaccine or NS that was attributed to enriched diet, as
the volunteers were transported to Bagamoyo from Dar es
Salaam during the periods of immunization and CHMI and
were amply fed (see Supplemental Figure 1). In Dar esSalaam,
malaria transmission is low. No volunteer had malaria during
screening or during the trial other than from CHMI.
Tolerability, safety, and VE during CHMI. Forty-six vac-

cinees, eight NS controls, and 10 added infectivity controls
underwent homologous CHMI. All subjects were negative by
TBS and qPCR for Pf infection on the day of CHMI. Two vol-
unteers were excluded from primary analysis—a Group 2
volunteer who left the area 2 days after administration of
PfSPZ Challenge and a Group 4 volunteer who left 9 days
after. Both volunteers were located and treated preemptively.
Tolerability and safety of administration of PfSPZ challenge.

Controlled humanmalaria infection was well tolerated with no
local solicited AEs and three systemic solicited AEs (grade 1
headache inGroup 3, grade 2 headache inGroup 4, and grade
1 arthralgia in an infectivity control) in the 7 days post-
administration of PfSPZ Challenge.
Parasitemia. Controls. The 18 NS and infectivity controls

developed Pf infection after CHMI (16 TBS and qPCR positive
and two TBS negative and qPCR positive) (Figure 2A–D and
Supplemental Table 9). These included four NS and two in-
fectivity controls in CHMI #1, the same in CHMI #2, and six
infectivity controls in CHMI #3. All received the same lot of
PfSPZChallenge. One isolate of those positive fromCHMI #1,
one fromCHMI #2, and four fromCHMI #3 were genotyped,24

and all parasites tested were PfNF54. Vaccine efficacy was
calculated based on the results of qPCR assays from the six
controls in CHMI #1, CHMI #2, and CHMI #3 individually
(Figure 2D).
Group2 (1.35×105PfSPZ). Seventeenof 18 volunteerswho

received fivedoses and1/1 volunteerwho received four doses
developed parasitemia (Figure 2A), 15 positive by TBS and
qPCR, and 3 by qPCR only (CHMI #1) (Supplemental
Table 10). One volunteer was negative through day 28 by
TBS and qPCR. Vaccine efficacy by proportional analysis

was 5.56% (95% confidence interval [CI]: 3.61%, 14.73%;
P>0.99, Fisher’s exact test, 2-tailed). Therewas no significant
delay in parasitemia by qPCR in the vaccinees as compared
with controls (P = 0.4481 by log rank).
Group 3 (2.7× 105 PfSPZ). First CHMI at 3weeks (CHMI #2):

16/20 volunteers who received five doses developed para-
sitemia (Figure 2B), all positive by TBS and qPCR; four vol-
unteers were negative through day 28 by TBS and qPCR.
Vaccine efficacy by proportional analysis was 20% (95% CI:
4.62%, 35.38%; P = 0.543). There was a delay in the onset of
parasitemia in vaccinees as comparedwith controls (P=0.015
by log rank).
Second CHMI at 24 weeks (CHMI #3): The four uninfected

volunteers from the first CHMI underwent a second CHMI
24 weeks after the last vaccine dose (Figure 2C). Three were
negative by TBS and qPCR through day 28 day. The fourth
volunteer, who was asymptomatic, was reported to have a
positive TBS on day 12 and treated. The sample with positive
TBSwas negative by retrospective qPCR. Reevaluation of the
TBS indicated anerror in slide reading (false-positive). Vaccine
efficacy by proportional analysis at this time point was 100%
(for 3/3 and 4/4 protected: 95%CI: 43.8%, 100%, and 51.01%,
100%; P = 0.012 and 0.005, respectively). However, given the
20% VE at 3 weeks by proportional analysis, overall VE by pro-
portional analysis was considered to be 20%.
Group 4 (2.7 × 105 PfSPZ). First CHMI at 24 weeks after the

last vaccine dose (CHMI #3): 4/5 vaccinees developed para-
sitemia by TBS and qPCR. The fifth was negative by TBS, but
positive by qPCR (see Supplemental Table 10). Therewas one
excluded volunteer (see the previous paragraph). Vaccine ef-
ficacybyproportional analysiswas0%(P>0.99%). Therewas
a significant delay in the onset of parasitemia by qPCR in
vaccinees as compared with controls (P = 0.001 by log rank).
α-thalassemia. Volunteers heterozygous for α-thalassemia

were no more likely to be TBS negative and qPCR positive
than volunteers without α-thalassemia (three of 27 versus
three of 34, P = 1.0). Protection from CHMI did not correlate
with α-thalassemia status; 3/37 with normal hemoglobin and
2/29 heterozygous for α-thalassemia were protected.

TABLE 3
Summary of abnormal laboratory values and severity grades

Vaccinees in Group 2
(1.35 × 105 PfSPZ)

(N = 20)

Vaccinees in groups 3
and 4 (2.7 × 105 PfSPZ)

(N = 26) NS controls (N = 8) P values: vaccinees
(N = 46) vs.

controls (N = 8)Laboratory parameter No. % No. % No. %

Leukocytosis 1 5 2 7.7 3 37.5 0.0358
Leukopenia 6 30 7 27 1 12.5 > 0.05
Neutropenia 6 30 5 19 2 25 > 0.05
Lymphopenia 3 15 3 11.5 2 25 > 0.05
Eosinophilia 0 0 2 7.7 3 37.5 0.0194
Decreased hemoglobin 1 5 0 0 0 0 > 0.05
Thrombocytopenia 1 5 0 0 0 0 > 0.05
Elevated creatinine 2 10 4 15.4 2 25 > 0.05
Low total bilirubin 4 20 7 27 1 12.5 > 0.05
Elevated total bilirubin 2 10 2 7.7 2 25 > 0.05
Elevated alkaline phosphatase 1 5 2 7.7 0 0 > 0.05
Elevated alanine aminotransferase 3 15 5 19 2 25 > 0.05
Elevated aspartate aminotransferase 0 0 3 11.5 0 0 > 0.05
PfSPZ=Plasmodium falciparumsporozoites.P valuescalculatedusingFisher’sexact test (2-tailed).Onevolunteerwho receivedsalinedevelopedGrade3eosinophilia attributed toStrongyloides

stercoralis infection, which improved with anthelminthic therapy. This volunteer had a baseline of mild eosinophilia, which persisted throughout the clinical trial. All other laboratory abnormalities
were Grade 2 or less. There was no association between laboratory abnormalities and time after a dose or increasing number of doses. Three abnormalities during immunization were deemed
clinically significant or Grade 3. One was diagnosed as benign ethnic neutropenia, one was lymphopenia associated with an infected foot laceration, and one was eosinophilia associated with
Fasciolopsis buskiandS. stercoralis infection. Lymphopenia andeosinophilia resolvedwith treatment. TwoGroup4 volunteers hadasymptomatic hookworm infectionsdiagnosedbefore controlled
human malaria infection; one was coinfected with Enterobius vermicularis.
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Prepatent periods and parasite densities. Although the
median prepatent periods by TBS in controls in each CHMI
group (12.5, 13.0, and 12.0, respectively) were shorter than in
the vaccinees in Groups 2–4 (14.0, 14.0, and 15.3 days, re-
spectively), these differences did not reach the level of sta-
tistical significance (P = 0.486, P = 0.491, and P = 0.333,
respectively) (Supplemental Table 9). The prepatent periods
by qPCR in vaccineees in Group 3 (3 and 24week CHMIs) and
Group 4 (24 week CHMI) were significantly longer than in the
respective controls (Figure 2D). The parasite densities by
qPCR and TBS at the time of diagnosis for each individual are
in Supplemental Table 10. The median parasite density in
controls versus vaccinees at the timeof first positivitywere 0.5
versus 0.4 parasites/μL for qPCR (P = 0.5714) and 11.2 versus
15.0 parasites/μL for TBS (P = 0.1492).
Tolerability and safety of parasitemiaduringCHMI.Controls.

Sixteen controls developed parasitemia by TBS; 9 (56%)
never had symptoms (Supplemental Table 11). Headache
occurred in 7/7 symptomatic individuals. One of two control
volunteers only positive by qPCRdid not have any symptoms;

the second had headache 8 days after qPCR spontaneously
reverted to negative. No volunteer had symptoms at the time
of first positive qPCR.
Vaccinees. Thirty-five immunized volunteers developed

parasitemia by TBS; 20 (57%) never had symptoms. Three
volunteers had temperature > 39.0!C; all other clinical mani-
festations were grade 1 or 2. Fever (28.6%) and headache
(31.4%) were most common. Compared with controls, ele-
vated temperature was more common in vaccinees with
positive TBSs (9/35 versus 0/16, P = 0.043). There was no
significant difference in the frequency of headache between
controls and vaccinees. In the three volunteers inGroup 2who
were qPCR positive and TBS negative, one developed head-
ache 3 days after qPCR positivity. No volunteer had symp-
toms at the time of first positive qPCR.
Clinical laboratories. No unexpected changes were ob-

served following CHMI. Declines in lymphocyte counts were
observed in TBS positive controls and vaccinees (mean de-
cline 1,110 ± 720 cells/μL and 1,180 ± 680 cells/μL, re-
spectively) on day of first positive TBS. Absolute lymphocyte

FIGURE 2. Kaplan–Meier survival curves in immunized volunteers vs. controls as assessed by quantitative polymerase chain reaction (qPCR).
Kaplan–Meier curves in volunteers undergoing controlled humanmalaria infection (CHMI) 3weeks after the last of five doseswith 1.35 × 105 (Group
2) (A) or 2.7 × 105 (Group 3) (B)Plasmodium falciparumSporozoites (PfSPZ) of PfSPZVaccine. Panel (C) volunteers undergoing either first (Group 4)
or second (Group 3) CHMI 24 weeks after the fifth immunization with 2.7 × 105 PfSPZ of PfSPZ Vaccine. (D) Vaccine efficacy and prepatent period
results. *This was the second CHMI for the 4 volunteers in Group 3 who were protected after the first CHMI at 3 weeks. **One volunteer was
inappropriately treated on day 13 for a false positive TBS. Without this volunteer, 3/3 protected. With this volunteer 4/4 were protected. ***Confi-
dence intervalswere calculatedusingWilson’s score interval. ****Volunteers inCHMI #1and#2 (3weekCHMI inGroups2and3) hadspecimens first
acquired on day9. Volunteers in CHMI #3 (24 week CHMI in Groups 3 and 4) had specimens first acquired on day 8. This figure appears in color at
www.ajtmh.org.
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counts less than 1,000 cells/μL were observed in 8/16 and
16/35 TBS positive controls and vaccinees. All lymphocyte
counts returned to the baseline by day 28. There were mild
decreases in platelet counts in TBS positive subjects, but all
platelet counts were > 100 × 103 cells/μL.
Treatment. Volunteers with positive TBSs were treated with

either atovaquone/proguanil (N = 43) or artemether/lumefantrine
(N = 8) within 24 hours of first positive TBS. Normal saline and
infectivity controlswhowereTBSnegative (N=2)were treatedat
day 28.

Immunogenicity. Antibody responses. Pf circumsporo-
zoite protein (PfCSP) andPfSPZ. Antibodies against PfCSPby
ELISA 1), PfSPZ by aIFA 2), and PfSPZ by ISI 3) in sera taken
2 weeks after the last vaccine dose and just before CHMI
(20–23 days after the last dose) for Groups 2 (CHMI #1) and 3
(CHMI #2) are in Figure 3A–C. The median responses and
those uninfected and infected by qPCR are shown.
For all three assays,median antibody responses before first

CHMI were higher in uninfected than in infected vaccinees.
There was a significant difference in median net aIFA

FIGURE 3. Antibody responses toPlasmodium falciparumSporozoites (PfSPZ) andPfCSPbefore controlled humanmalaria infection (CHMI). For
all assays, uninfected subjects are shown as filled (black) circles and infected subjects are open circles. For each of the defined subject groups, the
interquartile ranges and themedian values of response of subjects in each group are shown. Assessment of antibodies was performed in sera from
subjects before immunization andbeforeCHMI#1 (∼2weeks after the last doseof PfSPZVaccineor normal saline [NS]) and/orCHMI#2 (∼24weeks
after last dose of PfSPZ or NS) (A,D). Antibodies to PfCSP by ELISA are reported as net optical density (OD) 1.0 (the difference in OD 1.0 between
pre-CHMI and preimmunization sera). (B,E) Antibodies to PfSPZ by aIFA are reported as net AFU 2 × 105, the reciprocal serumdilution at which the
fluorescent unitswere2×105 (AFU2×105) in pre-CHMIminuspreimmunization sera. (C,F) Results of inhibitionof sporozoite invasion (ISI) assayare
reported as serumdilution at which therewas 80% reduction of the number of PfSPZ that invaded a human hepatocyte line (HC-04) in the presence
of pre-CHMI as comparedwith preimmunization sera from the same subject. PanelsA–C showgroups 2 (five doses of 1.35 × 105 PfSPZ) and 3 (five
doses of 2.7 × 105 PfSPZ) before short-term CHMI (2 weeks after the last dose of PfSPZ or NS) and panelsD–F show those volunteers in Groups 3
(five dosesof 2.7× 105 PfSPZ) and 4 (fivedoses of 2.7× 105 PfSPZ)whounderwent long-termCHMI (24weeks after the last dose of PfSPZ). PanelG
shows net optical density (OD) 1.0 anti-PfCSP antibodies by an enzyme-linked immunosorbent assay (ELISA) comparing vaccinated Tanzanian
volunteers to volunteers in other trials receiving the same regimen. After five doses of 2.70 × 105 PfSPZ/dose, volunteers in bagamoyo sporozoite
vaccine1 (BSPZV1) (N=25) had a 4.3-fold lowermedian netOD1.0 than those in theU.S.-basedclinical trialWalter ReedArmy Institute ofResearch
(WRAIR) 2080 (N = 26) but a 6.6-fold higher medianOD 1.0 than volunteers in 14-I-N010 in Bamako,Mali (N = 42), wheremalaria transmission rates
are higher. Therewas a significant difference between the results forWRAIR2080 vs. BSPZV1 (P= 0.0012),WRAIR2080 vs. 14-I-N010 (P< 0.0001),
and even 14-I-N010 vs. BSPZV1 (P= 0.002) (two-tailed t-test). AFU= arbitrary fluorescence units; aIFA= antibodies by immunofluorescence assay.
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responses between infected and uninfected volunteers in
Group 3 before CHMI #1 (P = 0.0499, Wilcoxon Rank-Sum
Test), but not PfCSP (P = 0.290) or for ISI (P = 0.249).
In sera collected before CHMI #3 (170–171 days after the

last vaccine dose), antibodies by the three assays for Group 4
and for the four volunteers in Group 3 uninfected in CHMI #1
who underwent CHMI #2 are in Figure 3D–F. All data appear in
Supplemental Table 12.
After the fifth dose, in the PfCSP ELISA, volunteers were

considered to have seroconverted if their net OD 1.0 and OD
1.0 ratio calculated, respectively, by subtracting or dividing by
the prevaccination antibody OD 1.0, were ³ 50 and ³ 3.0. By
these criteria, 15/18 volunteers (83%) in Group 2, 20/20
(100%) in Group 3, and 5/5 (100%) in Group 4 seroconverted,
median net OD 1.0 of positives of 1,189, 2,685, and 961, and
median OD 1.0 ratio of positives of 11.50, 21.15, and 37.83,
respectively (Supplemental Table 13). In the aIFA, volunteers
with a net arbitrary fluorescence unit (AFU) 2×105 of³ 150 and
a ratio of post- to pre-AFU 2 × 105 of ³ 3.0 were considered
positive (Supplemental Table 13). By these criteria, 17/18
volunteers (94%) in Group 2, 18/20 (90%) in Group 3, and 5/5
(100%) in Group 4 seroconverted, median net OD 1.0 of
positives of 2,844, 1,165, and 1,820, and median OD 1.0 ratio

of positives of 1,193.00, 552.88, and 224.86, respectively
(Supplemental Table 13). For the ISI, volunteers with a net ISI
activity of ³ 10% and a ratio of post- to pre-ISI activity of ³ 3.0
were considered positive. By these criteria, 3/18 volunteers
(17%) in Group 2, 8/20 (40%) in Group 3, and 3/5 (60%) in
Group 4 were positive, median net OD 1.0 of positives of
22.05, 38.92, and 12.44, and median OD 1.0 ratio of posi-
tives of 19.79, 12.53, and 13.44, respectively (Supplemental
Table 13).
Other antigens. Two weeks after the fifth dose in Group 2

(1.35 × 105 PfSPZ) and groups 3 and 4 (2.7 × 105 PfSPZ), there
were antibodies to PfCSP in 15/18 and 25/25 subjects, re-
spectively. Ten of 25 volunteers immunized with 2.7 × 105

PfSPZ made antibodies to Pf apical membrane antigen 1 and
4–16% responded to PfCelTOS, PfMSP5, PfMSP1, or Pf
erythrocyte binding antigen 175 (PfEBA175) (Supplemental
Table 14). The presence of antibodies, albeit at low incidence,
against proteins first expressed in late liver stages (PfMSP1
and PfEBA175) was unexpected; results were confirmed by
repeating the assays.No antibody responseswere associated
with protection.
T-cell responses. T cells against liver-stage malaria para-

sites in mice and nonhuman primates immunized with

FIGURE 3. (Continued)
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radiation-attenuated SPZ mediate protection9,29–31 and it is
likely this is the case in humans.12 CD8 and CD4 T-cell re-
sponses generally peak after the first vaccination with PfSPZ
Vaccine.13 In this trial, T-cell responsesweremeasured before
immunization, 2weeks after the first and 2weeks after the final
immunization in Group 2 (1.35 × 105 PfSPZ). For technical
reasons (loss of viability), the other groups could not be
studied.
After the first vaccination, the percent of Pf red blood cell

(PfRBC)-specific and PfSPZ-specific cytokine-producing
memory CD4 T-cell responses increased by 0.25 ± 0.06
(mean ± SEM) and 0.24 ± 0.04, respectively (Figure 4A, B).
Throughout, “naı̈ve T cell” refers to cells that co-express
CCR7 and CD45RA, and “memory T cell” refers to all other
T cells. After the final vaccination, at week 22, the CD4 T-cell
responses were above prevaccine responses by 0.17 ± 0.05
and 0.18 ± 0.05%points, respectively. These responses were
lower than after the same immunization regimen in malaria-
naı̈ve U.S. adults.10

PfRBC-specificCD8 T cells were not significantly above the
prevaccine levels, and PfSPZ-specific CD8 T cells were
slightly above background (Figure 4C, D); responses were
lower than in U.S. adults.10,12

In contrast to other PfSPZ Vaccine trials,10,12–14 there was
negligible change in the frequency of circulating γδ T cells
(Figure 4E) or activation asmeasured by change in expression
of the activation markers HLA-DR and CD38 following immuni-
zation (Figure 4F). To identify potential explanations for lower
cellular immune responses in Tanzanians, we examined fre-
quency of T regulatory (Treg) cells (CD4+Foxp3+CD25+CD127−)
expressing theactivationmarkerCD137 (alsoknownas4-1BB)32

after stimulation with PfRBC. There was no difference in pre-
vaccine frequency of PfRBC-specific Tregs in the Tanzanians
ascomparedwithAmericans10 (Figure4G).ConsistentwithCD4
and CD8 T-cell responses, PfRBC-specific Tregs were highest
after first immunization (Figure 4H). Last, the prevaccine fre-
quency of totalmemory T cells relative to total naı̈ve T cells was
significantly higher than in Americans (Figure 4I).

DISCUSSION

To our knowledge, this was the first assessment of the VE of a
malaria vaccine in Africa against CHMI. Plasmodium falciparum
SPZ Vaccine was well tolerated and safe but less immunogenic
and protective in Tanzanian men than in U.S. volunteers.
In our studies, all 18 controls became infected. Four of 20

(20%) recipients of five doses of 2.7 × 105 PfSPZ did not be-
come infected after homologous CHMI by DVI 3 weeks after
the last immunization. By contrast, 12/13 (92.3%) volunteers
in the United States who received five doses of 2.7 × 105

PfSPZ were protected after homologous CHMI by mosquito
bite 3 weeks after the last vaccine dose.11 When the four un-
infected Tanzanian volunteers underwent repeat homologous
CHMI at 24 weeks after the last dose, all four (100%) were
protected. In the United States, Seven of 10 previously pro-
tected volunteers were protected when they underwent ho-
mologous CHMI at 24 weeks11 and all five volunteers in the
United States who were protected at 21 weeks after the last
immunization (four doses of 2.7 × 105 PfSPZ) were protected
against repeat mosquito-administered CHMI at 59 weeks.12

This could be due to boosting by the small numbers of PfSPZ
administered during the CHMI, or is more likely due to the fact

that in these protected individuals, the protective immune
responses induced by immunization were sustained.
The same exact immunization regimenwas assessed for VE

against intense field transmission of heterogeneous Pf inMali.
Vaccine efficacy against infection with Pf on TBSwas 52%by
time to event and 29% by proportional analysis during
24 weeks after the last vaccine dose.14 This was higher than
the VE by proportional analysis against homologous CHMI in
Tanzania. In Tanzania, there was a significant delay in the
onset of parasitemia after CHMI at 3 and 24 weeks in subjects
who received five doses of 2.7 × 105 PfSPZ and were not fully
protected (Figure 2B–D). Nonetheless, the proportional anal-
ysis suggests that homologous CHMI by DVI of a 100% in-
fectious dose of homologous PfSPZ Challenge is at least as
rigorous as a test of VE and potentially more rigorous than
intense field transmission of heterogeneous Pf.
Vaccine-induced antibody and T-cell responses in the

Tanzanians were lower than in malaria-naı̈ve Americans who
received the exact samedosage regimen. Twoweeks after the
last dose, themedian antibody responses to PfCSP, themajor
protein on the surface of PfSPZ, were 4.3 times lower in the
Tanzanians than those in Americans (P = 0.0012, Student’s
t-test, 2-tailed),11 but significantly higher than in Malians who
received the same immunization regimen (P = 0.002)14

(Figure 3G).
The T-cell responseswere also lower than inAmericans10,12

(Figure 4), but this could only be assessed in PBMCs from
individuals who received the lower dose (five doses of 1.35 ×
105PfSPZ), not in the individualswho received thehigher dose
(five doses of 2.7 × 105 PfSPZ), the group that had sustained
protection for 24 weeks. Thus, it is possible that had PBMCs
from the higher dose group been assessed, responses would
have been comparable to the responses in nonimmune
Americans. The Tanzanians who were assessed had a sig-
nificantly higher proportion of total memory T cells compared
with total naı̈ve T cells at the baseline than did the Americans.
This higher frequency of memory cells compared with naı̈ve
cells may explain the lower immunogenicity due to less
available naı̈ve cells for expansion during the vaccinations.
Moreover, the greater frequency of non-Pf–specific memory
T cells may compete for infected cell contacts during patho-
gen surveillance.33 These data suggest that PfSPZ Vaccine
immunogenicitymaybedependent oncumulative history ofPf
exposure. Another explanation is that an activated immune
microenvironment in the Tanzanians as compared with the
Americans reduced immune responses.34 Helminth infections
have been associated with reduced immune responses to
malaria35; however, the paucity of helminth infections in this
population does not support helminth infection as a cause of
the reduced immune responses.
Therewerenodifferencesbetween vaccineandNSplacebo

recipients in regard to vaccine tolerability or AEs; 97.1%of the
DVI administrations were rated painless and no volunteer
experienced any local AE. Systemic AEs, most commonly
headache, were mild, infrequent, and of short duration, with a
similar frequency in NS controls as in vaccinees (no statisti-
cally significant differences in rates).
Among the controls, 16 of 18were positive for Pf by TBS after

CHMI. However, all 18were positive by qPCR. This is consistent
with findings in Gabon after CHMI.21 It is likely that preexisting
asexual blood stage immunity limits Pf replication in some indi-
viduals. Thus, they never reach the threshold for detection by
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FIGURE 4. Plasmodium falciparumSporozoites (PfSPZ)–specific T-cell responses in vaccine recipients receiving 1.35× 105 PfSPZ. (A–D) PfSPZ-
specific T-cell responses. Frequency of cytokine-producing memory CD4 T cells responding to (A) PfRBC or (B) PfSPZ. Throughout, “naı̈ve T cell”
refers to cells that co-express CCR7 and CD45RA, and “memory T cell” refers to all other T cells. Frequency of cytokine-producing memory CD8
T cells responding to (C) PfRBCor (D) PfSPZ.Results are the percentage ofmemory T cells producing interferon gamma, interleukin 2, and/or tumor
necrosis factor alpha following stimulation minus the percentage of cells following control stimulation. (E) Frequency of the Vδ2+ subfamily of γδ
T cells of total lymphocytes. Results are expressed as fold-change from the prevaccine frequency. (F) γδ T-cell activation in vivo. Data are the
percentage of memory γδ T cells expressing HLA-DR and CD38 as measured on PBMCs following incubation with control stimulation (vaccine
diluent). (G) Prevaccine frequency of PfRBC-specific Tregs in Tanzania compared with malaria-naı̈ve U.S. subjects from the Vaccine Research
Center (VRC) 314 study. (H) Frequencyof PfRBC-specific Treg.Results are thepercentage ofCD4+Foxp3+CD25+CD127−Tcells expressingCD137
(also known as 4-1BB) after stimulation with Pf red blood cell (PfRBC) minus the percentage of cells following stimulation with uninfected RBC. (I)
Percentage of total CD4 (left) or CD8 (right) T cells that are naı̈ve (gray bar; CCR7+CD45RA+) or memory (blue bar; not CCR7+CD45RA+) phenotype
assessed prevaccination in all 48 subjects vaccinated in Tanzania or in 14 healthy U.S. subjects from the VRC 314 study.13 For A–F andH,N = 24,
and statistical difference wasmeasured by using theWilcoxonmatched-pairs signed rank test. ForG and I, statistical difference wasmeasured by
using theMann–WhitneyU test.P values are reported as not significant (ns), < 0.05 (*), < 0.01 (**), or < 0.001 (***). Data aremean ± SEM. Time points
are prevaccine, 2 weeks after the first vaccination, and 2 weeks after the final vaccination. Black arrowhead designates PfSPZ Vaccine adminis-
tration. This figure appears in color at www.ajtmh.org.
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TBS. In our CHMI studies in Bagamoyo, we now use qPCR to
confirm positive TBS, and retrospectively or in real time, assess
parasitemia in all volunteers by qPCR.
We propose that increasing the numbers of PfSPZ per dose

and altering intervals between doses will lead to overcoming
the downregulation of humoral and cell-mediated immunity
most likely because of previous exposure to Pf and thereby
increase immune responses to PfSPZ Vaccine and VE. We
also hypothesize that immune responses in younger, less
malaria-exposed individuals will be of greater magnitude than
those in adults.
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ARTICLE

Modulation of bacterial metabolism by the microenvironment
controls MAIT cell stimulation
Mathias Schmaler1, Alessia Colone2, Julian Spagnuolo1, Michael Zimmermann3,4, Marco Lepore1, Artem Kalinichenko1,
Sumedha Bhatia2, Fabien Cottier2, Tobias Rutishauser1, Norman Pavelka2, Adrian Egli5,6, Elisa Azzali7, Marco Pieroni7,
Gabriele Costantino7, Petr Hruz8, Uwe Sauer3, Lucia Mori1,2 and Gennaro De Libero1,2

Mucosal-associated invariant T (MAIT) cells are abundant innate-like T lymphocytes in mucosal tissues and recognize a variety of
riboflavin-related metabolites produced by the microbial flora. Relevant issues are whether MAIT cells are heterogeneous in the
colon, and whether the local environment influences microbial metabolism thereby shaping MAIT cell phenotypes and responses.
We found discrete MAIT cell populations in human colon, characterized by the diverse expression of transcription factors, cytokines
and surface markers, indicative of activated and precisely controlled lymphocyte populations. Similar phenotypes were rare among
circulating MAIT cells and appeared when circulating MAIT cells were stimulated with the synthetic antigens 5-(2-
oxoethylideneamino)-6-D-ribitylaminouracil, and 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil. Furthermore, bacteria grown in
colon-resembling conditions with low oxygen tension and harvested at stationary growth phase, potently activated human
MAIT cells. The increased activation correlated with accumulation of the above antigenic metabolites as indicated by mass
spectrometry. Thus, the colon environment contributes to mucosal immunity by directly affecting bacterial metabolism, and
indirectly controlling the stimulation and differentiation of MAIT cells.

Mucosal Immunology _#####################_ https://doi.org/10.1038/s41385-018-0020-9

INTRODUCTION
Mucosal-associated invariant T (MAIT) cells are a unique subset of
evolutionary-conserved innate-like T lymphocytes found in blood
and mucosae. MAIT cells express a semi-invariant TCR1 with
marked TCR oligoclonality.2 In humans, MAIT TCR is composed of
three TCRα chains in which TRAV1-2 is rearranged to TRAJ33,
TRAJ20, or TRAJ12 and paired with TCRβ chains mostly belonging
to the TRBV6 and TRBV20 families.2–4 MAIT cells responding to
diverse pathogens including Mycobacterium smegmatis, Salmo-
nella typhimurium, and Candida albicans displayed pathogen-
specific differences in their TCRβ usage.5 These findings support
substantial heterogeneity across the MAIT cell repertoire and
suggested the presence of adaptive-like responses within some
MAIT cell populations.4–6

MAIT cells comprise 1–5% of T cells in the periphery and are
present at ~2% and 10–30% of tissue resident T cells in mucosal
sites and in the liver, respectively, in humans and mice.1,6–8 They
develop in the thymus upon interaction with MHC class I-related
protein (MR1) expressed on CD4+CD8+ thymocytes.9 Mature
MAIT cells exit the thymus as naïve cells, seed bone marrow3 and
require commensal flora and B cells for acquisition of effector/
memory phenotype.1,10 The probable role of B cells is to present
antigens to MAIT cells in defined niches, whereas that of
commensal flora is to release antigenic molecules that stimulate

MAIT TCR.11,12 Indeed, only infections with bacteria, which
produce the stimulatory antigens, activate MAIT cells in vivo.13

In some instances MAIT cells are stimulated by an array of
cytokines independently from TCR engagement.8,14,15

Metabolites generated in the riboflavin (vitamin B2) pathway
stimulate MAIT cells.16–19 The key molecule is the intermediate
metabolite 5-amino-6-(1-D-ribitylamino)uracil (5-A-RU), which
gives rise to structurally related antigens. The first antigen is the
enzymatically generated 6,7-dimethyl-8-(D-ribityl)lumazine16 (RL-
6,7-diMe), the immediate precursor of riboflavin.20 This compound
also gives rise to 7-hydroxy-6-methyl-8-D-ribityllumazine and to
reduced 6-hydroxymethyl-8-D-ribityllumazine, which both stimu-
late MAIT cells.16

Other two antigens are pyrimidine-like molecules, namely 5-(2-
oxoethylideneamino)-6-D-ribitylaminouracil (5-OE-RU) and 5-(2-
oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU).18 These
compounds result from non-enzymatic condensation of 5-A-RU
with the dialdehyde glyoxal or the ketoaldehyde methylglyoxal18

(MG), respectively, and thus are adducts representing chemical
side reactions of the pathway not required for riboflavin synthesis.
Both 5-OP-RU and 5-OE-RU, but not RL-6,7-diMe, make a Schiff

base with Lys43 of MR1, generating highly stable complexes with
MR1 and stabilizing it in a MAIT cell-stimulatory conformation.18

Increased expression of MR1 on the surface of antigen-presenting
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cells (APCs) pulsed with these antigens is a consequence of this
stabilization.21,22 In contrast, RL-6,7-diMe binds weakly to MR1 and
refolds inefficiently with recombinant MR1.17 MAIT cell activation
is strongly influenced by the mode of ligand binding to MR1 and
the chemical structure of the stimulatory metabolites. For
example, 5-OP-RU has a very short half-life, and becomes stable
only after binding MR1.22 Thus, the physiological relevance of 5-
OP-RU is determined by immediate formation of a Schiff base with
MR1. The variety of MAIT cell antigens raises questions about the
nature of stimulatory metabolites produced under physiological
conditions, and specificities of their effects on MAIT cell response.
The metabolism of commensal and opportunistic microbes in

the gut constantly adapts to changing host conditions.23–27

Whether the mucosal physiological conditions affect the relative
abundance of MAIT-stimulatory metabolites, thus influencing the
type of MAIT cell activation, has not yet been investigated. Here
we show that diverse metabolite antigens induce differential MAIT
cell responses. In addition, we found that growth conditions affect
the relative abundance of these MAIT cell-stimulatory compounds
in bacteria, thereby influencing MAIT responses.

RESULTS
MAIT cells freshly isolated from normal human colon exhibit
activation signature
To characterize the heterogeneity of colon-resident MAIT cells, we
profiled normal colon biopsies and matching blood samples from
six individuals using multicolor flow cytometry. Each sample was
analyzed with a panel of 13 monoclonal antibodies including
those specific for activation and immunomodulatory markers (e.g.,
CD137, CD69, CD25, HLA-DR, PD-1, LAG-3, CTLA4, TIGIT, CD38, and
CD244, see Supplementary Table 1 online). t-SNE analysis revealed
that MR1-5-OP-RU-tetramer-positive MAIT cell populations in
biopsies clustered only in three main regions. MAIT cells in these

regions were rare in the blood indicating important phenotypic
differences between mucosal and circulating MAIT cells (Fig. 1a
and Supplementary Figure 1).
Gut-resident MAIT cells differed from blood MAIT cells accord-

ing to the expression patterns of activation and immunomodu-
latory markers (Fig. 1b). A larger number of intestinal MAIT cells
showed expression of CD69, HLA-DR, CD25, TIGIT, PD-1, CTLA4,
and LAG-3 as compared with blood-derived MAIT cells (Fig. 1c and
Supplementary Figure 1).
Next, we analyzed the expression of transcription factors T-bet

and RORγt, together with those of granzyme B, IFNγ, IL-17, IL-22,
and TNFα after PMA stimulation of paired gut-resident and
circulating MAIT cells from seven donors (Fig. 2 and Supplemen-
tary Table 2). Gut-resident MAIT cells distributed into distinct
subpopulations, which minimally overlapped with blood-derived
MAIT cells (Fig. 2a), indicating that, like the activation markers, the
expression of cytokines and transcription factors was also
distributed differently compared to circulating cells. About 9% of
gut-resident MAIT cells expressed RORγt, and 65% were T-bet-
positive, while in blood they were 1.5% and 40%, respectively. The
percentage of gut-resident MAIT cells positive for all tested
cytokines and granzyme B was significantly increased compared
to that of blood (Fig. 2c). Unsupervised cluster analysis using
DBSCAN identified 25 populations of MAIT cells (Fig. 2d).
Populations 11, 12, 14, 20, and 25 contained higher frequencies
of gut-derived MAIT cells (Supplementary Figure 2), whereas
populations 2, 18, 19, 21, and 24 were more abundant in blood-
derived MAIT cells. Populations 11, 12, and 14 in the gut showed
high production of IL-17 and TNFα (Fig. 2e), while populations 11
and 12 also produced IFNγ. Population 20 mostly produced TNFα,
while population 25 produced both TNFα and IFNγ. The
populations significantly more abundant in the blood (2, 18, 19,
21, and 24, Supplementary Figure 2) instead produced very low
amounts or no IFNγ, TNFα, IL-17, and IL-22 (Fig. 2e). These findings

Fig. 1 Intestinal MAIT cells are phenotypically homogeneous and cluster differentially from MAIT cells in blood. a t-SNE plots of flow
cytometry-analyzed gut (red) and blood (blue) CD3+CD161+MR1-5-OP-RU tetramer+ MAIT cells. t-SNE analysis was performed after down-
sampling and concatenation of all samples (paired blood and gut from six healthy donors). b t-SNE plots as in a showing relative expression of
the indicated markers according to the color scale. c Percentage of MAIT cells expressing the indicated surface markers in gut vs. blood (n= 6).
Horizontal bars represent mean ± sd. *P < 0.05 by Wilcoxon-rank test
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suggest that in the colon, MAIT cells express activation markers
(Fig. 1) and are primed for production of pro-inflammatory
cytokines in large amounts.
These phenotypes and functions probably reflect constant

stimulation by metabolites derived from commensal and oppor-
tunistic microflora. The expression of inhibitory molecules might
provide a suitable mechanism to balance local continuous antigen
stimulation. These observations suggest that the microflora and
probably the gut microenvironment have important effects on
tissue resident MAIT cells.

Potency hierarchy of MAIT cell-stimulatory metabolites
We then sought to determine whether the bacterial metabolites,
which stimulate MAIT cells with different potencies,28 have
different effects on MAIT cells. We used synthetic 5-OE-RU, 5-
OP-RU, and RL-6,7-diMe presented by engineered A375 cells
lacking functional MHC class I and class I-like molecules,
transduced with a hybrid β2M-human MR1 gene (A375.MR1)

Fig. 2 Intestinal MAIT cells are functionally homogeneous and cluster differentially from MAIT cells in blood. a t-SNE plots of flow cytometry-
analyzed gut (red) and blood (blue) CD3+CD161+MR1-5-OP-RU tetramer+ MAIT cells. t-SNE analysis was performed after down-sampling and
concatenation of all samples (paired blood and gut from seven healthy donors). b t-SNE plots as in a showing relative expression of the
indicated markers according to the color scale. c Percentage of MAIT cells expressing the indicated intracellular marker in gut vs. blood (n= 7).
Horizontal bars represent mean ± sd. d Semi-automated clustering using DBSCAN to identify MAIT cell populations (1–25) and e heatmap of
their relative expression of the indicated markers in individual MAIT cell populations in gut vs. blood (n= 7). *P < 0.05 by Wilcoxon-rank test.
The red asterisks denote populations significantly increased in gut vs. blood, the blue ones those decreased

Table 1. Hierarchy of MAIT cell antigen potencies

EC50 values (M)

MAIT cells TRBV 5-OP-RU 5-OE-RU RL-6,7-diMe

SMC3a 20-1 5.329e−14 1.45e−10 4.603e−08

MRC25a 6-1 8.757e−13 2.731e−09 2.332e−06

Donor 7b Polyclonal 3.083e−10 1.030e−08 2.618e−05

Donor 8b Polyclonal 3.027e−10 8.920e−09 3.267e−05

Donor 9b Polyclonal 1.888e−11 7.558e−10 1.970e−05

Donor 10b Polyclonal 2.949e−10 2.501e−09 1.887e−05

Donor 11b Polyclonal 1.864e−10 nd 8.189e−06

nd not done
a EC50 calculated by IFNγ response
b EC50 calculated by TCR Vα7.2 downmodulation at 24 h
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(ref. 29 and Supplementary Figure 3). These APCs were engineered
in order to limit alloreactive stimulation and prevent the effects of
MHC class-I-binding inhibitory molecules potentially expressed by
MAIT cells.
All three synthetic MAIT cell antigens increased MR1 surface

expression (Supplementary Figure 3a), thereby confirming the
stabilization capacity of these molecules.30 In this assay, RL-6,7-
diMe induced MR1 upregulation less efficiently than the other
compounds (Supplementary Figure 3b). At high concentrations
(50–500 µM), 5-OP-RU was more effective than the other
compounds (Supplementary Figure 3b).
To examine the potencies of the three synthetic antigens in

stimulating MAIT cells, we selected two human MR1-restricted
MAIT cell clones, MRC25 and SMC3, which express canonical
TRAV1.2–TRAJ33 TCRα chains paired to different TCRβ chains
(Table 1) and respond to E. coli-infected APCs.2,29 The release of
IFNγ by MAIT cell clones upon antigen recognition was used to
measure the potency (effective concentration for half-maximum
response, EC50) of each tested compound. 5-OP-RU and 5-OE-RU
were highly stimulatory to both clones, whereas RL-6,7-diMe
displayed lower potency (Fig. 3a, b). SMC3 was slightly more
sensitive than MRC25 (Fig. 3c) and each compound showed
comparable EC50 values in each of the two clones (Fig. 3c and
Table 1). The stimulatory capacity of these antigens displayed a
consistent potency hierarchy of 5-OP-RU > 5-OE-RU > RL-6,7-diMe.
We next compared the three synthetic antigens and E. coli cell

extract for their capacity to stimulate MAIT cells present in freshly
isolated PBMC. Due to the TCR heterogeneity of circulating
MAIT cells, the antigen-induced downregulation of the TCR in
polyclonal MAIT cell populations was used to determine the EC50
of each compound; one such example is shown in Fig. 3d. Dose

response curves confirmed the hierarchy of potencies observed
with MAIT clones, (Fig. 3e, f and Table 1). Despite inter-donor
variability, 5-OP-RU at EC50 doses induced upregulation of CD69 in
stimulated circulating MAIT cells from five healthy donors, and
CD25 and CD137 in three out of five donors (Supplementary
Figure 4). In contrast, EC50 doses of 5-OE-RU and RL-6,7-diMe did
not induce comparable MAIT cell activation in the majority of
donors (Supplementary Figure 4). These findings are in line with
other studies conducted with T cells engineered with TCR genes
from one MAIT clone and indicating 5-OP-RU as a potent
antigen.16,18

We next assessed whether the same hierarchy was observed in
the presence of APCs expressing physiological levels of MR1 as
those present in blood. PBMCs from healthy individuals were
exposed for a short time to synthetic antigens without the
addition of exogenous APCs. The downregulation of the TCR and
concomitant upregulation of the activation markers CD69, CD25,
and CD137 on MAIT cells was analyzed by flow cytometry
(Supplementary Figure 5a,b). Also under these experimental
conditions, the previously observed potency hierarchy was
observed. However, the efficiency of stimulation was much lower;
the EC50 concentrations calculated from TCR downregulation were
~102–10 3 times higher than those observed in the presence of
MR1-transfected APCs (EC50 5-OP-RU, 43.2 nM; EC50 5-OE-RU, 3.21
µM), and even at high concentrations (500 µM) of RL-6,7-diMe, TCR
downregulation was barely detectable.

Phenotypic changes of MAIT cells after activation by synthetic
antigens
To analyze the antigen-induced phenotypic changes, circulating
MAIT cells were stimulated for 24 h with A375.MR1 cells and three

Fig. 3 Bacterial riboflavin-related synthetic antigens activate MAIT cells in a dose-dependent manner. a, b Dose-dependent IFNγ response of
the MAIT cell clone (a) SMC3 and (b) MRC25 after stimulation with A375.MR1 cells and RL-6,7-diMe (diamonds), 5-OP-RU (circles), 5-OE-RU
(squares), or in the absence of antigen (ns, not stimulated). c Log10EC50 values of RL-6,7-diMe (diamonds), 5-OE-RU (squares), and 5-OP-RU
(circles) inducing half maximum IFNγ release by MAIT cell clones as in a, b. Data show mean ± sd of duplicates and are representative of two
independent experiments. d Flow cytometry assessing TCR downregulation on MAIT cells (CD3+Vα7.2+CD161hi) present in PBMCs of a
representative donor after co-culture with A375.MR1 and RL-6,7-diMe (50 µM), 5-OE-RU (0.5 µM), 5-OP-RU (5 nM) or E. coli extract (5 × 107 CFU/
mL). e, f Median fluorescence intensity (MFI) of the TCR on MAIT cells (Vα7.2+CD161hi as in d of another donor in response to varying doses of
e 5-OP-RU (circles), 5-OE-RU (squares), RL-6,7-diMe (diamonds) or f E. coli extract. One representative out of five experiments is shown
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doses each of the three synthetic antigens and two concentrations
of E. coli extract (Fig. 4). The activation and immunomodulatory
markers that were investigated are described in Supplementary
Table 1.
Unstimulated MAIT cells (Fig. 4l) and those stimulated by RL-6,7-

diMe clustered in two major overlapping areas (Fig. 4a–c). RL-6,7-
diMe was active only at the highest dose tested, confirming the
weak antigenicity of this metabolite. At low concentrations, 5-OE-
RU and 5-OP-RU induced minor but clear changes in cluster
distribution when compared to unstimulated MAIT cells (Fig. 4d, g
vs. l). At higher doses, both 5-OE-RU and 5-OP-RU induced the
appearance of novel clusters (Fig. 4e, f, h, i), distinct from those
observed after stimulation with RL-6,7-diMe. The main cluster of
resting cells observed in the unstimulated condition (Fig. 4l)
disappeared after stimulation with 50 nM 5-OE-RU and with 5 nM
5-OP-RU, confirming the differential potency of these two
antigens.
The unpurified antigens present in E. coli extracts induced a

dose-dependent response with the appearance of clusters very
similar to those induced by 5-OE-RU and 5-OP-RU (Fig. 4j, k vs. e, f
and h, i).
When circulating MAIT cells were stimulated for 72 h with A375.

MR1 cells and the EC50 of each antigen, the expression of each
marker was different from that observed after 24 h (Supplemen-
tary Figure 6), indicating that continuous stimulation induces
further phenotypic changes.

These data indicated that freshly isolated MAIT cells respond to
synthetic antigens by differential modulation of surface markers
involved in T-cell activation and regulation.

MAIT cells split into different groups upon stimulation with
different antigens
To further investigate the differential MAIT cell response to weak
(RL-6,7-diMe), intermediate (5-OE-RU), and strong (5-OP-RU)
antigens, PBMCs were stimulated with A375.MR1 and with each
of these synthetic analogs at concentrations inducing TCR
downregulation. The analysis of flow-cytometry data was
performed at two time-points (24 and 72 h after stimulation)
using FlowSOM, a semi-supervised clustering and dimensional
reduction algorithm.31 MAIT cells were fit to the best matching
node according to the expression of surface markers. Nodes 5, 8,
11, 17, 19, 20, 21, 22, 23, 24, and 25 are shown in Fig. 5a, while all
the other nodes are shown in Supplementary Figure 7a. As
illustrated by the node size, the majority of MAIT cells stimulated
with RL-6,7-diMe for 24 h distributed in the self-organizing map
similarly to unstimulated cells, and expressed low levels or none of
the investigated markers (Fig. 5b, node 5). In contrast, cells
stimulated by 5-OE-RU or 5-OP-RU were fit to three similar nodes
(20, 23, and 25) with different phenotypes (Fig. 5b). Nodes 23 and
25 contained MAIT cells expressing the activation markers CD137,
CD69, CD25, and the regulatory molecules PD-1 and LAG-3
(Fig. 5b). Cells in nodes 23 and 25 were different because they
expressed different levels of investigated marker. For instance,
MAIT cells in node 25, but not in node 23, displayed low-surface
expression of CD3, indicating a strong response to antigen of
these cells (Fig. 5b).
MAIT cells activated by E. coli extracts were more similar to that

induced by 5-OE-RU than to the activation observed in response
to RL-6,7-diMe (Fig. 5b and Supplementary Figure 7b). This
analysis revealed MAIT cell responsiveness can be classified into
discrete steps, uniquely depicting their response to weak,
intermediate, and strong antigens.
MAIT cells analyzed 72 h after stimulation did not show down-

modulation of Vα7.2 TCR chain and CD3 (Fig. 5c and Supplemen-
tary Figure 7c), independently of the stimulating antigen,
confirming the transient nature of CD3–TCR complex down-
regulation following antigen recognition.32

Cells responsive to the weak antigen RL-6,7-diMe were
dispersed across nodes 9–11. MAIT cells in node 9 and 10
expressed PD-1, and those in node 9 co-expressed CD38 and low
levels of LAG-3 and HLA-DR (Supplementary Figure 7c). Thus, the
analysis of MAIT cells 72 h after stimulation with the weak RL-6,7-
diMe antigen clearly displayed differences to unstimulated cells.
After 72 h, MAIT cells stimulated with 5-OE-RU, 5-OE-RU, and E.

coli extract fit to nodes 22 and 24, and expressed the activation
markers CD25, CD69, and CD38, together with the immunomo-
dulatory molecules LAG-3 and PD-1 (Fig. 5c). Cells in node 24 also
expressed two additional activation markers; HLA-DR and CD137,
thus indicating a higher level of activation in this MAIT cell
population than that of node 22 (Fig. 5c). Collectively, these data
suggest that the potency of MR1-ligands strongly influences MAIT
cell expression of activation and immunomodulatory markers
whose differential combinations distinguish responsive MAIT cell
populations.

Bacterial cell culture conditions modulate MAIT cell-stimulating
capacity
Bacterial growth conditions exert important effects on microbial
metabolism and intestinal environmental conditions shape the
development and composition of the adaptive immunity.33

According to this paradigm, we investigated whether E. coli
adapted to grow in gut-related conditions acquire unique
capacities to induce MAIT cell activation and phenotypic
changes.

Fig. 4 Multiple populations of ex vivo MAIT cells respond to
riboflavin-related antigens. MAIT cell response of one healthy donor
after PBMC stimulation for 24 h with A375.MR1 cells and a–c RL-6,7-
diMe, d–f 5-OE-RU, g–i 5-OP-RU, j, k E. coli extract or l medium
(unstimulated). The response to EC50 and ED50 doses of each
antigen are presented in the middle panels (b, e, h, k). t-SNE analysis
of CD3+Vα7.2+CD161hi MAIT cells after down-sampling and
concatenation of all conditions. Warm color regions of the t-SNE
map depict regions of higher cell density. Experiments were
performed twice with comparable results in two different donors
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Bacterial metabolites were extracted from E. coli grown in
different conditions including altered carbon sources and
concentrations, various oxygen tensions, or various starting pH
values. Bacterial extracts, normalized for their optical density and
expressed as CFU/mL were assessed for the capacity to induce
IFNγ release by MAIT cell clones. By comparing the half-maximal
effective dose response (ED50) to bacterial extract, we assessed the
antigenic potency of E. coli harvested during exponential or
stationary phase, when grown in nutrient-rich LB medium or in
minimal M9 medium. The ED50 stimulating SMC3 cells was
significantly lower with extracts from E. coli harvested in stationary
vs. exponential phase (Fig. 6a, b), suggesting accumulating
antigens are a product of secondary metabolism, active during
stationary phase growth. The rich nutrient composition of LB
medium also favored stimulation and the ED50 calculated for LB
and M9 were 105.18 ± 0.16 and 107.44 ± 0.09 (mean ± sd), respectively,
for cells harvested during their exponential growth, and 104.51 ±
0.07 and 105.93 ± 0.06, respectively, for cells grown at stationary
phase (Fig. 6a, b). When stationary phase E. coli were grown in M9
medium with a starting pH ranging from 6.0 to 7.5 (the
physiological pH range within the distal intestinal tract34), all
extracts had similar potency (Fig. 6c), indicating that tested pH
conditions do not significantly modulate the bacterial stimulatory
ability.
To test whether oxygen modulates the production and

accumulation of MAIT antigens, we compared the stimulatory
capacity of bacterial extracts obtained from E. coli grown under
aerobic or anaerobic conditions. Extracts from anaerobically
grown stationary phase E. coli were more stimulatory than those
from aerobically grown E. coli (Fig. 6d), suggesting that oxygen
limitation enhances the capacity of E. coli to activate MAIT cells.

Finally, we assessed the impact of carbon sources during
stationary growth of E. coli on their MAIT-stimulatory capacity. As
indicated by low ED50 values, extracts from E. coli grown with
40mM glucose were more potent than those from E. coli grown
with 4mM glucose (Fig. 6e and Supplementary Figure 8a).
Supplementing M9 medium with a variety of sole carbon sources
at 40 mM and comparing the ED50 obtained with the same
concentration of glucose, we observed that extracts from E. coli
grown with xylose showed a comparable ED50, while extracts from
bacteria grown with ribose were more potent (Fig. 6e and
Supplementary Figure 8b,c). In contrast, extracts from E. coli grown
with sodium pyruvate showed reduced stimulatory capacity
(Fig. 6e and Supplementary Figure 8d). When non-fermentable
carbon sources like glycerol, lactate and acetate were added as
sole carbon source, E. coli extracts were less efficient than extracts
from bacteria grown in 40mM glucose (Fig. 6f and Supplementary
Figure 8e-g). Taken together these results indicate that growth
phase, oxygen tension and carbon sources, but not pH, influence
MAIT cell antigenicity of E. coli lysates.

Accumulation of stimulatory metabolites in different bacterial
growth conditions
To gain insight into the bacterial physiology that underlies the
observed culture-dependent alteration of MAIT cell stimulation,
we performed untargeted metabolome analysis of E. coli grown in
defined media with seven different sole carbon sources (glucose,
xylose, ribose, pyruvate, glycerol, lactate, and acetate) and at four
different pH values (6.0, 6.5, 7.0, and 7.5) for glucose. The identical
bacterial lysates were also used to stimulate MAIT cells and
determine their ED50. To assess how the 573 detected metabolites
changed between growth conditions, we performed a pair-wise

Fig. 5 Clusters of ex vivo-stimulated MAIT cells according to their phenotypic profile. FlowSOM analysis of MAIT cells from one healthy donor
after PBMC stimulation with A375.MR1 cells and RL-6,7-diMe, 5-OE-RU, 5-OP-RU, (EC50 concentrations), and E. coli extract (107 CFU/mL, ED50),
or medium (unstimulated) for 24 h and 72 h. aMinimal spanning tree illustrating 25 nodes containing MAIT cells stimulated with various doses
of antigens and E. coli extract. Radar charts show expression of markers defining each node. b, c Expression of indicated surface markers on
unstimulated and antigen stimulated MAIT cells after b 24 and c 72 h in the main node is shown. Minor nodes are shown in Supplementary
Fig. 6. Numbers indicate main nodes defined by the semi-supervised FlowSOM algorithm in a. Pie charts indicate the median fluorescence
intensity of markers and node size corresponds to the number of MAIT cells in each population. Experiments were performed twice with
comparable results in three healthy donors
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Fig. 6 Bacterial culture conditions influence the response of MAIT cells. Response of the MAIT cell clone SMC3 to A375.MR1 cells in the
presence of titrated extracts from E. coli grown in exponential (open circles) and stationary (closed circles) phases in a complete LB medium
and b synthetic M9 medium. c, d Response of SMC3 cells to A375.MR1 stimulated with titrated extracts from E. coli grown at stationary phase
in c synthetic medium with different starting pH and d LB medium in aerobic (closed circles) and anaerobic (open circles) conditions. a–d
Results are expressed as mean ± sd of IFNγ release of triplicate cultures. e, f ED50 values of E. coli extracts inducing IFNγ release by SMC3 cells in
response to A375.MR1 cells incubated with extracts of E. coli grown at stationary phase in M9 medium supplemented with 40mM of the
indicated sole carbon sources or with 4mM glucose. Log10 ED50 values were calculated based on the response to titrating amounts of
bacterial extracts equivalent to 103–109 CFU/mL. Results are expressed as mean+ sd of IFNγ release of triplicate cultures. *P ≤ 0.05, ****P ≤
0.0001, analyzed using one-way ANOVA with Dunnett’s multiple comparison test against values obtained with standard 40mM glucose. Data
show triplicates measured as technical replicas and are representative of two independent experiments

Fig. 7 Accumulation of riboflavin and precursor metabolites in E. coli depending on carbon source. Log2 fold change in the abundance of
riboflavin-precursor metabolites in E. coli extracts grown in M9 medium supplemented by the indicated sole carbon sources (40mM) or
glucose at 4 mM, relative to that obtained with M9 supplemented by 40mM glucose (n= 4). Metabolite amounts were determined by mass
spectrometry. Log2 fold changes of metabolites are color coded

Modulation of bacterial metabolism by the microenvironment c...
M Schmaler et al.

7

Mucosal Immunology _#####################_

55



comparison (t-test) using glucose (pH 7) as the reference condition
(Supplementary Table 3). To relate metabolite changes to actual
pathways, we performed a metabolite set enrichment analysis on
significantly altered metabolites (log2 fold change) using the
pathway definitions in the KEGG database.35,36 E. coli grown in
ribose led to the strongest stimulation amongst all conditions
(Fig. 6e), coinciding with metabolites enriched in purine and folate
metabolism (Supplementary Figure 9a). In contrast, pyruvate and
lactate conditions that poorly stimulated MAIT cells (Fig. 6e, f)
showed reduced abundance of purine metabolites, illustrated by
pathway enrichment of decreasing metabolites (Supplementary
Figure 9b). Both purine and folate pathways are directly
connected to the riboflavin pathway20 and are thus potentially
linked to the generation of MAIT cell antigens.16,18 Hence, these
findings support our hypothesis that altered bacterial growth
conditions affect the production of riboflavin precursors and
correlate with the altered capacity of bacteria to stimulate
MAIT cells.

To further investigate this possibility, we focused on the
abundance of metabolites in the riboflavin pathway. Compared
to glucose as a sole carbon source, E. coli grown with ribose,
xylose, and glycerol showed an increase in abundance of several
riboflavin precursors including; GTP, the first metabolite in the
pathway; 2,5-diamino-6-(5-phospho-D-ribosylamino)pyrimidin-4
(3H)-one; 5-amino-6-(5′-phospho-D-ribitylamino)uracil; 5-A-RU,
and RL-6,7-diMe (Fig. 7). In contrast, the levels of these metabolites
were unchanged or reduced in the weakly stimulating acetate,
lactate or pyruvate conditions (Fig. 7). These findings consolidated
our hypothesis that E. coli growth conditions facilitating MAIT cell
stimulation coincide with an increased abundance of riboflavin
biosynthesis intermediates.
Next, we analyzed the levels of the riboflavin-derived antigens

5-OE-RU, 5-OP-RU, RL-6,7-diMe, and their precursor 5-A-RU.
Compared to glucose at 40mM, 5-A-RU was significantly increased
in xylose and glycerol (Fig. 8a), RL-6,7-diMe was increased in
xylose (Fig. 8b), and 5-OE-RU in 4mM glucose (Fig. 8c). The potent
MAIT cell stimulator 5-OP-RU was increased in xylose and ribose
conditions (Fig. 8d). Taken together, these results show hexose,
pentose and glycerol conditions, but not pyruvate, lactate, and
acetate conditions increased production of MAIT antigens and the
abundance of 5-A-RU. In agreement with the unchanged MAIT
cell-stimulating capacity of bacterial extracts derived from pH-
adjusted bacterial cultures, the abundance of riboflavin-related
antigens was also stable (Supplementary Figure 10a-d). Significant
correlations between the abundance of these metabolites and the
ED50 of the corresponding extracts were observed for all
investigated molecules (Fig. 8e, f, h), except 5-OE-RU (Fig. 8g).
Overall, these findings suggest a link between accumulation of
riboflavin-related metabolites and the potential of bacteria to
stimulate MAIT cells.
In conclusion, the abundance of MAIT cell-stimulating metabo-

lites significantly varies in E. coli depending on growth conditions
and by extension on the local host-environment. Growth with
hexose, pentose or glycerol maximized the presence of such
antigenic metabolites, whereas acetate, lactate, and pyruvate

Fig. 8 Abundance of riboflavin-precursor antigens in E. coli is modulated by carbon sources and their concentration. a–d Relative abundance
expressed as arbitrary units (AU) of indicated pyrimidines and ribityllumazines in extracts of E. coli grown in M9 medium supplemented by the
indicated sole carbon sources. e–h Correlation of the metabolite levels with the E. coli Log10 ED50 of MAIT cell stimulation (as in Fig. 5e, f). a, e
5-A-RU (m/z 275.1004), b, f RL-6,7-diMe (m/z 325.1155), c, g 5-OE-RU (m/z 315.0949), and d, h 5-OP-RU (m/z 329.1105). In this type of analysis, 5-
OP-RU cannot not be distinguished from reduced 6-hydroxymethyl-8-D-ribityllumazine (rRL-6-CH2OH,) as they have identical masses and
fragment spectra.16,18,19 *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.001, analyzed using Kruskal–Wallis test with Dunnett’s multiple comparison test against
values obtained with standard 40mM glucose. Data show triplicates measured as technical replicas and are representative of two
independent experiments

Fig. 9 Ex vivo MAIT cell responses are affected by E. coli growth
conditions. t-SNE analysis performed on CD3+Vα7.2+CD161hi
MAIT cells after PBMC stimulation in co-culture with A375.MR1
and E. coli extracts from the indicated growth conditions. Extracts
were normalized to their OD600 (as in Fig. 5b, d). MAIT cells from one
healthy donor were analyzed after down-sampling and concatena-
tion of all conditions. Colors indicate cell expression levels of CD69
(upper panels) and PD-1 (lower panels). Experiments were
performed twice with comparable results in two different donors
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conditions reduced their abundances. Thus, adaptation of the
microflora to gut-related physiological growth conditions impacts
on the abundance and type of stimulatory metabolites, which in
turn may modulate MAIT cell activation and heterogeneity.

MAIT cells sense bacterial growth conditions
The correlation observed between accumulation of MAIT cell
antigenic metabolites depending on E. coli growth conditions and
capacity to stimulate MAIT cells prompted us to investigate the
phenotype of MAIT cells responding to bacteria exposed to
diverse gut-related growth conditions.
Flow cytometric analysis of blood MAIT cells stimulated with E.

coli extracts from exponential phase revealed low levels expres-
sion of CD69 and PD-1 (Fig. 9), while those stimulated with
stationary phase E. coli showed high CD69, PD-1, CD25, and LAG-3
expression (Fig. 9 and Supplementary Figure 11). Growth of E. coli
under anaerobic conditions also led to significant activation of
freshly isolated MAIT cells (Fig. 9 and Supplementary Figure 11),
confirming the data obtained with stimulation of a MAIT clone
(Fig. 6). In contrast, bacteria grown in aerobic conditions or
harvested during exponential growth phase induced weaker
expression of these activation markers resulting in a t-SNE map
more similar to the unstimulated control (Fig. 9 and Supplemen-
tary Figure 11).
In conclusion, bacterial growth conditions directly modulate the

accumulation of MAIT cell-stimulating metabolites and indirectly
control their activation and expression of inhibitory receptors. This
mechanism allows a fine regulation of MAIT cell response in the
gut.

DISCUSSION
The human gut has been defined as an anaerobic bioreactor,
which maintains a local flora composed of a few divisions of
bacteria37 and with slow microbial growth dynamics.38 The
metabolic repertoire of gut microorganisms is a key factor in
shaping the phenotype, composition, and functions of resident
immune cells.39 These effects are mediated through the release of
small metabolites that influence a cascade of metabolic events
within host cells.40 Some bacterial metabolites serve as antigens
presented by MR1 and stimulating MAIT cells.16,18,19,41 The
contribution of bacterial metabolites produced in tissues to MAIT
cell activation and phenotypic differentiation remains poorly
investigated.
Our studies showed that MAIT cells in human intestinal mucosa

are distributed in a few distinct populations, which represent a
minority of cells in the circulating pool. MAIT cells in gut biopsies
expressed different combinations of HLA-DR, CD25, CD69, and
CD137, suggesting variable states of activation. In particular, about
50% of MAIT cells were CD137+, a marker of recently activated
T cells.42 This finding is in accordance with the known capacity of
intestinal bacterial flora to stimulate immune cells.43,44 Some MAIT
cell populations expressed inhibitory receptors, including TIGIT,
PD-1, CTLA4, and LAG-3. About 50% of MAIT cells in the gut were
TIGIT+ or PD-1+; however, only a minor percentage of cells co-
expressed these two markers, while most of TIGIT+ cells were LAG-
3- and CTLA4-negative. These findings indicate that active
stimulation occurs in the gut and that MAIT cells rely on different
inhibitory mechanisms to dampen their responsiveness to
antigen. Most of the MAIT cells observed in colon biopsies
express T-bet and only some RORγt transcription factors
distinctive of TH1 and TH17 functional phenotypes, respectively.
Accordingly, we found that they produce large amounts of pro-
inflammatory cytokines and granzyme B when compared to
circulating MAIT cells. The expression of activation markers
together with that of inhibitory molecules and the efficient
cytokine production suggests that MAIT cells in the colon are
primed T cells that might either (i) become readily reactivated,

(those not expressing inhibitory receptors) or (ii) remain non-
responsive after antigen stimulation (being regulated by inhibitory
receptors). The proper balance between these cell populations
might be relevant to local immunity.
Notably, a large number of MAIT cells responded to extracts

from E. coli grown under conditions simulating key features of the
colon microenvironment (carbon sources, oxygen tension, and
growth phase) by expressing TIGIT or PD-1, while a few cells
expressed LAG-3 and CTLA4. Although similar phenotypes were
observed in MAIT cells from gut biopsies, it is not possible to
conclude that the observed ex vivo phenotypes is a consequence
of the same stimulation applied in vitro.
In agreement with published work,16,18,22 the activity of 5-OP-

RU was very potent as low picomolar concentrations induced IFNγ
release in MAIT cell clones and TCR downregulation in freshly
isolated polyclonal MAIT cells. In contrast, 5-OE-RU and RL-6,7-
diMe, respectively, were 102–103 and 5 × 105–109 fold less potent
than 5-OP-RU in TCR downregulation. The same potency hierarchy
was observed with APC displaying low physiological levels of MR1,
although TCR down modulation and high expression of CD25,
CD69, and CD137 markers required higher antigen doses. Using
such APC, RL-6,7-diMe was poorly stimulatory, even at high doses,
thus implicating the importance of MR1 protein levels on the
surface of APC in defining the contribution of each antigen to
activation.
Stimulation with 5-OP-RU and 5-OE-RU also induced the

expression of surface markers found in ex vivo analyzed gut-
derived MAIT cells. The weak RL-6,7-diMe antigen did not induce
the same upregulation of activation and inhibitory markers at
either high doses or after prolonged stimulation. Similar observa-
tions were found with the FlowSOM self-organizing map
algorithm. This analysis also showed that the investigated markers
appeared on stimulated cells in discrete steps, characterized by
early appearance of activation markers followed by the inhibitory
ones. At a 72 h time point, most cells grouped in two major nodes
after stimulation with 5-OP-RU and 5-OE-RU and E. coli, but not
with RL-6,7-diMe. Thus, different antigens induce different
phenotypic changes in MAIT cells.
Having characterized the stimulating capacity of each antigen,

we compared their levels in bacteria grown under different
conditions. Bacterial metabolism is influenced by environmental
cues including nutrient and metabolite concentrations, pH,
oxygen tension, as well as microbial cell replication time, and
host immune responses.23–27 By altering in vitro culture conditions
we identified several factors, also present in the gut, capable of
modulating the capacity of E. coli to activate MAIT cells. E. coli
grown in stationary phase and slowly replicating, as occurs in
human gut,38 stimulated MAIT cells more efficiently than bacteria
grown in nutrient-rich media and in exponential phase. Moreover,
the absence or low tension of oxygen during bacterial growth
enhanced MAIT cell stimulation. Probably, stationary phase and
anaerobiosis enhance MAIT cell stimulation by multiple mechan-
isms with accumulation of MAIT stimulating metabolites providing
a critical contribution. In addition, the possibility exists that the
relative abundance of non-stimulatory MR1-binding metabolites
might affect stimulation.
Metabolomics analysis of extracts from bacteria grown with a

sole carbon source indicated a correlation between the increase of
purine, vitamin B9 (folic acid) and B2 (riboflavin) pathways, and
stimulatory capacity. Metabolites from the three pathways were
abundant in E. coli grown in defined media supplemented with
ribose, which induced the strongest stimulation of MAIT cells.
Furthermore, metabolites of the riboflavin pathway showed high
levels in the ribose-supplemented condition, and a significant
correlation was observed between low EC50 (high potency) and
increased levels of 5-OP-RU, RL-6,7-diMe, and its precursor 5-A-RU.
Extracts of E. coli grown with low oxygen and in stationary

phase also induced expression of surface markers on MAIT cells
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resembling the markers present on ex vivo investigated colon
MAIT cells. These similarities indicate that stimulation occurs inside
the gut, possibly facilitated by the local accumulation of potent
microbial antigens.
Open issues are: (i) how the steep oxygen gradients are in the

gut45 and (ii) how the precise localization of bacteria in the colon
directly affects MAIT cell stimulation. The half-lives of 5-OP-RU and
5-A-RU are very short,22 and when produced by bacteria located in
the central part of the gut lumen they are unlikely to stimulate
MAIT cells located in intraepithelial space and lamina propria as
they must pass through the glycocalyx that forms a thick bi-
layered structure in the colon.33 In contrast, 5-OP-RU and 5-A-RU
released by bacteria growing in the microaereophilic zone
adjacent to epithelial cells are more available for presentation
by MR1. Since the latter bacteria are directly affected by local
immune responses, a reciprocal influence can be envisaged.
Therefore, the balance between local microbial surveillance and
bacterial riboflavin metabolism might be relevant to MAIT cell
activation.
In conclusion, these studies showed that different populations

of MAIT cells in the gut exhibit phenotypes of cells with recent
antigen experience either ready for further responses or regulated
by inhibitory receptors. Similar phenotypes are induced by
metabolite antigens that accumulate under low oxygen conditions
and during slow bacterial growth. Thus, MAIT cells represent an
innate-like population of T cells with the capacity to sense the
metabolic state of enteric bacteria.

METHODS
Human samples and cell lines
Colon biopsies and paired blood samples were obtained from the
Gastroenterology Unit, University Hospital Basel, Switzerland.
Samples were from patients under colon cancer screening and
were normal at histological evaluation. The study was approved
by the Swiss ethics commission (no. 139-13) and written informed
consent was obtained from all subjects. For further details and
description of T-cell isolation from biopsies, and used cell lines, see
Supplementary Methods.

Functional assays
For description of T-cell stimulation, flow cytometry, multidimen-
sional analyses, metabolite synthesis, extraction of bacterial
metabolites, metabolomics methods, and statistical analyses, see
Supplementary Methods.
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ABSTRACT 

An effective malaria vaccine against Plasmodium falciparum would greatly help to reduce 

disease burden and assist elimination campaigns. However, our understanding of the human 

immune response to malaria infection remains incomplete. Clinical trials using whole-

sporozoite-based vaccination approaches such as the PfSPZ Vaccine followed by controlled 

human malaria infection to assess vaccine efficacy offer a unique opportunity to study the 

human immune response to malaria in a highly controlled setting. 

Unconventional T cells, especially γδ T cells, have been implied in having a protective role 

against Plasmodium infection, but most work has focussed on Vγ9Vδ2 T cells, the most 

abundant subset in human peripheral blood. Here, we dissected the human immune response 

of γδ T cells and mucosal-associated invariant T (MAIT) cells towards PfSPZ vaccination 

and controlled human malaria infection using an unbiased analysis pipeline. We made several 

noteworthy findings: First, no major ex vivo alterations were detectable upon PfSPZ 

vaccination, but all four subsets expanded after CHMI. Second, Vδ1 T cells show an 

especially strongly activated phenotype upon CHMI, but with large inter-individual 

differences, indicating a personalised immune response against malaria infection. Third, our 

analyses led to the identification of a functional allele of the human TCRγ chain Vγ10 that 

has been thought to be non-functional in humans. Vγ10 has only low amino acid similarity 

with the other TCRγ chains and thus might contribute to the formation of TCRs with unique 

antigen recognition properties. 
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INTRODUCTION 

 

Compared to the year 2010, global malaria disease burden has decreased significantly. In 

recent years, however, this trend is stalling and in some regions even reversing. In 2016, 216 

million cases of malaria were reported, leading to 445’000 deaths worldwide [1]. 

A valuable tool to fight malaria would be an effective vaccine that leads to long-lasting 

protection. RTS,S, the most advanced and only malaria vaccine having received a positive 

regulation assessment from the European Medicines Agency (EMA) is being rolled out in 

Ghana, Kenya and Malawi starting in 2018 [2]. RTS,S/AS01 provided 36% and 26% 

protection against clinical malaria episodes in African children and infants, respectively, 

when assessed during a large multi-center phase III clinical study [3]. Recently, the Sanaria 

PfSPZ Vaccine that is based on direct venous inoculation of cryopreserved, purified, 

metabolically active, whole, live, radiation-attenuated P. falciparum sporozoites (PfSPZ) has 

led to more promising results in European and US volunteers, inducing up to 100% 

protection against homologous and heterologous controlled human malaria infection (CHMI) 

[4], [5]. Alternative PfSPZ vaccination approaches are based on genetically attenuated PfSPZ 

(GAP) or non-attenuated sporozoites administered to humans under chemoprophylaxis 

(CVac) [4], [6], [7]. First results from clinical trials in sub-Saharan Africa indicate a 

considerably lower vaccine efficacy than the one observed in European or US volunteers 

using similar vaccination regimen [8]. This is accompanied by lower circumsporozoite-

protein specific antibody responses and only low changes in NK cells and T cells ([8] and 

Jongo et al, manuscript in press). The reasons for this difference remain obscure, 

demonstrating our incomplete understanding of the interactions between malaria pre-

exposure, malaria vaccination and vaccination outcome. 

 

The human immune response to Plasmodium spp. is parasite-stage-dependent and involves 

myeloid cells, NK cells, B cells and T cells [9]. Many studies of T-cell biology in malaria 

have focused on conventional CD4+ or CD8+ T cells bearing an αβ T-cell receptor (TCR), or 

Vγ9Vδ2 γδ T cells [4]. However, γδ T cells other than the Vγ9Vδ2 T-cell subset are uniquely 

suited to play an important part in the malaria immune response due to their abundance in 

tissues and demonstrated role in stress surveillance [10]. 

Upon human malaria infection, polyclonal expansion of γδ T cells has been observed in 

several studies [11]–[13]. Early studies focused on the Vδ1+ subset, but since then, the focus 

has shifted more towards the Vδ2 T cells. Vγ9Vδ2 T cells are the most abundant γδ T cells in 
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peripheral blood recognizing small, phosphorylated compounds, including P. falciparum-

derived phosphoantigens that are able to stimulate Vγ9Vδ2 T cells [14]. Additionally, 

Vγ9Vδ2 cells have also been implied as a possible correlate of protection after PfSPZ 

vaccination [4], [15]. 

Recently, mucosal-associated invariant T (MAIT) cells have been shown to expand upon 

controlled human malaria infection [16]. MAIT cells are a semi-invariant T-cell subset that 

recognizes microbial-derived riboflavin metabolites presented by the MHC class I-like 

molecule MR1 [17]. 

Thus, a role of unconventional T cells in human malaria infection has been firmly 

established, but the diversity of study designs, differences in the examined populations and 

analyses performed make it difficult to get a better understanding of their function. 

Here, we used the highly controlled setting of a PfSPZ Vaccine clinical trial in Tanzania 

(clinical trial BSPZV1; NCT02132299; Jongo et al, manuscript in press) that included a 

controlled human malaria infection (CHMI). Peripheral blood mononuclear cells (PBMC) 

were analyzed by flow cytometry in combination with an unbiased analysis pipeline to 

dissect the response of unconventional T cells to human malaria infection. Our results show 

that unconventional T-cell subsets are distinctly activated upon CHMI. In particular, we 

provide evidence that Vδ1 T cells are activated upon CHMI in a donor-dependent manner, 

indicating a personal response. Furthermore, our analyses led to the first description of a 

T-cell clone bearing a functional Vγ10Vδ1 TCR. 
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RESULTS 

 

γδ T cells and MAIT cells expand significantly upon human malaria infection 

First, we assessed the frequency of four groups of unconventional T cells upon PfSPZ 

vaccination and CHMI using multicolour flow cytometry in a group of 24 adult, male, 

healthy Tanzanian volunteers. We grouped the γδ T cells according to their expression of the 

TCRδ chain into Vδ1 T cells, Vδ2 T cells, and Vδ1negVδ2neg (Vδx) T cells. MAIT cells were 

identified by the expression of TCR Vα7.2 and high levels of CD161. 

Between the baseline visit and two weeks post last vaccination, there were no major changes 

detected in frequency of unconventional T cells within PBMC. The only difference we found 

was a minor decrease of Vδx T cells upon vaccination (Fig. 1A). However, in PBMC 

collected 28 days after initiation of CHMI, Vδ2 T cells and MAIT cells expanded strongly 

(Fig. 1B). Vδ1 T cells as well as Vδx T cells expanded significantly, albeit less strongly 

(mean fold-change between post-vaccination and post-challenge: Vδ2 T cells and MAIT cells 

1.9-fold, Vδ1 T cells 1.3-fold and Vδx T cells 1.2-fold) (Fig. 1B). 

 

Vδ1 T cells and Vδx T cells show a distinct, strongly activated phenotype upon CHMI 

Next, we examined phenotypic alterations within each unconventional T-cell subset upon 

PfSPZ vaccination and CHMI. For this purpose, we designed a multicolour flow cytometry 

panel including antibodies against NK receptors as well as markers for activation and 

exhaustion (CD38, CD69, CD94, CD161, HLA-DR, LAG-3, NKp80, PD-1). We used an 

unbiased approach to identify significant phenotypic changes upon PfSPZ vaccination and 

asexual blood-stage infection. To reduce the multi-dimensional flow cytometry data to two 

dimensions, we used the t-SNE algorithm. Then, clusters of phenotypically similar T cells 

were identified using the clustering algorithm DBSCAN and the cell frequency within each 

cluster was calculated. Consistent with the absence of expansion upon PfSPZ vaccination 

(Fig. 1A), we did not discover any significant vaccination-induced phenotypic changes (see 

Fig. 2B, 3B, S1B, S2B). However, upon asexual blood-stage malaria, several clusters of 

T cells were significantly increased in all subsets. The most prominent common feature of all 

unconventional T cells was an increase of CD38 expression after CHMI. A more detailed 

analysis revealed distinct patterns of surface marker expression in the different T-cell subsets. 

Within the Vδ1 T cells, we identified five clusters that were increased after malaria infection 

(Fig. 2B, C). Notably, these clusters expanded across all 20 volunteers who developed blood-

stage parasitaemia after CHMI, but there was no such trend in the four volunteers who were 
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protected from blood-stage infection (Fig. 2D). All clusters showed expression of CD38 and 

PD-1, and some clusters additionally LAG-3 or HLA-DR, indicative of strong activation 

(Fig. 2E). This observation was in marked contrast with the phenotype of expanded Vδ2 

T cells and MAIT cells, in which expression of inhibitory receptors was completely absent 

(Fig. S1E and Fig. S2E). 

We performed the same analysis on the Vδx subset and found two main groups of cells to be 

expanded: one was phenotypically similar to the expanded Vδ1 T cells, expressing CD38 and 

PD-1, but little CD161. The other group of cells expressed CD161 and CD38, but not PD-1 

(Fig. 3E). Thus, the mutually exclusive expression of PD-1 and CD161 divides the Vδx 

subset in two major subsets. 

We aimed to confirm the differences in frequency of CD38+PD-1+ cells across the four 

subsets of unconventional T cells using conventional flow cytometry analysis based on the 

same data set (Fig. 4). Although there was considerable inter-donor variability, Vδ1 T cells 

clearly showed the strongest expansion of CD38+PD-1+ cells upon blood-stage malaria. 

Consistent with the t-SNE analysis, the Vδx T-cell subset showed a lower, but significant 

increase in CD38+PD-1+ cells, while no significant changes were detectable in Vδ2 T cells 

and MAIT cells upon CHMI (Fig. 4). 

 

Vδ1 T cells proliferate extensively in vitro in response to asexual blood-stage parasites 

We hypothesized that the increased ex vivo frequency of CD38+PD-1+ Vδ1 T cells after 

asexual blood-stage parasitaemia could be due to antigen-dependent stimulation of these 

cells. Thus, we aimed to identify the parasite-responsive cells using an in vitro stimulation 

assay. We differentiated autologous monocyte-derived dendritic cells (Mo-DC) from four 

BSPZV1 donors and stimulated PBMC using either uninfected erythrocytes (uRBC) or 

P. falciparum-infected erythrocytes (PfRBC). PfRBC were infected with the P. falciparum 

strain NF54, which is also used in the PfSPZ vaccine. Expectedly, we found robust 

proliferation of CD4+ T cells as well as Vδ2 T cells after PfRBC stimulation for 6 days. 

Interestingly, marked proliferation was also observed in Vδ1 T cells as well as Vδx T cells 

(Fig. 5A). Reminiscent of the ex vivo phenotype observed after CHMI, the proliferating cells 

showed high expression of CD38 and PD-1, particularly Vδ1 T cells, Vδx T cells as well as 

CD4+ αβ T cells (Fig. 5B). 
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Vδ1 T-cell clones are strongly autoreactive 

Next, we aimed to functionally characterise the proliferating Vδ1 T cells by establishing 

T-cell lines. We selected a BSPZV1 donor with a strong increase of CD38+PD-1+ Vδ1 T cells 

ex vivo after CHMI and stimulated PBMC from day 28 post-CHMI with autologous Mo-DC 

and PfRBC for 6 days. We sorted the proliferating γδ+ Vδ2neg T cells and established a T-cell 

line. This T-cell line, upon stimulation with autologous Mo-DC and PfRBC, showed 

increased expression of CD137 on Vδ1 T cells, indicative of antigen-dependent stimulation 

(Fig. S3A). Additionally, CD4+ T cells in the same line were strongly activated (Fig. S3B). 

In order to further characterize these PfRBC-responsive T cells, we generated T-cell clones 

from Vδ1 T cells as well as CD4+ αβ T cells. These clones were then screened for activation 

in response to Mo-DC and PfRBC. The CD4+ T-cell clones showed a consistent increase of 

CD137 expression upon stimulation with PfRBC, proving the validity of our approach to 

isolate P. falciparum-responsive T-cell clones (Fig. 6A). In the Vδ1 T-cell clones, no 

consistent trend towards increased parasite-dependent activation was detectable. However, 

the Vδ1 T-cell clones showed a high expression of CD137 when co-cultured with 

homologous Mo-DC and uRBC, independently of the presence of blood-stage parasites. In 

fact, many Vδ1 T-cell clones expressed higher levels of CD137 in the control condition (Mo-

DC with uRBC) than the PfRBC-specific CD4+ T cells upon encounter of their cognate 

ligand (Fig. 6A). 

 

We further evaluated the reactivity of Vδ1 T-cell clones by screening the response towards a 

panel of cell lines derived from monocytes (U937, THP-1), myeloid cells (K562), B cells 

(721.221), liver (HC-04) and cervix (HeLa). Co-culture experiments of five selected Vδ1 

T-cell clones with these cell lines revealed two clusters of clones differing in their pattern of 

IFN-γ release assessed by ELISA (Fig. 6B). The clone PfC45 was responsive only to HeLa 

cells, but not the other lines tested. A cluster of four clones showed stronger reactivity, 

especially towards the hepatoma cell lines HC-04 and HuH-7. Activation was shown to be 

independent of β2-microglobulin (β2m), as IFN-γ secretion was not decreased in HC-04 cells 

lacking β2m, indicating that activation is independent of MHC class I and class I-related 

molecules. 

 

To analyse if activation of the T-cell clones is TCR-mediated, we amplified the TCRγ and 

TCRδ chains of the representative clones PfC45 and PfB67 by PCR and transferred them into 

SKW-3 cells using a lentiviral vector. Both TCRs were abundantly expressed on the surface, 
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but surprisingly, the PfB67 Vδ1 TCR induced strong up-regulation of CD69 in the SKW-3 

cell lines without addition of external stimuli, an effect that was not observed in SKW-3 

expressing the PfC45 TCR (Fig. 6C, D). This could indicate that the unidentified ligand of 

the PfB67 TCR might also be expressed on SKW-3 cells. We confirmed that this PfB67 TCR 

activation is independent of β2m expression by transferring the PfB67 TCR onto SKW-3 

cells that lack β2m (Fig. 6C, bottom right panel). 

 

Next, we assessed whether this strong reactivity of Vδ1 T cells towards cell lines can also be 

detected ex vivo. For this aim, we used PBMC from three BSPZV1 donors collected pre-

vaccination, post-vaccination and post-challenge. Proliferation and activation markers were 

assessed after six days of co-culture with the cell lines THP-1, HC-04 and HeLa. Vδ1 T cells 

proliferated extensively and up-regulated the activation markers CD38 and PD-1, an effect 

that was almost absent in the Vδ2 T-cell subset (Fig. 7A, B). Additionally, Vδ1 T cells 

expressed increased levels of CD137 after co-culture (Fig. 7C). While all tested cell lines 

induced some degree of proliferation and activation, the strongest response was induced by 

the hepatocyte cell line HC-04, reminiscent of the activity pattern of T-cell clone PfB67. 

 

The Vδ1 T-cell clone PfB67 expresses a functional Vγ10Vδ1 TCR 

We analysed the TCR sequences from the Vδ1 clones and found that PfB67 expresses a 

functionally rearranged and fully spliced TRGV10 gene in combination with Vδ1. Up to 

now, TRGV10 was thought to be non-functional, due to lack of an intact splice donor site in 

the leader intron [18]. However, when we sequenced the TCR of PfB67, we found the 

majority of transcripts to be correctly spliced. Sequencing of a cDNA from a rare, 

incompletely spliced transcript revealed an intact splice donor site with the canonical splice 

donor motif GURAGU (Fig. 8A; allele TRGV10*novel). 

We aimed to confirm the presence of this functional allele and determine its frequency in the 

24 BSPZV1 volunteers by PCR amplification and sequencing. Two volunteers were 

homozygous for TRGV10*novel, nine heterozygous and 13 lacked the TRGV10*novel 

allele. Thus, allele frequency of TRGV10*novel within our population is 13/48 = 27% (Fig. 

8B). 

Next, we determined the frequency of the TRGV10*novel allele in humans across the world 

using data from the 1000 genomes project [19]. Allele frequency in the sub-Saharan African 

populations ranged between 15.7% (Kenya; LWK) and 27.1% (Sierra Leone; MSL). 

Strikingly, this allele was completely absent in Asians and almost undetectable in Europeans 
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(0.1%) and Americans (1.3%) (Fig. 8C). Populations of African ancestry living in Barbados 

(ACB) or the Southwest of the United States (ASW) show a similar allele frequency as sub-

Saharan Africans. Thus, these data strongly indicate that the functional TRGV10*novel allele 

is exclusive to sub-Saharan Africans or people of recent African descent. 

Alignment of the canonical human TRGV10 sequences with sequences from other primates 

indicates that TRGV10*novel, at least in terms of the splice donor site, represents the 

ancestral allele (Fig. 8D) [20]. Remarkably, TRGV10 is the sole member of the TCR gamma 

chain subgroup VγIII, with only low amino acid sequence similarity to the other subgroups 

VγI (TRGV1-8) and VγII (TRGV9) [21], and could therefore represent a functionally distinct 

γδ T-cell subset with unknown, possibly novel antigen-specificity. 
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Figure 2 | Subsets of Vδ1 T cells are activated upon controlled human malaria infection. (A) viSNE map after 
clustering indicates hetereogeneity within Vδ1 T cells. (B) Comparison of Vδ1 Τ cells at baseline (green dots), after 
PfSPZ vaccination (blue dots) and after CHMI (red dots). Regions with increased cell frequencies after CHMI 
appear in red. (C) Significantly altered clusters after CHMI are highlighted and color-coded. Clusters are considered 
significant with p < 0.05 (Wilcoxon signed-rank test adjusted with the Benjamini & Hochberg method) and at least 
2.5-fold change of the mean. (D) The five significant clusters are increased only in volunteers who developed 
blood-stage parasitemia after CHMI (infected; black dots), but remain unchanged in those who did not develop 
blood-stage parasitemia after CHMI (protected; grey dots). (E) Significantly expanded populations invariably 
express CD38 and PD-1.
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Figure 3 | Subsets of Vδx T cells are activated upon controlled human malaria infection. (A) viSNE map 
followed by clustering indicates phenotypic heterogeneity within Vδx T cells. (B) Comparison of Vδx Τ cells at 
baseline (green dots), after PfSPZ vaccination (blue dots) and after CHMI (red dots). Regions with increased cell 
frequencies after CHMI appear in red. (C) Significantly altered clusters after CHMI are highlighted and color-cod-
ed. Clusters are considered significant with p < 0.05 (Wilcoxon signed-rank test adjusted with the Benjamini & 
Hochberg method) and at least 2.5-fold change of the mean. (D) The 12 significant clusters are increased only in 
volunteers who developed blood-stage parasitemia after CHMI (infected; black dots), but remain unchanged in 
those who did not develop blood-stage parasitemia after CHMI (protected; grey dots). (E) Two main groups are 
expanded after CHMI: one is characterised by expression of CD38 and PD-1, while the other expresses CD38 and  
CD161, but no PD-1.
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Figure 7 | Polyclonal Vδ1 T cells are activated upon co-culture with cell lines. PBMC from three donors, and 
three different visits, were co-cultured with the cell lines THP-1, HC-04 and HeLa, and proliferation and activation 
status was assessedand after 6 days of co-culture. (A) Vδ1 T cells proliferate strongly upon co-culture with cell 
lines, an effect that is absent in Vδ2 T cells. (B) Vδ1 T cells express increased levels of CD38 and PD-1 after 
co-culture. (C) Co-culture induces expression of CD137 on Vδ1 T cells, indicating strong, possibly TCR-mediated 
activation. This effect is specific for the Vδ1 subset and almost undetectable in Vδ2 T cells.
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Figure 8 | The functional TRGV10*novel allele is almost exclusive to the African population. (A) Alignment of 
the leader sequence and the beginning of the V region of the TRGV10*01 with the newly described TRGV10*novel 
allele. Differences in the sequences are highlighted with asterisks and the intact splice donor guanosine residue of 
TRGV10*novel is highlighted in red. (B) Genotype and allele frequency from BSPZV1. Allele frequency in our 
cohort is 27.1%. (C) Distribution of the indicated SNP across the world – the intact splice donor (G) is almost exclu-
sive to Africans or people of recent African descent. ACB: African Carribean in Barbados, ASW: African ancestry in 
Southwest US. (D) The canonical splice donor site is highly conserved in primate TRGV10 homologues. 
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D E

Figure S1 | Vδ2 T cells are activated upon malaria infection. (A) viSNE map followed by clustering. (B) Compar-
ison of Vδ2 Τ cells at baseline (green dots), after PfSPZ vaccination (blue dots) and after CHMI (red dots). Regions 
with increased cell frequencies after CHMI appear in red. (C) Significantly altered clusters after CHMI are highlight-
ed and color-coded. Clusters are considered significant with p < 0.05 (Wilcoxon signed-rank test adjusted with the 
Benjamini & Hochberg method) and at least 2.5-fold change of the mean. (D) The 10 significant clusters are 
increased only in volunteers who developed blood-stage parasitemia after CHMI (infected; black dots), but remain 
unchanged in those who did not develop blood-stage parasitemia after CHMI (protected; grey dots). (E) Almost all 
significantly expanded populations express CD38, but no co-inhibitory receptors.
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Figure S2 | MAIT cells are activated upon controlled human malaria infection. (A) viSNE map followed by 
clustering. (B) Comparison of MAIΤ cells at baseline (green dots), after PfSPZ vaccination (blue dots) and after 
CHMI (red dots). Regions with increased cell frequencies after CHMI appear in red. (C) Significantly altered clus-
ters after CHMI are highlighted and color-coded. Clusters are considered significant with p < 0.05 (Wilcoxon 
signed-rank test adjusted with the Benjamini & Hochberg method) and at least 2.5-fold change of the mean. (D) The 
10 significant clusters are increased only in volunteers who developed blood-stage parasitemia after CHMI (infected; 
black dots), but remain unchanged in those who did not develop blood-stage parasitemia after CHMI (protected; 
grey dots). (E) All significantly expanded populations show increased expression of CD38, but no co-inhibitory 
receptors.
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Figure S3 | Vδ1 T cells and CD4+ T cells are activated in a parasite-dependent manner. (A) Vδ1 T cells within 
a T-cell line are activated upon stimulation with autologous monocyte-derived dendritic cells (Mo-DC) and Plasmo-
dium falciparum-infected RBC (PfRBC) as indicated by CD137 expression. (B) CD4+ T cells within the same T-cell 
line are activated by Mo-DC and PfRBC.
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DISCUSSION 

 
CHMI conducted in malaria pre-exposed populations is an essential tool to dissect malaria 

parasite–host interactions under highly defined conditions [22]. During our CHMI studies in 

Bagamoyo, we injected 3’200 purified, metabolically active, non-attenuated PfSPZ (strain 

NF54) intravenously to male, adult volunteers with limited malaria pre-exposure (Jongo et 

al., manuscript in press). We have analysed here for the first time in detail the frequency and 

phenotypic changes of MAIT cells and γδ T-cell subsets during CHMI. γδ T cells have been 

described three decades ago, but the biological functions apart from the Vγ9Vδ2 subset are 

not very well delineated in humans [23].  

Our findings confirm that Vδ2 T cells expand upon asexual blood stage parasitaemia in 

malaria pre-exposed volunteers [24]. Less is known about the Vδ1 and Vδx T cell subsets in 

general in humans and in malaria in particular [12]. Therefore, we compared the frequencies 

and phenotypic changes of Vδ1 and Vδx T-cell subpopulations before and after CHMI using 

an unbiased approach [25]. Clearly, CD38 was the surface marker across all subsets that 

increased significantly. However, only distinct subsets of Vδ1 and Vδx T cells co-expressed 

inhibitory receptors, especially PD-1 and to a lesser extent LAG-3, which were strikingly 

absent on expanded Vδ2 T cells and MAIT cells. This implies a qualitatively distinct 

activation of a fraction of Vδ1 T cells and Vδx T cells upon CHMI. PD-1 is known to be 

particularly upregulated on antigen-specific T cells, not only in cancer but also in chronic 

infectious diseases [26], [27]. Thus, we speculate that PD-1 expression on Vδ1 and Vδx 

T cells marks antigen-dependent, TCR-mediated stimulation of those cells. In line with this, 

the degree of increase in CD38+PD-1+ expression on Vδ1 T cells is highly variable between 

donors and points towards a personalised response similar to the clonal expansion observed 

in the response of Vδ1 T cells towards cytomegalovirus infection [28]. 

Within the expanded Vδx T cells, we found mutually exclusive expression of CD161 and 

PD-1. Interestingly, in both αβ and γδ T cells, CD161 has been associated with high 

responsiveness to stimulation by IL-12 and IL-18 [29]. This cytokine-mediated activation is 

likely to occur during asexual blood-stage malaria, which is known to strongly induce pro-

inflammatory cytokines such as IL-1β, IL-6, IL-8, IL-12, IFN-γ, and TNF [9]. 

Together, our ex vivo analysis clearly shows, to our knowledge for the first time, the 

activation of phenotypically distinct Vδ1 and Vδx T-cell subsets upon CHMI. The cellular 

subsets expressing PD-1 might have been activated in a strong, possibly TCR-mediated 

manner whereas the CD161+ group could be responsive to cytokine stimulation. Clearly, our 
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data show that an expansion of Vδ1 and Vδx T-cell populations marked by high levels of 

CD38 and PD1 expression occurred exclusively in volunteers experiencing a recent asexual 

blood-stage infection. Volunteers from the same cohort that remained negative for asexual 

blood-stage parasitaemia did not show this change. Of note, several other infectious diseases 

have been linked with the expansion of Vδ1 or Vδx T cells in peripheral blood including HIV 

[30], Epstein-Barr virus (EBV) [31] and CMV [28], with possibly protective immune 

function. 

 

An interesting finding is the preferential reactivity of a group of Vδ1 T-cell clones towards 

hepatocyte cell lines. Given the high number of Vδ1 T cells in liver parenchyma [32], one 

might speculate that these liver-cell-reactive T cells are involved in liver stress surveillance 

through recognition of an unknown ligand expressed on altered hepatocytes. This would 

make those T cells ideally suited to play a protective role during malaria liver stage or in 

response to blood-stage parasitaemia, in which the liver also plays an important role [33]. 

Our unpublished, preliminary results of CVac-based vaccination of malaria pre-exposed 

volunteers in Equatorial Guinea during the EGSPZV2 trial indicate that liver-resident, 

malaria specific immunity might be induced under natural conditions (Olotu et al., 

manuscript in preparation). Furthermore, data from mouse models suggest that the pre-

erythrocytic stage is not immunologically silent but that the liver can sense Plasmodium 

infection through recognition of Plasmodium RNA and respond with release of type I 

interferons [34]. 

Recent evidence shows that Vd1 T cells are undergoing clonal selection and differentiation 

from a naïve T cell repertoire in peripheral blood, with chronic CMV infection being 

potentially a major driver [35]. Interestingly, Vδ1 T cells are abundant in human liver, where 

they represent about 50% of all γδ T cells and show a phenotype of effector memory T cells 

including CD27lo and CD45RAlo [32]. Next-generation sequencing approaches showed that 

the liver-resident Vδ1 TCR repertoire is highly clonally focussed, private (not shared 

between individuals), shows complex Vγ segment usage and differs from the peripheral-

blood Vδ1 TCR repertoire [32]. 

The few restricting elements known for human Vδ1 TCRs include MHC class I chain-related 

proteins A and B (MICA and MICB) and CD1 molecules [10]. While identification of the 

ligand is beyond the scope of this manuscript, activation of our T-cell clones was unchanged 

when stimulated with genetically engineered HC-04 cells that lack β2m expression, leading 
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to absence of surface expression of MHC class I and class I-like molecules. In particular, this 

indicates that activation is independent of CD1 molecules, which require β2m to be expressed 

on the cell surface [36]. 

 

We established for the first time a γδ T-cell clone expressing a full-length, functional TCR 

Vγ10 chain in combination with Vδ1. So far, it was believed that Vγ10 is non-functional in 

humans, although a possible functionality in non-Caucasian populations has been suggested 

[18]. Evolutionarily, the TCR γ locus shows an interesting dichotomy: the region encoding 

Vγ1-Vγ8 is rapidly evolving, while the Vγ9-Vγ11 region is highly conserved throughout 

evolution in primates [37]. This includes Vγ10, which shows a strong selection of 

synonymous mutations, indicating purifying selection [37]. In line with this strong 

evolutionary conservation, the mutation in the splice donor site seems to be of recent 

evolutionary origin and within primates has only arisen in the human lineage [20]. 

Based on their nucleotide sequence similarity, the TCRγ variable genes have been 

categorised into four subgroups: Vγ2, 3, 4, 5, and 8 (subgroup VγI), Vγ9 (subgroup VγII), 

Vγ10 (subgroup VγIII) and Vγ11 (subgroup VγIV) [21]. Therefore, due to its low sequence 

similarity with the other TCR γ V genes, Vγ10 represents the only member of the subgroup 

VγIII [21]. Thus, Vγ10 might fulfil a unique function, analogous to Vγ9 that is crucial for the 

generation of the well-studied and specialised Vγ9Vδ2 TCR that senses stress-induced 

phosphorylated antigens. 

We confirmed the presence of this functional allele and determine its frequency in the 24 

BSPZV1 volunteers examined in this study, which was found to be 27.1% (Fig. 7B). In the 

1000 human genome project, allele frequency in African populations was between 15.7% 

(Kenya; LWK) and 27.1% (Sierra Leone; MSL), while the allele was completely absent in 

Asians and almost undetectable in Europeans (0.1%) and Americans (1.3%) (Fig. 7C). 

Populations of African ancestry living in Barbados (ACB) or the Southwest of the United 

States (ASW) show a similar allele frequency as the one found in African populations. Thus, 

the functional TRGV10 allele is exclusive to Africans or people of recent African descent. 

Intriguingly, a study in Ghana had already reported the presence of Vδ1 T cells that remained 

unlabelled when PBMC were stained with a cocktail of antibodies against all functionally 

expressed Vγ chains known at that time [12]. This Vγ2-9negVδ1+ population was specifically 

increased to around 15% of Vδ1 T cells in children who were hospitalized for uncomplicated 

or cerebral malaria, but not in healthy children from the same area [12]. We speculate that 

this undefined population might encompass the Vγ10Vδ1 T-cell subset, adding independent 



	 83 

evidence for expansion of Vγ10Vδ1 T cells upon malaria infection in another geographical 

area and age group. 

Further studies are necessary to reveal the tissue distribution, TCR repertoire and functional 

properties of Vγ10-expressing T cells, but our data indicate a role of Vγ10Vδ1 T cells in 

human malaria infection and our findings pave the way for further studies of this novel T-cell 

subset that might only be present in people of recent African descent. 
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METHODS 

 

Cells and cell culture 

The HC-04 human hepatocyte cell line was obtained from BEI Resources. The human cell 

lines THP-1 (monocytic leukaemia), U937 (histiocytic lymphoma), A375 (melanoma), K562 

(erythroleukaemia), HEK 293 (embryonic kidney), 721.221 (B cell), HuH-7 (hepatoma), 

HeLa (cervical cancer) were obtained from American Type Culture Collection. SKW-3 cells 

(TCR -deficient T-cell leukaemia) were obtained from the Leibniz-Institute DSMZ. β2m 

knock out in the HC-04 cell lines was performed using a crispr Cas9 system according to 

standard protocols. 

PBMC were isolated from participants of the BSPZV1 clinical trial (ClinicalTrials.gov 

Identifier: NCT02132299). Details are published in (Jongo et al., manuscript in press). All 

participants were healthy, male Tanzanians between 18 and 35 years of age. Samples 

analysed in this manuscript were derived from the high-dose group that received 2.7*105 

PfSPZ of PfSPZ Vaccine per injection. Controlled human malaria infection consisted of 

3’200 PfSPZ of PfSPZ Challenge administered by direct venous inoculation. 

Monocytes were isolated using a Human CD14 Positive Selection Kit (STEMCELL 

Technologies) according to the manufacturer’s instructions. Mo-DC were generated by 

culturing CD14 positively selected monocytes in the presence of human recombinant IL-4 

and GM-CSF (BioLegend) for five days. Differentiation was controlled through cell surface 

staining of CD209 (DC-SIGN). 

T-cell lines and clones were established as previously described [38]. 

 

Flow cytometry and antibodies 

Flow cytometry stainings, analyses and cell sortings were performed using standard 

protocols. The following antibodies were obtained from BioLegend: CD3 (fluorochrome 

BV650, clone OKT3), CD4 (Alexa700, OKT4), CD38 (APC/Cy7, HB-7), CD69 (PE/Dazzle, 

HNK-1), CD94 (PerCP/Cy5.5, DX22), CD161 (BV605, HP-3G10), CD209 (PE, 9E9A8), 

CD294 (BV421, BM16), HLA-DR (Alexy700, L243), NKp80 (APC, 5D12), pan-γδ (PE, 

B1), PD-1 (BV785, EH12.2H7), Vα7.2 (BV510, 3C10), Vδ2 (BV711, B6). Anti-LAG-3 

(PE/Cy7, 3DS223H) was obtained from eBioscience, Vδ1 (FITC, TS8.2) from GeneTex, and 

CD8 (BUV496, RPA-T8) from BD Biosciences. Cell proliferation was assessed in vitro 
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using the CellTrace Violet proliferation kit (ThermoFisher) according to the manufacturer’s 

instructions. 

 

Data analysis and software 

Standard flow cytometry analyses were performed using FlowJo (TreeStar). Dimensionality 

reduction and semi-automated clustering was performed using a custom R script. Briefly, 

flow cytometry data were gated and the subsets of interest exported from FlowJo and 

imported into R. Fluorescent parameters were transformed using an individually centred 

inverse hyperbolic sine function for each fluorochrome. t-SNE dimensionality reduction [25] 

was performed using the Rtsne package. Clustering was performed by multiple rounds of 

DBSCAN with custom parameters using the dbscan package in R. Then, cell frequencies for 

each cluster were calculated for each sample and statistical analyses performed. 

 

T-cell activation assays 

In activation assays with cell lines, 5*104 T cells were co-cultured with cell lines at an 

effector:target ratio of 1:1 in a final volume of 200µl. Adherent cells were plated and allowed 

to adhere for 2h before addition of T cells. T cells and target cells were co-cultured for 16h. 

For proliferation assays, 2*105 Mo-DC were co-cultured with 106 PBMC and 2*105 uRBC or 

PfRBC and proliferation was assessed after 6 days. 

 

TCR sequencing and transfer 

RNA from T-cell clones was extracted using the NucleoSpin RNA kit (Macherey Nagel). 

cDNA was generated with SuperScript III reverse transcriptase (Invitrogen). TCR γ and δ 

genes were then PCR amplified using specific primers and sequenced. 

For TCR transfer into SKW-3 cells, the corresponding TCR-γ and δ cDNA were cloned into 

a modified pFUGW lentiviral vector. Lentiviral particles were produced in HEK 293 cells 

and the SKW-3 cell transduced with supernatant containing the lentiviral particles. 

Successful transduction was assessed by staining for surface expression of CD3. 

 

Blood stage parasite enrichment 

P. falciparum parasites strain NF54 from fresh cultures were enriched using MACS magnetic 

columns as published [39]. Briefly, fresh parasite cultures were passed on top of the MACS 

magnetic column and eluted using RMPI 1640 after removing the column from the magnetic 
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stand. Enrichment of infected erythrocytes was assessed by Giemsa staining. Typical 

parasitaemia after enrichment was around 90%. 
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Despite being a unicellular organism, Plasmodium falciparum has an extremely complex life 

cycle that is highly adapted to its human and mosquito hosts. An especially striking feature of 

this adaptation are the intricate strategies the parasite has evolved to avoid recognition by the 

human immune system [157]. 

The many interactions between malaria parasite and the human immune system make 

understanding the human immune response towards malaria a difficult task. This is reflected 

in the many obstacles that need to be overcome in order to produce an effective malaria vaccine. 

In this general discussion, I highlight for each manuscript a key finding and its implications for 

malaria immunology and vaccine development: 

6.1. We found expression of IL-4, IL-21 and CD154 in CSP-specific CD4+ T cells upon RTS,S 

vaccination, highlighting the importance of appropriate T-cell help for effective humoral 

immunity. 

6.2. The immune response towards the PfSPZ vaccine is considerably lower in Tanzanians than 

US volunteers, emphasizing diversity in the immune response between different human 

populations. 

6.3. The activation of MAIT cells depends on the growth condition of the bacteria that produce 

the MAIT-cell antigens, highlighting the many interactions between gut microbiome and the 

human immune system. 

6.4. Vδ1 T cells are activated in a personalised response during malaria infection, emphasizing 

the wide range of T cells that are activated during malaria. In addition, we discovered a 

functionally expressed TCR Vγ10 gene that might only exist in the African population. These 

findings points out how the distinct immunogenetic background of individuals and populations 

can influence the human immune system.  

6.1. RTS,S/AS01E Malaria Vaccine Induces Memory and 
Polyfunctional T cell responses in a Pediatric African Phase 
III Trial  

Understanding the interplay between cellular and humoral immunity is critically important in 

the context of malaria vaccination, as it has proven difficult to achieve vaccination-induced 

humoral immunity leading to long-lasting protection [85]. However, the T-cell response 

towards the malaria vaccine RTS,S remains poorly understood, especially in African children, 

and so far, most studies have focussed on analysis of cytokine release from TH1 cells only [89]–

[91].  
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Here, we characterised and compared the CSP- and HBsAg-specific T-cell response of RTS,S-

vaccinated children from Tanzania and Mozambique in unprecedented detail. We observed for 

the first time in a paediatric malaria vaccine trial the TH2- and TFH-cell-associated cytokines 

IL-4 and IL-21, respectively. Furthermore, a significant number of CSP-specific T cells 

expressed CD40 ligand (CD154), contrasting with findings from other studies [158], [159]. 

This highlights a more complex T-cell functionality than previously appreciated and could have 

important implications for the interplay between T-cell and B-cell responses towards RTS,S. 

IL-21 represents, together with IL-6, the central cytokine inducing TFH commitment, through 

its potential to increase the expression of BCL-6, the key transcription factor for TFH 

development [102]. Furthermore, IL-21 can promote B-cell proliferation, generation of plasma 

cells and isotype switching, indicating its central role in regulating B-cell function [160]. 

Similarly, CD154 is an important help signal provided by T cells to B cells during the germinal 

centre response [102]. Therefore, the expression of these effector molecules by CSP-specific 

T cells might be important for development of an effective B-cell response upon RTS,S 

vaccination. While we were able to detect IL-4, IL-21 and CD154 on CSP-specific T cells, this 

holds true for only a minority of volunteers, indicating the personalised nature of the immune 

response towards RTS,S. Furthermore, IL-21 and CD154 were only detectable in the effector 

memory (EM) subset, but were completely absent from the central memory (CM) compartment 

of T cells. Induction of a high frequency of CSP-specific CM T cells might be important for 

induction of long-term protection, as CM T cells possess high proliferative capacity and 

functional potency [161]. The low frequency of antigen-specific T cells in the CM 

compartment could therefore contribute to the short protection observed in this clinical trial 

and upon RTS,S vaccination in general. 

Interestingly, CSP-specific T-cell responses were lower than the ones to HBsAg, both in terms 

of frequency and polyfunctionality. One possible explanation could be that the children in our 

cohort should have been previously vaccinated against hepatitis B, and this response might 

have been boosted by RTS,S. Alternatively, the lower dose of CSP compared to HBsAg could 

explain the lower immune response, as the RTS,S is formulated at a RTS to S ratio of 1:4 [162]. 

Furthermore, intrinsic properties of peptides influence their interactions with MHC molecules 

and thus their immunogenicity [163]. 

This study was not aimed to include correlational studies with clinical parameters, as children 

with episodes of malaria during follow-up were excluded from the analysis. It will be 

interesting to see if the described phenotypes of polyfunctionality, memory phenotype and 

distinct effector molecules correlate with clinical outcome. Ultimately, a better understanding 
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of the interactions between vaccine-specific T cells and B cells might lead to improved malaria 

vaccine design. 

6.2. Safety, immunogenicity and protective efficacy against 
controlled human malaria infection of Plasmodium 
falciparum sporozoite vaccine in Tanzanian adults 

The observed vaccine efficacy of 20% in the BSPZV1 clinical trial against homologous CHMI 

was considerably lower than previously observed in US volunteers (93.4%) [164], but in a 

similar range as the one observed in a comparable study conducted in Mali (29%) [135]. One 

confounding parameter when comparing those clinical trials is the different methods that were 

used to assess vaccine efficacy. In the US, CHMI was performed by mosquito bite; in the 

BSPZV1 cohort by DVI of 3’200 PfSPZ Challenge; in the Mali study vaccine efficacy was 

assessed by field exposure. 

Additionally, vaccine-induced anti-CSP antibody titres were also lower in our study than 

observed in US volunteers [164], but higher than the ones observed in Mali [135]. Recently, 

data from a phase I study in Equatorial Guinea indicated even lower antibody responses than 

in Tanzania or Mali [134]. 

Together, these data show convincingly that vaccine efficacy and immunogenicity is 

considerably lower in sub-Saharan Africans than in US volunteers. The observation that 

vaccine efficacy varies between different human populations is not new and in fact has been 

reported for vaccines against many diseases such as tuberculosis, hepatitis B, tetanus, 

diphtheria or influenza [165]. The reason behind those marked differences between populations 

in terms of vaccination-induced protection and immunogenicity remain incompletely 

understood, but most likely, there are many different causes [165]. 

One effect that has been suggested to influences malaria vaccine efficacy is previous exposure 

to Plasmodium parasites [166]. A possible immunological mechanism might involve 

exhaustion and decreased functionality of antigen-specific T cells during repeated exposure, 

leading to altered memory formation [167]. 

Another mechanism that influences vaccine responsiveness is reported in a study comparing 

the immune response to yellow fever vaccination between Swiss and Ugandan volunteers 

[168]. Immunogenicity of the vaccine was significantly lower in the African population, an 

effect that could not be attributed to neutralising antibodies targeting the vaccine, as no 

neutralising antibodies were detectable at baseline. Rather, a general state of activation of the 
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immune system, including innate and adaptive compartments, correlated with low vaccine 

response [168]. This effect could also explain reports that imply decreased vaccine 

immunogenicity in people with low socioeconomic status in developing countries as they live 

in more unsanitary conditions and are supposedly exposed to a wider range of pathogens, 

leading to a more activated immune state [169]. Attributing these effects to distinct cellular 

mechanisms is difficult, but inhibitory effects of activated NK cells on T-cell responses have 

been described in mouse models of viral infection. [170], emphasising the interlinked nature 

of ‘innate’ and ‘adaptive’ immunity. 

Another factor influencing vaccine response are infections with pathogens such as helminths 

(see section 6.3) [171]. Furthermore, human genetic variation, especially in immune-related 

genes can greatly affect vaccine response (see section 6.4) [172]. 

Taken together, these effects can partially explain why the malaria vaccine response is lower 

in sub-Saharan Africans, however they cannot provide a simple solution. Currently, the 

strategy to overcome the low immunogenicity of malaria vaccines in African volunteers is to 

increase the dose of vaccine that is administered [137]. However, understanding the factors 

that are responsible for the differences in vaccine efficacy between populations is crucial. This 

absolutely requires studying the immune responses towards malaria vaccines in sub-Saharan 

Africans. Therefore, a key finding of this manuscript is the safety and tolerability of PfSPZ 

Vaccine and CHMI in healthy, male Tanzanian adults. This is the first time that CHMI was 

used in Africa to assess malaria vaccine efficacy. The use of a CHMI as opposed to infection 

by natural exposure is of great value, as it allows for faster and better controlled assessment of 

vaccine efficacy, ultimately leading to accelerated development of malaria vaccines [151]. 

Furthermore, it enables us to study the human immune response towards P. falciparum in a 

highly controlled setting in the population at highest risk of malaria. 

6.3. Modulation of bacterial metabolism by the 
microenvironment controls MAIT cell stimulation 

The term ‘blood-stage’ malaria might be misleading, as malaria pathogenesis involves a wide 

range of human tissues and organs including skin, liver, brain, retina, kidneys, spleen, placenta, 

lungs and gut [26]. While the connection between the gut, its microbiota and malaria infection 

might not be an obvious one, there are several studies showing interactions between malaria 

infection, gut microbiota and integrity of the intestinal barrier. One example involves 

antibodies that are reactive to the glycan Galα1-3Galβ1-4GlcNAc-R (α-gal) that is expressed 
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on different pathogens, but not on host cells. Generation of these antibodies depends on the 

presence of α-gal on the cell wall of gut-resident bacteria, and intriguingly, these antibodies 

can contribute to protection against Plasmodium infection through binding of α-gal on the 

sporozoite surface [173]. 

Malaria infection can also alter the intestinal architecture, leading to shortening of villi, 

detachment of epithelia, increased intestinal permeability, and changes in the gut microbiome 

composition in mouse models of malaria [174]. Importantly, changes in gastrointestinal 

permeability have also been observed in humans with P. falciparum malaria infection [175], 

which can be explained by sequestration of infected erythrocytes in gut endothelia, which has 

been observed in fatal human malaria cases [176]. Moreover, gastrointestinal symptoms such 

as diarrhoea are common during human malaria infection, and might also influence the gut 

microbiome [26]. 

Malaria infection does not only influence the microbiota, but there is also an influence of the 

microbiota on malaria disease severity. This has been demonstrated in mice, where genetically 

similar mouse strains exhibited different parasite burden and mortality, and this effect could be 

transferred to donor mice by faecal transplantation [177]. In humans, associations between 

microbiome composition and prospective malaria risk have been reported [178]. Thus, there is 

a bidirectional influence between the gut microbiome and malaria infection [26]. This might 

also contribute to the differences in terms of vaccine response between sub-Saharan Africans 

and US volunteers, as the gut microbiome has been shown to be significantly different between 

these populations [179]. 

Furthermore, pathogens that infect the human intestine at time of vaccination can influence 

vaccine responsiveness as demonstrated by reduced vaccination-induced protection in 

helminth-infected mice receiving BCG vaccination [171]. Similarly, there is evidence that 

helminth infections can alter the clinical course of malaria disease and might also influence 

malaria vaccination [180]. 

Thus, there is an intricate link between malaria, the intestinal microenvironment and the human 

immune system. We show that MAIT cells provide a link between the gut microbiota and the 

immune system through their ability to sense microbial metabolites. We demonstrated 

phenotypic diversity of MAIT cells between peripheral blood and gut tissue. In vitro assays 

indicated that these different activation states can be induced by distinct stimuli that depend on 

the growth conditions of the bacteria that produce the MAIT-cell antigens. An independent 

study further suggested that MAIT cells play a role in the maintenance of gut integrity [181]. 

In Chapter 5, we showed that MAIT cells expand and get activated upon CHMI. Whether this 
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activation is purely cytokine-mediated or antigen-dependent is not known, but the gut 

microbiota and intestinal integrity could influence MAIT-cell activation. One mechanism 

might involve malaria-induced changes in the frequency of riboflavin-synthesising versus non-

synthesising bacteria in the gut, thereby altering the amount of available MAIT-cell antigens. 

Additionally, increased gastrointestinal permeability could lead to higher availability of gut-

microbiome-derived MAIT-cell antigens in blood and liver, where MAIT cells are especially 

abundant [182]. 

Of note, we developed an unbiased analysis pipeline to identify phenotypic differences 

between gut-resident and peripheral-blood-derived MAIT cells using dimensionality reduction 

and clustering. This approach is extremely versatile and allows us not only to detect phenotypic 

differences in different tissues, but also to identify inter-donor or longitudinal differences and 

to monitor intervention-induced effects. A similar analysis pipeline was used in Chapter 5 to 

reveal malaria-vaccination-induced and CHMI-induced phenotypic alterations in MAIT cells 

and γδ T-cell subsets. 

6.4. Unbiased analysis of unconventional T cells in Tanzanian 
volunteers reveals a personalised Vδ1 T-cell response upon 
controlled human malaria infection 

The immune response during malaria in humans influences a wide range of immune-cell 

subsets. In the case of unconventional T cells, this has been known for a long time for Vγ9Vδ2 

T cells that respond to parasite-derived phosphoantigens [116]. The more recently described 

MAIT-cell subset has also been shown to dynamically change during the course of malaria 

infection [121]. Here, we analysed the response of unconventional T cells to PfSPZ vaccination 

and CHMI in the BSPZV1 cohort using multicolour flow cytometry, followed by an unbiased 

analysis pipeline of these high-dimensional data. Consistent with previous reports, we found 

expansion and phenotypic changes in Vγ9Vδ2 T cells upon blood-stage parasitaemia [115]. 

Unexpectedly, we found Vδ1 T cells and Vδx T cells to show a distinct pattern of activation 

upon CHMI that is characterised by co-expression of CD38 and PD-1. This contrasts with the 

absence of PD-1 expression on expanded MAIT cells and Vδ2 T cells and implies a distinct 

mechanism of activation within Vδ1 T cells and Vδx T cells upon CHMI. Of note, PD-1 has 

been shown to be enriched on antigen-specific T cells not only in cancer, but also during 

chronic infections [183], [184]. Thus, we hypothesize that activation of the CD38+PD-1+ T-cell 

subsets occurred in an antigen-specific, TCR-dependent manner. This hypothesis is supported 
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by the fact that expansion of this CD38+PD-1+ subset was very marked in some volunteers, but 

almost absent in others, indicating a personalised response that might depend on differences in 

the Vδ1 TCR repertoire [48]. A similar, personalised Vδ1 T-cell response was recently 

observed in the context of CMV infection [29]. 

Interestingly, Vδ1 T cells are abundant in the liver, where they represent around 50% of γδ 

T cells [185], and also in the intestine, representing around 80% of γδ T cells [186]. Together 

with the fact that malaria strongly influences the liver and gut [26], this could indicate that the 

activation of Vδ1 T cells during malaria infection occurs in one of these tissues. Our in vitro 

data based on stimulation of Vδ1 T-cell clones suggest that those cells could be reactive to 

liver-tissue derived cell lines. It is conceivable that our T-cell clones recognise in a TCR-

dependent manner a self-ligand that is particularly abundant on altered hepatocytes. Liver 

stress-surveillance by Vδ1 T cells could be crucial in pre-erythrocytic protection against 

malaria and could complement conventional, CD8+ αβ T-cell mediated protection. 

Together, these findings show for the first time the distinct activation pattern of Vδ1 T cells 

during malaria infection, expanding the great diversity of immune cells that are involved in the 

immune response to malaria. Importantly, this puts further emphasis on the potentially highly 

personalised nature of the human immune response during malaria. 

 

In addition, we described for the first time the functionality of the human TCR Vγ10 gene, 

which so far has been thought to be non-functional due to a mutation in the splice donor site 

[187]. Our TCR-transfer experiment using SKW-3 cells confirms that the TCR Vγ10 gene 

product is functional and abundantly expressed on the cell surface. A data base search in the 

1000 genome project indicated that the functional TCR Vγ10 gene is exclusive to Africans or 

people of recent African descent [188]. 

The discovery of a functional T-cell population exclusive to Africans highlights genetic 

diversity as one of the obstacles when developing a malaria vaccine. Although the influence of 

Vγ10+ T cells on malaria vaccination and disease are completely unexplored, the discovery of 

a functional allele provides an example of the different immunogenetic background between 

sub-Saharan Africans and Europeans or US-Americans. Hence, not only the malaria pre-

exposure status, but also differences in the TCR repertoire could contribute to the variety in 

vaccine efficacy when evaluating a malaria vaccine such as the PfSPZ Vaccine. 

Genetic differences clearly have an impact on vaccine responsiveness [172]. Heritability of 

common viral vaccines are estimated to be between 40% to 90% [172], indicating that the 

impact of the genetic background is specific for each vaccine. The most obvious genetic 
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differences playing a role in immune responsiveness are polymorphisms in the HLA locus, but 

polymorphisms in PRRs, cytokines and their receptors, and others have been found [172]. This 

effect is expected to be large in sub-Saharan Africans, who are genetically extremely diverse 

due to the long evolutionary history of humans in Africa [188]. The example of Vγ10 is a 

striking case in which a SNP can change the expression of an entire TCR chain, which might 

lead to the presence or absence of an entire T-cell subset. 

An intriguing question is why the functional Vγ10 allele is so strongly enriched in sub-Saharan 

Africans. One possibility is a genetic bottleneck during human migration or the loss of the 

allele by genetic drift. Alternatively, there might be an evolutionary selection pressure that 

selects for the presence of these T cells in sub-Saharan Africans. This could be explained by a 

protective role of Vγ10+ T cells in a disease that was especially prevalent in sub-Saharan Africa 

in recent human evolution. An obvious candidate is malaria that is known to exert a strong 

influence on the human genome, as indicated by the well-known examples of sickle-cell 

anaemia or glucose-6-phosphate dehydrogenase (G6PD) deficiency [189]. Another example of 

how malaria infection shapes the human immune system was highlighted more recently with 

the discovery of broadly reactive anti-PfRBC antibodies, whose reactivity depends on a LAIR1 

insertion [190]. 

Taken together, our findings in Chapter 5 highlight the personalised immune response towards 

malaria infection within the Vδ1 T-cell subset. Furthermore, the first description of a Vγ10-

expressing T cell emphasizes how much we can still learn about immunogenetic differences 

between human populations and individuals, and their potential impact on the immune 

response during infectious diseases. 
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With large-scale phase III clinical trials completed, RTS,S is now being rolled out in Ghana, 

Kenya and Malawi as the first generation malaria vaccine [191]. For this pilot implementation, 

750,000 children will be randomized to vaccinated and unvaccinated clusters, with four doses 

of RTS,S administered in the vaccine testing group. RTS,S will be implemented into the current 

malaria control strategy as a complementary tool and is not planned to replace the measures 

already in place. Clearly, RTS,S falls – in its current formulation – short of the recommendation 

of the malaria technology roadmap claiming the malaria community should develop and license 

a first-generation malaria vaccine that has a protective efficacy of more than 50 percent against 

severe disease and lasts longer than one year [192]. 

 

Currently, some of the most promising malaria vaccine candidates are based on whole 

P. falciparum sporozoites applied by direct venous inoculation. We are now receiving the first 

data from clinical trials using the PfSPZ Vaccine in sub-Saharan Africa in Mali [135], 

Equatorial Guinea [134] and Tanzania (see Chapter 3, Jongo et al., manuscript in press). From 

these initial results, we can expect that immunogenicity and vaccine efficacy will be 

significantly lower in sub-Saharan Africa than what initial results from malaria-naïve, US 

volunteers suggested [76]. Other vaccination approaches based on whole-sporozoite 

approaches are now entering clinical trials. One of these approaches is the attenuation of PfSPZ 

not by radiation, but through genetic manipulation of the parasite [146], [193]. This has the 

potential benefit of being able to control the stage at which the parasite arrests, through 

selection of the genes that are knocked out. If the parasite can progress further in its 

development within the liver, it should express a wider range and higher load of antigens, which 

could lead to improved immunogenicity. However, the occurrence of a break-through infection 

in a clinical trial with genetically attenuated parasite shows the balance between 

immunogenicity and safety [145]. This has led to the development of a triple-knock-out PfSPZ 

vaccine that is safe, but arrests early in liver-stage development [147]. Despite this early arrest, 

it will be interesting to see how this vaccine performs in clinical trials in sub-Saharan Africa. 

Another vaccination approach combines the administration of fully infectious PfSPZ to 

recipients who are taking malaria chemoprophylaxis [140]. This has the advantage of exposing 

the immune system to the whole range of P. falciparum liver-stage antigens and additionally 

to early blood-stage antigens. The inoculation of PfSPZ by mosquito bites has recently been 

replaced with administration by needle and syringe of the PfSPZ Challenge during chloroquine 

administration (PfSPZ-CVac) [142]. This approach is currently under evaluation in Equatorial 

Guinea and Mali and it will be interesting to see if this approach can overcome the sub-optimal 
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vaccine efficacy observed in the PfSPZ Vaccine in sub-Saharan Africa. However, one of the 

limitations with CVac is the requirement to monitor for potential malaria break-through 

infections during vaccination and the side effects of chloroquine like pruritus [194]. 

Ultimately, however, all of those approaches might suffer from the same drawback, which is 

the ability of P. falciparum to evade the human immune response [157]. Currently, the strategy 

to overcome low vaccine efficacy is to increase the dose and alter the dosing schedule [137]. 

Alternatively, administration of a mixture of different P. falciparum strains or Plasmodium 

species might improve immunogenicity and heterologous protection against the diversity of 

circulating field strains. In fact, a combination of strains administered during prophylaxis has 

been successfully used for decades in a veterinary vaccination against Theileria parva, the 

causative agent for East Coast fever in cattle [195]. However, administration of several 

P. falciparum strains might complicate the vaccine manufacturing process and could face 

regulatory difficulties.  

 

Clearly, a main reason for the difficulties in developing an effective malaria vaccine is our 

incomplete understanding of the interplay between malaria biology and the human immune 

response in different human populations. However, the current malaria vaccine trials offer a 

unique opportunity to study exactly those mechanisms in a controlled setting. In Chapter 5, 

this has enabled us to examine the involvement of γδ T cells in the malaria immune response, 

and allowed us to make interesting observations that are worth following up. For the first time, 

we found dynamic changes in frequency and phenotype of Vδ1 and Vδx T-cell subsets upon 

CHMI. A next step could be to examine the TCR repertoire of those cells to confirm that the 

observed expansion of CD38+PD-1+ cells is indeed a TCR-mediated clonal expansion. Recent 

technological advances allow the concomitant analysis of surface marker expression and 

transcriptome on a single-cell level [196], [197]. It would be highly interesting to apply this 

technology to our sample set, as this could allow us to identify the cells of interest through the 

surface markers, and simultaneously assess their TCR sequences and possible effector 

functions by analysing the transcriptome on a single-cell level. Alternatively, the hypothesis 

that the CD38+PD-1+ cells are clonally expanded populations could be assessed by single-cell 

sorting of some of the cells and sequencing of their TCR. Or, the TCRδ repertoire could be 

assessed by bulk sequencing of sorted non-Vγ9Vδ2 γδ T cells pre-vaccination, post-

vaccination and post-challenge. If indeed we found clonal expansion, those cells could be 

isolated and their function assessed using in vitro assays. One particularly interesting assay 

would be co-culture of the isolated Vδ1 T cells with PfSPZ-infected hepatoma cells. This could 
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give an indication if indeed, those T cells are responsive to P. falciparum liver-stage infected 

hepatocytes. 

 

The study of the newly identified Vγ10+ T cells is currently hampered by the lack of a specific 

antibody for this TCRγ chain. Thus, although challenging, a first step could be the generation 

of a Vγ10-specific antibody that would allow for detection of malaria-induced phenotypic 

alterations of these cells by flow cytometry. Furthermore, this would simplify the task of 

isolating and propagating additional T cells that bear this TCRγ chain. In the absence of a 

Vγ10-specific antibody, one would have to establish a wide range of T-cell clones and screen 

their TCRγ expression by PCR. However, the fact that we already genotyped our cohort for the 

presence of the TRGV10*novel allele would simplify this task. 

Furthermore, it would be especially interesting to study Vδ1 T cells in volunteers from West 

Africa, as they have a particularly high abundance of Vδ1 T cells in peripheral blood ([119] 

and our unpublished observations). 

 

Controlled human infections beyond malaria are either well-developed like for influenza virus 

or are under development like for hookworm infections [198]. The push for controlled human 

infections is clearly a consequence of the limited extrapolation of results obtained in animal 

models of infectious disease to the human system (see e.g. [199]). Using these controlled 

human infection models, the involvement of the Vγ10+ T cells beyond malaria could be 

explored since we can expect that these cells are not only associated with malaria infections. 

 

In conclusion, the way forward in malaria vaccine development should involve two 

interdependent strategies. First, the current approaches of whole-sporozoite-based vaccination 

should be further developed and tested in sub-Saharan Africa as described above. Second, this 

gives us the unprecedented opportunity to explore the interactions between parasite and the 

human immune response in a highly controlled environment in different human populations 

and age groups. We should use this opportunity and learn as much as we can about these 

interactions using immunological methods that assess a wide range of parameters in an 

unbiased way. This might finally enable us to develop surrogates and correlates of vaccine-

induced protection against malaria. In contrast to the already established vaccines applied 

during the expanded program on immunization (EPI) on a global scale, the new generation of 

vaccines against chronic infectious diseases like malaria might need to be more tailored 

towards different human subpopulations [200].  
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