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MAVS	 Mitochondrial antiviral-signaling protein
MDA5	 Melanoma differentiation-associated protein 5
NK	 Natural killer cells
NKT	 Natural killer T cells
PBMC	 Peripheral blood mononuclear cells
ROS	 Reactive oxygen species
TLR	 Toll-like receptors

1  �Plasmodium Infection and Disease

Malaria infection starts when an infected Anopheles mosquito injects Plasmodium 
sporozoites into the skin of the vertebrate host. After traversing the dermis, the para-
sites enter the circulation and home to the liver, initiating the hepatic stage of infec-
tion. Within the liver, hepatocyte traversal precedes parasite invasion and replication 
in the host cell, ultimately maturing into erythrocyte-infectious merozoites [1]. 
These are later released into the lumen of liver sinusoids [2] invading, developing, 
and multiplying inside erythrocytes, the blood stage of infection, associated with 
the establishment of disease and all its complications.

The blood stage of malaria is characterized by high cyclical fevers and elevated 
levels of inflammatory mediators in the circulation. Excessive and persistent inflam-
mation during P. falciparum infections contributes to severe pathology and to the 
development of associated complications such as cerebral malaria and severe malar-
ial anemia [3].

Acute malaria is always characterized by high fevers, but it is known that differ-
ent species of Plasmodium need to reach higher parasitemias to induce inflamma-
tory responses in the host. Although the mechanisms underlying this effect are not 
clear, it seems apparent that P. vivax is more effective at inducing inflammation and 
therefore needs lower parasitemias to induce a high fever response compared to  
P. falciparum [4]. This difference has also been observed in the levels of TNF com-
pared to parasitemia in patients, where P. vivax or P. ovale induce much higher 
levels of inflammation per infected erythrocyte compared to P. falciparum [5, 6], 
although this observation has been recently challenged [7, 8].

2  �Parasite- and Host-Derived Inflammatory Molecules

The asymptomatic nature of the liver stage, the first step of Plasmodium infection in 
the mammalian host, has led to the long-lasting view that the parasite can establish 
and replicate within the host hepatocyte without being detected [1]. However, such 
notion has been challenged by the presence of inflammatory cell foci in the liver 
during exoerythrocytic parasite development [9–12], as well as by the mounting of 
a strong inflammatory reaction aiming at controlling Plasmodium hepatic burden, 
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as is the case of the rate-limiting enzyme of heme catabolism heme oxygenase 1 [9]. 
Taken together, these findings suggest that the host is able to sense Plasmodium 
hepatocyte infection and respond to it.

In contrast, the inflammatory nature of the blood stage of infection has long been 
recognized. As described by Golgi [13], the synchronized rupture of infected eryth-
rocytes in the peripheral circulation is followed by a peak of fever in malaria patients. 
This observation led to the hypothesis that the high levels of inflammation in malaria 
during the blood stage of infection were caused by molecules released from infected 
erythrocytes during parasite egress, including merozoites and erythrocyte cellular 
contents. The search for these molecules for the past century has led to the identifi-
cation of several pro-inflammatory molecules that are either derived directly from 
Plasmodium or generated as a result of infection from erythrocyte components.

Among the molecules generated by the parasite, glycosylphosphatidylinositol 
(GPI) anchors were identified early as inflammatory mediators [14]. These glyco-
lipid structures anchor parasite proteins to the plasma membrane in the merozoite 
[15] and activate toll-like receptors (TLR), preferentially TLR-2/TLR-6 and TLR-2/
TLR-1 heterodimers, but also TLR-4 homodimers [16]. Although purified GPI 
anchors induce an inflammatory response in mice [14], in  vitro this response is 
downregulated in the presence of other P. falciparum lipids [17], which may explain 
why in  vitro inflammatory responses do not require TLR-2 or TLR-4 [18]. The 
association of TLR-4 [19], TLR-2, TLR-1, and TLR-6 [20, 21] polymorphisms with 
malaria severity may be compatible with a role for GPI anchors in malaria inflam-
mation, but this association may also be caused by other Plasmodium-derived 
inflammatory mediators. The role of GPI in malaria-induced inflammation in 
patients remains unclear.

Another parasite-derived molecule with inflammatory effects is hemozoin, a 
crystal polymer of heme that Plasmodium generates after degradation of hemoglo-
bin within infected erythrocytes. Hemozoin is generated in the parasite’s food vacu-
ole and is released after erythrocyte rupture and merozoites egress. It is important to 
consider than the inflammatory properties of crystals, such as hemozoin, depend on 
the size, charge, and association with protein, lipids, or other elements of the crystal 
[22]. Different groups have found conflicting results regarding the inflammatory 
effects of hemozoin, which are probably due to the variations in the protocols used 
to obtain hemozoin that would result in crystals with different inflammatory charac-
teristics. When synthetic hemozoin, or also hemozoin purified from infected eryth-
rocytes and stripped of any binding molecules, was used as starting material, 
activation and binding to TLR-9 [23, 24] was observed. Inflammatory pathways 
dependent on nitric oxide and NF-kB [25], as well as activation of the NLRP3 
inflammasome [26, 27], were also identified.

It is likely that hemozoin obtained from cultured parasites that naturally rupture 
and release their contents would more accurately resemble the characteristics of the 
hemozoin generated during disease. This kind of hemozoin was used in studies that 
found parasite and host components bound to it, including Plasmodium DNA [28] 
and host fibrinogen [29]. The bound materials DNA and fibrinogen, not the hemo-
zoin per se, were found to mediate the inflammatory response observed in vitro 
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through the activation of TLR-9 and TLR-4 or the integrin CD11b/CD18, respec-
tively [28, 30]. Indeed, the inflammatory activity of hemozoin was lost after 
treatment to remove associated proteins or DNA, probably because the proteins 
provide a link to bind DNA to the hemozoin crystal [31]. These results indicate that 
hemozoin could act as a “carrier” for other molecules, increasing their inflammatory 
potential. Another effect of hemozoin, also caused by other crystals, is the destabi-
lization of the phagosome [32], which results in the release of hemozoin and DNA 
to the cytosol of the phagocytic cell and in the activation of the AIM2 and NLRP3 
inflammasomes, respectively [31]. Accordingly, synthetic hemozoin is being devel-
oped as a vaccine adjuvant for other diseases [33, 34].

The “carrier” effect was also proposed for Plasmodium histones, which are bound 
to parasite DNA and mediate inflammation in vitro [35]. Additionally, immune com-
plexes formed by DNA and anti-DNA antibodies, which are found in high concen-
trations in the sera of malaria patients, were found to induce cytokine secretion from 
immune cells in vitro [36], suggesting that another Plasmodium DNA-carrier com-
plex is also contributing to the inflammatory pathway. Plasmodium DNA can acti-
vate not only TLR-9, which recognizes CpG motifs, but also an alternative 
inflammatory pathway that recognizes AT-rich hairpin motifs, involves STING/
TBK1/IRF3 signaling, and results in the production of type I interferon [37].

Interestingly, whole lysates of P. falciparum-infected erythrocytes injected into 
mice are more immunogenic in wt compared to TLR-9-deficient mice, indepen-
dently of Plasmodium DNA [24]; however, infection of TLR-9-deficient mice with 
P. berghei did not show a reduction in inflammatory cytokine response [38, 39]. 
Studies in malaria patients have found an association of TLR-9 polymorphisms with 
malaria susceptibility and development of anemia [40, 41], but not with malaria 
severity [19, 40, 42]. The role of hemozoin and Plasmodium DNA in the inflamma-
tory response in malaria patients is still not well defined.

Plasmodium RNA is probably also an inflammatory activator during the blood 
stage of infection, since TLR-7, which recognizes ssRNA, was found to be essential 
for cytokine production in mice [39]. Since TLR-7 and 9, which recognize ssRNA 
and dsDNA, respectively, are not found in the plasma membrane of immune cells, 
the “carrier” effect is thought to facilitate phagocytosis of the nucleic acids, allow-
ing the contact with the endosomes in the phagolysosome. In the liver stage, how-
ever, it is established that Plasmodium dsRNA is sensed by the host hepatocyte by a 
mechanism involving the intracellular RIG-I-like receptor melanoma differentiation-
associated protein 5 (MDA5 also known as IFIH1), its adaptor protein mitochon-
drial antiviral-signaling protein (MAVS), and the transcription factors IRF3 and 
IRF7. Notwithstanding, the ensuing immune response is partially MDA5 indepen-
dent, supporting the idea that several parallel mechanisms could contribute to 
Plasmodium recognition by the host during the liver stage of infection [43]. The 
question remains, however, on how Plasmodium spp. dsRNA becomes accessible to 
the host cytosolic receptors. Several hypotheses can be put forward including: (1) 
the active transport of this ligand across the parasitophorous vacuole, (2) passive 
release of dsRNA through vacuolar membrane pores, (3) leakage of dsRNA into the 
cytosol from nonviable parasites, and/or (4) vesicular transfer of parasite dsRNA 
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from infected cells to liver-resident immune cells, such as Kupffer cells. Overall, we 
cannot exclude that several of these mechanisms operate simultaneously to trigger 
the immune response against Plasmodium during the liver stage of infection.

Another pro-inflammatory mediator that could contribute to the inflammatory 
response to Plasmodium infection is precipitated uric acid. Plasmodium-infected 
erythrocytes import hypoxanthine, which is the precursor of uric acid, for the syn-
thesis of nucleic acids required during parasite replication. After requirements for 
hypoxanthine decrease at the end of the replication cycle, hypoxanthine accumu-
lates in the infected erythrocyte [44, 45]. Precipitates of uric acid are also observed 
in the cytoplasm of the Plasmodium parasitophorous vacuole [46]. Upon rupture of 
infected erythrocytes, precipitates of uric acid and soluble hypoxanthine, which 
would be degraded into uric acid in the tissues, are released and can become inflam-
matory [44–46]. Indeed, activation of the NLRP3 inflammasome by uric acid pre-
cipitates is well characterized [47], and activation of both NLRP3 and NLRP12 
inflammasomes has been observed in infected mice and malaria patients [48], pos-
sibly caused by hemozoin and/or uric acid crystals. Uric acid was also found to 
mediate the activation of mast cells in a mouse model of malaria, leading to the 
regulation of a subset of dendritic cells, which then activate pathogenic CD8+ T cell 
responses directed against the parasite [49]. Interestingly, treatment of malaria 
patients with an inhibitor of xanthine oxidase, an enzyme that produces uric acid, 
results in a more rapid decrease of the inflammatory response [50], suggesting that 
uric acid may be involved in the inflammatory response in patients.

Microvesicles are shed by almost all cell types in response to different stimuli, 
such as activation or response to environmental stress [51]. Microvesicles derived 
from Plasmodium-infected erythrocytes, induced probably in response to oxidative 
stress during infection [52], can activate macrophages and trigger the secretion of 
inflammatory cytokines in vitro through the activation of TLR-4 [53, 54]. Endothelial 
microvesicles can also induce the proliferation of T cells [55]. In malaria patients, 
increased levels of circulating microvesicles are derived preferentially from unin-
fected erythrocytes, but also infected erythrocytes, lymphocytes, platelets, and 
endothelial cells [52, 56, 57]. Correlations of microvesicle levels with inflammatory 
markers or disease severity has been observed in malaria patients. Microvesicle 
levels correlate with TNF in cerebral malaria patients [58], erythrocyte [52] and 
endothelial [57] microvesicles correlate with the severity of P. falciparum malaria, 
and platelet microvesicles also correlate with fever in P. vivax infections [56]. It is 
still not clear whether microvesicles are causing inflammation and malaria severe 
pathology in patients or their formation is induced as a consequence of the high 
inflammation [59], which is characteristic of severe malaria.

Although Plasmodium converts heme derived from hemoglobin degradation into 
nontoxic hemozoin, which in itself can be inflammatory (see below), up to 40 % of 
the hemoglobin of an infected red blood cell can be released and oxidized. This 
leads to the formation of toxic heme in the circulation of infected individuals [60]. 
In vitro and in vivo experiments suggest that heme induces apoptosis of brain vas-
cular endothelial cells, which affects the stability of the blood-brain barrier in exper-
imental cerebral malaria [61, 62]. Heme-induced apoptosis of brain vascular 
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endothelial cells or endothelial progenitor cells was shown to be mediated by the 
transcription factor STAT3 [61, 62], the tumor protein p73 [63], or TLR-4-induced 
CXCL10 [64].

Another source of inflammation in malaria appears to be oxidative stress that is 
generated during infection. Malaria patients exhibit high levels of oxidative stress, 
as measured by lipid peroxidation, and at the same time lower anti-oxidative factors 
compared to healthy controls [65–68]. The source of increased reactive oxygen spe-
cies (ROS) leading to oxidative stress has been subject of speculation. While some 
reports suggest that ROS might be produced by the parasite [69–71], others indicate 
that the human host can be a potent source of ROS to combat Plasmodium, most 
notably through the oxidative burst of phagocytes [72, 73] and ROS-producing 
enzymes like xanthine oxidase [74]. This implicates that ROS production by the 
host might be an important inflammatory response to control parasitemia; however, 
elevated levels of oxidative stress also correlate with increased disease severity dur-
ing the infection [75, 76], suggesting a role in pathology. It is not clear whether 
oxidative stress is a cause or consequence of inflammation during malaria. Given 
the severe nature of complications often leaving traces of oxidative damage like 
impaired memory after cerebral malaria, the use of antioxidants as adjunctive ther-
apy has been discussed. Although of great potential benefit, antioxidants could 
increase parasite survival by interfering with the host inflammatory response or the 
action of antimalarial drugs (reviewed in [77]).

All the parasite and host components described above are able to induce inflam-
matory reactions in vitro and/or when injected in mice, but their relative importance 
in the inflammation observed in malaria patients remains unclear. Assessing their 
real contribution during disease has not been possible because of the difficulties in 
specifically inhibiting each of them in vivo; therefore, most of the available evi-
dence comes from correlations of inflammatory parameters in the blood of malaria 
patients that cannot establish a causative relation. In vitro inhibition of DNA and/or 
uric acid is possible using P. falciparum lysates or merozoites treated with DNAse 
and/or uricase, which suggest an important role for these molecules in the activation 
of human dendritic cells [18, 46]. The role of hemozoin in the inflammatory response 
in vivo may now be tested in mice using P. berghei parasites that produce very low 
levels of hemozoin [78]. Inhibition of uric acid formation in vivo is possible by 
treatment of malaria patients with allopurinol, an inhibitor of the enzyme that pro-
duces uric acid. In this case, a more rapid decrease of the inflammatory response 
was observed in treated patients [50].

There is an unsolved paradox in the study of the innate immune response to 
malaria blood stage, where patients present all signs of an intense inflammatory 
response, including high fevers and circulating inflammatory cytokines, but innate 
immune cells in  vitro respond weakly to the parasite when incubated together. 
When naïve peripheral blood mononuclear cells (PBMCs), isolated dendritic cells, 
or macrophages are incubated with P. falciparum-infected red blood cells in vitro, 
the levels of inflammatory cytokines released, such as TNF, are undetectable or 
substantially lower than responses triggered by well-characterized activators (LPS, 
CpG, or β-hematin [79, 80]) or inflammasome activators (uric acid). Conversely, 
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cells from infected individuals were much more responsive to parasite stimuli in the 
secretion of cytokines [81, 82] when compared to cells from healthy individuals or 
recovered patients. These results suggest that there still may be components of the 
innate immune response to blood-stage Plasmodium infection that have not been 
identified yet and play an important role during infection.

3  �Cellular Responses During Malaria

3.1  �Hepatocytes

Within hepatocytes, Plasmodium parasites settle inside a parasitophorous vacuole 
where it undergoes a remarkable transformation differentiating into highly meta-
bolically active merozoites. By the end of the liver stage, as the vacuole expands, a 
single parasite generates thousands of merozoites. During this process plasmodial 
dsRNA gains access to the host cell cytosol and activates the MDA5/MAVS/IRF3/7 
cytosolic signaling pathway leading to the release of type I interferon (IFN) into the 
extracellular environment. The initial signal is consequently propagated in an auto-
crine and paracrine manner through the activation of the interferon alpha receptor 
(Ifnar) in neighboring hepatocytes via the production of interferon-stimulated genes 
(ISGs). This type I IFN-mediated response enables the host to control hepatic para-
site burden. However such control does not seem to be mediated directly by hepato-
cytes but rather relies on the recruitment of accessory immune cells [43, 83]. In fact, 
liver-stage infection results in the recruitment of natural killer T (NKT) cells in an 
IFNAR-dependent manner, that through an IFNγ-mediated mechanism are respon-
sible for the control of Plasmodium liver infection [83]. Although IFNγ has been 
shown to directly kill liver-stage parasites [84, 85], it is possible that an IFNγ-
independent killing mechanism within the hepatocyte could also take place.

3.2  �Granulocytes

The levels of circulating neutrophils during malaria are significantly increased [86] 
and correlate with inflammation and severe disease [87, 88]. Adoptive transfer of 
neutrophils from infected rats provided partial protection against infection, suggest-
ing that they play a role in protection against malaria [89]. However, the chemokine 
CXCL10 that is secreted by neutrophils during P. berghei infection in mice inhibits 
the control of blood-stage parasitemia and is required for the development of exper-
imental cerebral malaria [90], although depletion of neutrophils did not prevent the 
development of this pathology [91]. Interestingly, activated neutrophils correlate 
with cerebral malaria vasculopathy, which presents with higher cytoadhesion levels 
of infected erythrocytes to endothelial cells in the brain [92], suggesting a role for 
neutrophils in P. falciparum malaria-induced pathology. In P. vivax infections 
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expression of type I interferon in neutrophils was correlated with liver damage [93]; 
however, neutrophils present an atypical activation profile since phagocytic activity 
and superoxide production were increased but molecular markers of activation and 
secretion of cytokines are very low in response to stimulation [94].

Mast cells contribute to parasite clearance and TNF production in rodent malaria 
[95] and appear to have a role in promoting innate immune activation since they 
produce Flt3 ligand during malaria in mice, which, in turn, induces proliferation of 
a subpopulation of dendritic cells. Both Flt3 ligand and this subpopulation of den-
dritic cells are also elevated in malaria patients [49].

3.3  �Monocytes and Macrophages

Macrophages are essential for clearance of infected erythrocytes as observed in 
mouse models of infection [96, 97]. Macrophages efficiently phagocytose infected 
erythrocytes, as early as ring stage [98], which are subsequently degraded in acidic 
phagosomes [99]. Non-opsonic phagocytosis is mediated by binding of infected 
erythrocytes to CD36 [100], while opsonic phagocytosis is mediated by comple-
ment receptor-1 [101, 102] and Fc-γ receptors [103].

3.4  �Dendritic Cells

Dendritic cells (DCs) are crucial for the initiation of the adaptive immune responses 
and regulate both innate and adaptive immunity to infections. DCs activate, or 
mature, in response to different pathogen signals, enabling their capacity as antigen-
presenting cells that efficiently activate naïve T cells [104]. In vitro studies incubat-
ing DCs with Plasmodium showed efficient phagocytosis and phagosomal 
maturation of infected erythrocytes [99], but demonstrate that there is a dose-depen-
dent inhibition of DC maturation [105] that takes place only at high concentrations 
of infected erythrocytes, where DCs do not upregulate co-stimulatory molecules 
[106]. Studies using isolated human DCs and Plasmodium lysates have found 
upregulation of classical co-stimulatory molecules in DCs [46, 79]. Also, plasmacy-
toid DCs are activated through TLR-9 by infected erythrocytes [79]. During early 
infection [107] and in asymptomatic patients [108], the level of expression of sur-
face HLA-DR in circulating DCs maintains normal levels, but during the acute 
phase of disease, these levels are reduced [49, 109, 110]. The decreased levels of 
HLA-DR could affect antigen presentation and T cell activation during disease, 
although their role in malaria immune response remains unclear.

The dendritic cell cytokine response to Plasmodium in vitro was found to be low 
for common cytokines such as IL-12, IL-8, IL-6, IL-1β, IL-10, and TNF [80, 105], 
with the exception of IFN-α that is secreted by plasmacytoid DCs [79]. However, 
other authors found upregulation of inflammatory cytokines upon incubation with 
infected erythrocytes [111, 112].
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When DCs were extracted from malaria patients, they show an impaired capacity 
to mature, capture, and present antigens to T cells. They also undergo high levels of 
apoptosis probably as a result of increased IL-10 during infection [113, 114]. It 
appears that malaria, despite the high levels of inflammation, does not induce clas-
sical activation of DCs. However, studies in patients are limited to circulating DCs, 
and it is possible that effective, mature DCs are migrating into tissues and lymphatic 
organs and are not being detected in the studies.

During severe malaria, the numbers of BDCA3 DCs, which are a minor subset of 
myeloid DCs, are increased in peripheral blood [115] and correlate with high levels 
of Flt3L, a factor that induces expansion of DCs. Other DC populations, BDCA1 
and plasmacytoid DCs (BDCA2), were not increased in malaria patients [49]. 
Conversely, in early uncomplicated human malaria infections, the frequency of 
BDCA3 DCs was not increased, but plasmacytoid DCs were [116], suggesting that 
the DC response may vary at different stages of infection.

3.5  �NK Cells

In vitro studies show that incubation of PBMC with P. falciparum-infected erythro-
cytes results in the rapid activation of natural killer (NK) cells to secrete IFN-γ 
[117]. This activation requires the help of cytokines such as IL-2, IL-12, and IL-18 
[117–119] from T cells but also contact-dependent signals from monocytes and 
dendritic cells [120]. In mice, NK cells are important for the control of parasitemia 
during early infection probably through the production of IFN-γ [121, 122]. Also in 
human malaria infections, restimulation of PBMCs show that NK cells contribute 
moderately to the production of IFN-γ [107].

3.6  �γδ T Cells

γδ T cells are a minor population of T cells in the peripheral circulation that recog-
nize self and non-self antigens without the restriction of MHC antigen presentation. 
γδ T cells expand during malaria to constitute a high percentage of circulating  
T cells in humans infected with P. falciparum [123, 124]. They get activated by 
parasite phosphoantigens produced by Plasmodium apicoplast [125] and release 
cytotoxic granules containing granulysin that are effective against merozoites [126]. 
γδ T cells proliferate and produce IFNγ and TNF after in vitro stimulation with 
P. falciparum-infected red blood cells which is dependent on IL-2 or autologous 
irradiated PBMC [127–131]. γδ T cells are the main producers of IFNγ in response 
to P. falciparum in  vitro [127] and upon in  vitro restimulation of PBMCs from 
humans infected with P. falciparum [107]. In mice, γδ T cells contribute to parasite 
clearance [132–134], probably due to the high production of IFNγ and their role in 
activation of dendritic cells [132].
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In human malaria patients, γδ T cells are important contributors to inflammatory 
cytokines and have been associated with severe malaria [129]. When single experi-
mental P. falciparum infections were analyzed, both γδ T cells and NK cells showed 
an enhanced IFNγ response upon restimulation with P. falciparum-infected red 
blood cells, even several weeks after the parasite clearance, indicating a memory-
like activation [107, 135]. However, when patients with repeated exposure to malaria 
in endemic areas were analyzed, loss and dysfunction of γδ T cells was observed in 
the most exposed patients, which is associated with reduced symptoms and clinical 
tolerance upon reinfection [136]. This suggests that γδ T cells have roles in both 
clearance of the parasite as well as pathology.

4  �Cytokine Responses in Malaria

The inflammatory response during acute malaria is often described as a “cytokine 
storm” to convey that there are high levels of a broad range of cytokines in the cir-
culation. Earlier studies already correlated the levels of IFN-α and IFN-γ with levels 
of parasite [137, 138] that were followed up by the confirmation that plasma levels 
of inflammatory cytokines—IFN-γ, TNF, IL1β, and IL-6—are elevated in patients 
with malaria and directly correlate with disease severity in P. falciparum and  
P. vivax infections [139–150]. Gene expression profiles also confirm high levels of 
inflammatory cytokines in peripheral blood mononuclear cells [148] and in tissues 
such as the brain of cerebral malaria patients [151, 152]. The use of mice models of 
malaria has allowed the continued evaluation of cytokine production during a self-
resolving infection, where it was observed that there is an early production of pro-
inflammatory cytokines that start decreasing before the parasitemia [153].

TNF is a pro-inflammatory cytokine produced early in mouse Plasmodium infec-
tion that is important in the clearance of parasites both in the liver and blood stages 
[154–157]. This protection is induced through the generation of nitric oxide [158]. 
Studies on malaria patients showed that TNF not only correlates with disease sever-
ity but was ten times as high in fatal cases of cerebral malaria [144]. Further studies 
confirmed the importance of TNF in malaria pathology showing that different 
alleles of the promoter region of TNF confer either decreased or increased suscep-
tibility to cerebral malaria and severe anemia in populations of children in endemic 
areas [159–163]. High levels of TNF are also correlated with a rapid parasitological 
cure in patients supporting the hypothesis that inflammatory cytokines were effec-
tive and necessary for clearance of the parasite, but could also lead to severe forms 
of the disease [143]. Based on the evidences for the strong association of TNF with 
malaria severity, a clinical trial for the use of anti-TNF antibodies as adjunctive 
treatment for cerebral malaria patients was performed. However, no improvement in 
survival was found in the patients [164], a finding that revealed the complexity of 
the antimalarial immune response and our limited knowledge in the mechanisms 
underlying immune-mediated pathology.

Another inflammatory cytokine that has been implicated in parasite clearance 
and is highly increased during acute malaria is IFN-γ, with the particularity that 
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increased levels of this cytokine during liver-stage infection were correlated with 
lack of blood-stage development in humans [165] and monkeys [166], suggesting 
that this cytokine may be important to inhibit progression of the disease, a finding 
that is specially relevant for vaccines targeting the liver stage. Studies in mice have 
shown that IFN-γ is key in the elimination of Plasmodium, since infected mice 
given exogenous IFN-γ showed lower parasitemias and delayed mortality, while 
mice deficient in the IFN-γ gene or treated with anti-IFN-γ monoclonal antibodies 
had higher parasitemia and increased mortality [153, 155, 156, 167–175].

Mouse studies on IL-12 and IL-18 have established that these cytokines contrib-
ute to parasite clearance [176]. The increased protection granted by these cytokines 
is probably mediated by the positive effect on IFN-γ production [175, 177, 178]. 
However, high IFN-γ levels can be dangerous, since experimental Plasmodium 
infections also induce liver injury mediated by IL-12-dependent IFN-γ production 
[179, 180].

Regulatory, or anti-inflammatory, cytokines such as IL-10 are also highly 
increased during malaria and correlate with severe disease [149, 181, 182]; although 
in fatal severe cases, low IL-10 was observed in late stages as death approached 
[183]. Since regulatory cytokines are probably elevated as a response to the high 
levels of pro-inflammatory cytokines, it is considered more informative to study the 
ratio between both types of cytokine responses rather than the absolute levels of 
each specific cytokine. Different studies have confirmed that, in general, high pro-
inflammatory versus regulatory cytokine ratios are indicative of severe disease, with 
specific examples such as high ratios of IL-6/IL-10 or IFN-γ/IL-10 being associated 
with severe P. falciparum malaria [139, 183]. However, the ratios of TGF-β1/IL-12 
and IL-10/IL-12 were significantly higher in the severe malaria patients, suggesting 
that the generally considered pro-inflammatory cytokine IL-12 could have protec-
tive effects [184]. Further studies have shown that high IL-10/TNF ratios were 
found in children with uncomplicated malaria, while a low IL-10/TNF ratio is asso-
ciated with malarial anemia in falciparum patients [184–187]. The role of IL-10 in 
malaria anemia is also supported by the finding that different IL-10 promoter hap-
lotypes that result in low levels of IL-10 increase susceptibility to severe anemia in 
falciparum patients [188]. As observed before for inflammatory cytokines that con-
tribute to parasite clearance but can promote malaria-associated pathologies, high 
levels of regulatory cytokines appear to be protective against severe malaria compli-
cations but induce a less effective clearance of P. falciparum parasites [189, 190].
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Abbreviations

CPS	 Chemoprophylaxis sporozoites
CSP	 Circumsporozoite protein
GAP	 Genetically attenuated parasites
IVM	 Intravital microscopy
RAS	 Radiation-attenuated sporozoites
WSV	 Whole sporozoite vaccination

1  �Introduction

Malaria infections remain a global health concern with a mortality rate of ~500,000 
individuals per year [1]. Therefore, the need to develop a vaccine that provides life-
long sterilizing immunity is of great importance. Sterilizing immunity to malaria 
infections involves preventing the liver-stage parasite from leaving the liver and ini-
tiating the symptomatic blood stage of infection. It should be noted this review 
focuses on memory responses and not the primary (effector) response following the 
initial exposure of a naïve individual to Plasmodium antigens, as this response, when 
assessed through physiological experiments, is incapable of controlling the parasite 
at the liver stage of infection. Whole sporozoite vaccination (WSV) approaches, such 
as radiation-attenuated sporozoites (RAS), viable sporozoites co-administered with 
the antimalarial drug chloroquine (chemoprophylaxis sporozoites, CPS), or liver-
stage-arresting genetically attenuated parasites (GAP), have been most successful at 
providing sterilizing immunity relative to subunit, prime-boost vaccination strategies 
[2–5] through the actions of antiparasitic CD8 T cells, CD4 T cells, and antibodies 
(Fig. 1a). However, widespread application of WSV to human vaccination is compli-
cated due to the high-dose requirement for RAS immunization, need for laboratory-
reared mosquitoes, and logistical issues [6]. Application of WSV approaches to study 
the adaptive immune response against liver-stage infection may lead to the design of 
better subunit vaccines with easier deployment in the field.

Adaptive immunity against liver-stage infections is multifaceted, with contribu-
tions from the humoral and cellular arms. This review focuses on both arms of the 
adaptive immune response against preerythrocytic stage infection with a strong 
emphasis on the protective roles of antibodies and CD8 T cells. Lastly, we will 
highlight the caveats to our current understanding of what constitutes a protective 
memory anti-Plasmodium immune response and also describe major areas of 
research that would benefit from more attention.

2  �Humoral Responses to Liver-Stage Infection

Antibodies have been shown to play a substantial role in providing sterilizing 
immunity to malaria infections. Importantly, antibodies against sporozoite antigens 
have been shown to inhibit infection via different mechanisms at distinct stages of 
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sporozoite infection. This section describes specific antibody and B cell response to 
sporozoite and liver-stage antigens and mechanisms of antibody-mediated inhibi-
tion of sporozoite infection.

Fig. 1  Adaptive immune responses to preerythrocytic antigens. Black lines and text indicate 
direct evidence to support mechanisms of protection. Gray lines and text indicate more data are 
needed to support the possible mechanisms of protection. (a) Upon WSV or infection, priming 
of sporozoite-specific CD8 T cells occurs in skin-draining lymph nodes (dLNs). It is unclear if 
the skin dLN is also a site for B cell priming or a location for CD4 T cells to provide help to CD8 
T cells and B cells. After WSV or infection, antibodies and antigen-specific T cells are released 
into the blood where they can traffic throughout the body to provide multiple levels of protec-
tion, as described below. (b) After bites from infected mosquitoes, sporozoite-specific antibod-
ies can reduce sporozoite deposition into the dermis and inhibit motility and therefore reduce 
entry to the underlying blood vessels. (c) Sporozoites travel through the blood to the liver where 
sporozoite-specific antibodies can increase opsonization and reduce sporozoite motility contrib-
uting to inhibition of hepatocyte invasion and subsequent cell traversal. (d) CD8 T cell-mediated 
killing of infected hepatocytes uses differential effector mechanisms depending on the rodent 
Plasmodium species. It is unclear if these cells are located in the liver sinusoids or parenchyma 
during this killing event. (e) Liver-localized CD8 T cell populations express CXCR6. The exact 
location (parenchyma or liver sinusoids) and specificity of these CD8 T cells following vaccina-
tion and challenge are unclear. (f) A role for cytotoxic CD4 T cells has been described in mul-
tiple models, but the mechanism as to how these cells contribute to sterilizing protection needs 
further investigation. It may be possible that infected hepatocytes upregulate class II MHC and 
become direct targets of cytotoxic CD4 T cells. Alternatively, CD4 T cells may inhibit infection 
via IFNγ production
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2.1  �Mechanisms of Antibody-Mediated Inhibition 
of Preerythrocytic Infection

The use of intravital microscopy (IVM) and fluorescent sporozoites has provided 
critical information to our understanding of how antibodies mediate inhibition of 
preerythrocytic infections depicted in Fig. 1b. Upon exposure to bites from infected 
mosquitoes, mice previously immunized with RAS showed significantly fewer 
sporozoites deposited into the dermis compared to nonimmunized control mice 
[7]. Immune complex formation between anti-circumsporozoite protein (CSP) 
antibodies from immunized mice and soluble CSP released by sporozoites into the 
saliva of infected mosquitoes likely contributed to partial obstruction of sporozoite 
release from the proboscis tip during a blood meal [7]. Additionally, mice pas-
sively immunized with anti-CSP antibodies also showed reduced dermal deposi-
tion of sporozoites after challenge with bites from infected mosquitoes. Importantly, 
none of the immunized mice developed parasitemia, as detected by blood smears, 
compared to the nonimmunized control mice, which developed parasitemia under 
similar infectious conditions [7]. Anti-sporozoite antibodies can also reduce sporo-
zoite motility. Early in vitro studies showed that anti-CSP antibodies inhibited the 
motility of sporozoites and prevented invasion of cultured target cells [8]. More 
recent in vivo evidence supports the early in vitro data by demonstrating that in 
mice treated with anti-CSP antibodies, fewer sporozoites travel from the dermis to 
underlining blood vessels [9], a step which is necessary for trafficking to the liver 
for infection of hepatocytes.

Should sporozoites enter the bloodstream, antibodies may increase opsonization 
and phagocyte uptake, thus reducing the number of sporozoites capable of hepato-
cyte invasion (Fig. 1c). Anti-CSP antibodies can increase sporozoite opsonization 
[10], which has been shown to be a mechanism of protective immunity in response 
to vaccination in humans [11]. CSP expression and sporozoite motility are both 
required for productive infection of hepatocytes and cell traversal [12]. Importantly, 
CSP-specific antibodies have been shown to inhibit sporozoite infection of hepato-
cytes [13]. Therefore, sporozoites coated with antibodies show limited motility 
resulting in reduction of hepatocyte invasion and subsequent cell traversal (Fig. 1c). 
The capacity of anti-CSP antibodies to limit liver-stage infection is thought to be an 
important mechanism underlying the partial efficacy of the RTS,S vaccine, consist-
ing of CSP fused to hepatitis B surface Ag, which was recently approved for use in 
humans by the EU [14].

By reducing the number of infected hepatocytes, antibody-mediated inhibition 
of liver-stage infections could substantially help a concurrent CD8 T cell response 
by limiting the number of infected hepatocytes that need to be targeted. The multi-
ple mechanisms that anti-sporozoite antibodies use to inhibit infection explain why 
the antibody response targeting sporozoites is an essential component that contrib-
utes to sterilizing protective immunity in vaccinated individuals and will be an 
important feature in any new vaccines against malaria.
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2.2  �Antibody and Specific B Cell Responses to Sporozoite 
Antigens

Development of protective immunity after various immunization methods includ-
ing RAS, CPS, and the subunit vaccine RTS,S has revealed a role for antibody-
mediated protective immunity. The first monoclonal antibodies that mediated 
protective immunity were determined to be against CSP [15]. However, the role 
anti-CSP antibodies play in providing sterilizing protection in response to various 
vaccinations remains quite controversial [16–22]. Anti-CSP antibodies have been 
shown to be important for sterilizing immunity in response to RAS immunization  
RTS,S vaccination [17, 23–25]. However, anti-CSP antibodies not strongly corre-
late with protection after CPS [21]. This result with CPS vaccination is consistent 
with recent studies showing that blood-stage immunity contribute to protection in 
this model [26, 27]. Additional anti-sporozoite antibodies targeting antigens includ-
ing TRAP and LSA-1 have also been associated with protection against infection 
[20], but the use of these antigens as targets in subunit vaccines did not result in 
protection [28, 29]. It is likely that antibodies to a variety of preerythrocytic anti-
gens, and not just to a single specificity, contribute to sterilizing immunity in 
response to vaccination [19, 20].

To further understand the role that antibodies play in vaccine-induced sterilizing 
immunity, we first need a better idea of the spectrum of sporozoite and liver-stage 
antigenic targets and ways to evaluate the relevance of each target for protection. 
Having more tools including monoclonal antibodies and additional targets of pro-
tective epitopes in rodent models will be essential in determining the quantity and 
quality of antibodies required for a sterilizing immune response.

Although many studies have described a significant role of antibodies against 
liver-stage antigens in providing sterilizing immunity, the development and differen-
tiation of liver-stage antigen-specific B cell populations have not been well described. 
Upon antigen encounter, naïve B cells can proliferate and differentiate into plasma 
cells or memory B cells [30]. However, the relative contribution of these distinct 
populations of B cells to liver-stage immunity has not been thoroughly investigated 
in rodent models of malaria, and the vast majority of information gathered on spe-
cific B cell responses to malaria infection has come from individuals who were natu-
rally exposed or vaccinated. Of the studies conducted in humans in response to 
vaccination, an overwhelming majority of the work has been done studying blood-
stage-specific B cell responses rather than liver-stage B cell responses [30]. One 
study that investigated the memory B cell response to a liver-stage antigen, CSP, in 
response to CPS immunization, determined that memory B cell responses increase 
with the number of immunizations but did not correlate with protection [21].

Because anti-sporozoite antibody responses are so important in contributing to 
sterilizing immunity, identifying how sporozoite-specific plasma and memory B 
cells are developed and maintained is of great importance. Blood-stage antigen-
specific B cell populations have been identified using flow cytometry [31], but liver-
stage antigen-specific B cell responses have not been described using this approach. 
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Capacity to track liver-stage antigen-specific B cells through various vaccinations 
and natural infection will be important in determining how antibody production 
changes over time and thus alters protection. A particularly interesting question that 
should be addressed using such approaches involves how blood-stage infection may 
potentially affect the preexisting B cell response to liver-stage antigens or to subse-
quent sporozoite infections. Indeed, increased apoptosis of memory B cells and 
plasma cells has been described after blood-stage infection, but the specificity of 
those B cells has not been determined [32, 33].

One outstanding question regarding B cell activation and differentiation involves 
the priming of B cells in response to sporozoite antigens (Fig. 1a). Where and how 
is this occurring? Sporozoites are initially injected into the dermis of mammalian 
hosts, but not all will reach the bloodstream, and therefore some sporozoites remain 
in the dermis. Additionally, some sporozoites travel to skin-draining lymph nodes 
[34], which have been shown to be particularly important for CD8 T cell priming 
[35]. Is this also the case for sporozoite-specific B cells? This is an important ques-
tion to address in regard to vaccination strategies. With new IVM technology, it may 
be possible to track sporozoites from initial deposition and determine where antigen-
specific B cells are primed.

3  �CD8 T Cells Are Potent Mediators of Protection 
Against Plasmodium Liver-Stage Infections

Plasmodium-specific CD8 T cells targeting liver-stage-expressed antigens can pro-
vide sterilizing immunity in humans and rodents [36–41]. The importance of CD8 
T cells as mediators of protection against Plasmodium has been appreciated as early 
as the 1980s from studies using rodents immunized with RAS [42, 43]. Because of 
the potent protection against Plasmodium induced by RAS vaccination, it has been 
considered the “gold standard” for vaccination. Consequently, WSV platforms are 
frequently used to study the generation of protective adaptive immunity against 
Plasmodium infection. In this section, we will highlight general features of what 
constitutes a protective CD8 T cell response, and also areas where more recently 
developed tools can increase our ability to study immunity mediated by Plasmodium-
specific CD8 T cells.

3.1  �Quantitative and Qualitative Features of Protective  
Liver-Stage-Specific CD8 T Cells

The degree of CD8 T cell-mediated control of Plasmodium infection is determined 
by the magnitude and the quality of the CD8 T cell response. Very large frequen-
cies, >1 % of all peripheral blood lymphocytes, targeting the liver-stage antigen 
CSP were required to provide sterilizing immunity in a rodent model of P. berghei 
infection [44]. The superior protection afforded by immunization with late 
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liver-stage-arresting GAP was dependent on a larger CD8 T cell response targeting 
a wider spectrum of liver-stage antigens, relative to RAS vaccination [45]. Thus, in 
rodent models, the magnitude of the Plasmodium-specific CD8 T cell response can 
be a predictive indicator of protection. Likewise, RAS immunization of humans 
demonstrated that individuals with larger CD8 T cell responses better protective 
outcomes [41]. However, in order to generate these responses, human subjects were 
exposed to the bites of large numbers of Plasmodium falciparum-infected mosqui-
toes through several exposures (~1000–3000 bites) [38] or through the delivery of 
4–5 IV administrations of 135,000 P. falciparum sporozoites harvested from labo-
ratory-reared irradiated mosquitoes [41]. Thus, only large RAS doses over multiple 
administrations were able to engender protective immunity of human volunteers. 
The need for large parasite-immunizing doses, multiple administrations, and labo-
ratory-reared mosquitoes are just a few of the hurdles inherent to application of 
RAS vaccination in the field [6, 46]. Currently, subunit vaccination of humans, such 
as the recently licensed RTS,S vaccine [14], has not revealed robust sterilizing 
immunity [2–5, 47, 48]. In large part, this may be due to the failure of RTS,S to 
elicit detectable anti-CSP CD8 T cell response [49]. Therefore, it remains important 
to understand the superior immunity developed by WSV approaches, such as RAS, 
to lead to better design of subunit vaccines.

While it is known that large magnitude CD8 T cell responses generated through 
vaccination are required to provide sterilizing immunity to rodents and likely to 
human subjects [44], less is known about the qualitative features (phenotype, func-
tionality, specificity, localization, etc.) that are important for CD8 T cell-mediated 
clearance of parasite-infected hepatocytes. In regard to phenotype (Fig. 1d), CD8 T 
cells exhibiting an effector memory phenotype (CD62Llo) have correlated with bet-
ter protection relative to central memory phenotype (CD62Lhi) CD8 T cells in two 
independent studies [50, 51]. Importantly, these studies used distinct vaccination 
methods (RAS versus heterologous prime boost) to arrive at a similar conclusion. In 
regard to functionality, such as cytokine production and effector capacity, it has 
been repeatedly reported that expression of IFNγ by CD8 T cells is required for a 
protective response [42, 52, 53]. Of interest, the cytolytic mechanism by which CD8 
T cells mediate clearance of infection differs depending on the rodent Plasmodium 
infection [52]. For instance, when P. berghei CSP-specific CD8 T cells were induced 
using a prime-boost subunit vaccine approach in wild-type or various knockout 
mouse backgrounds, it was demonstrated that CSP-specific CD8 T cells depend on 
IFNγ and TNFα to mediate protection from challenge (Fig. 1d) [52]. In contrast, in 
a similar prime-boost vaccination model inducing P. yoelii CSP-specific CD8 T 
cells, it was shown that CSP-specific CD8 T cells largely mediate protection using 
IFNγ and perforin-mediated cytolysis following challenge. If these results extend 
into human Plasmodium species, it could have many implications. For example, it 
would be interesting to determine if a particular effector mechanism is more effi-
cient at mediating parasite clearance and if this information can be applied to gener-
ating CD8 T cells via vaccination that preferentially utilize certain effector 
mechanisms. Collectively, details regarding the phenotype and functionality of 
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Plasmodium-specific CD8 T cells have identified some important features that relate 
to protection, but much remains to be learned to enhance immunity to vaccination.

3.2  �Novel CD8 T Cell Epitopes Provide Additional Tools 
to Study Features of Protective Plasmodium-Specific  
CD8 T Cell Responses

New CD8 T cell epitopes derived from liver-stage proteins expressed by rodent 
Plasmodium have been described enhancing the ability to study Plasmodium-
specific CD8 T cell responses [54–57]. These novel epitopes will allow additional 
questions to be addressed such as how specificity of the CD8 T cell response may 
impact protective capacity. For instance, it is currently unclear whether all 
Plasmodium-specific CD8 T cell responses induced by WSV contribute to protective 
immunity—a question that has important implications for the identification of anti-
gens for inclusion in subunit vaccines. To date, the majority of our understanding of 
the quantitative and qualitative features of protective CD8 T cell responses has 
tracked CD8 T cells directed against the immunodominant CSP epitopes: CS252–260 in 
P. berghei and CS280–288 in P. yoelii [44, 52, 58–64]. However, CD8 T cell-mediated 
protection following RAS is possible even in the absence of CSP-specific CD8 T 
cells [61], suggesting that currently undefined Plasmodium-specific CD8 T cells can 
mediate protection following challenge.

To date, subunit vaccination using prime-boost strategies to generate CSP- or 
TRAP-specific CD8 T cells has had limited success in protecting human subjects 
[2–5]. Thus, it remains necessary to continue to define and study Plasmodium CD8 
T cell epitopes to identify candidate antigens for inclusion in subunit vaccines. 
Fortunately, with the description of novel rodent Plasmodium CD8 T cell epitopes, 
studies can expand beyond tracking the immunodominant CSP response. Since the 
magnitude of endogenous CD8 T cells primed following WSV is generally small 
([54, 56] and unpublished data), additional tools such as TCR transgenic [65] or 
retrogenic mice [66] may be necessary to enhance the small numbers of endoge-
nous precursor CD8 T cells, which limit the resolution in which these responses 
can be tracked. Alternatively, tools to generate Plasmodium-specific CD8 T cells 
via heterologous prime-boost methods could help overcome CD8 T cell numerical 
limitations typically inherent to the WSV approach. Prime-boost vaccination strat-
egies can help determine the protective capacity of these new CD8 T cell epitopes 
through examining individual CD8 T cell specificities in the absence of any other 
anti-Plasmodial response, which can ultimately help in the design of a successful 
subunit vaccine.

In addition to characterizing the protective capacity of single CD8 T cell epit-
opes, general features of protective CD8 T cell epitopes can be identified to help 
in predictive epitope screens of the Plasmodium proteome. The Plasmodium para-
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site encodes over 5000 open reading frames [67, 68], which consequently present 
a challenge in screening for new CD8 T cell epitopes for inclusion for a subunit 
vaccine. As CD8 T cell epitopes are described and studied, general features (anti-
gen localization, abundance, expression patterns, etc.) of protective CD8 T cell 
epitopes be revealed to help in future screens for additional protective epitopes.

3.3  �Localization of Protective CD8 T Cell Responses

Several in vitro and in vivo studies have demonstrated CD8 T cell-mediated killing 
of parasite-infected hepatocytes, but increased technological advances in cellular 
imaging, particularly IVM, have the potential to reveal information regarding the 
location of CD8 T cell responses following vaccination or challenge. Multiple stud-
ies have provided evidence that protective Plasmodium-specific CD8 T cells target 
and kill liver-stage-infected hepatocytes [69–71]. More recently, IVM was applied 
to study the mechanism in which CD8 T cells target Plasmodium-infected hepato-
cytes. Using GFP-expressing sporozoites to infect mice, a loss of GFP fluorescence 
was observed in hepatocytes surrounded by clusters of CSP-specific in  vitro-
generated effector CD8 T cells, suggesting the direct killing of Plasmodium-infected 
hepatocytes via a mechanism requiring multiple antigen-specific CD8 T cells [72]. 
These observations help provide an explanation regarding the large CD8 T cell 
numerical requirements for protection since several CD8 T cells were associated 
with killing of a single infected hepatocyte [44]. However, it is still unclear where 
protective Plasmodium-specific CD8 T cells are localized following vaccination 
and the movements of these cells upon challenge. There is an increasing interest in 
the role of tissue-resident memory CD8 T cell populations generated following 
infection or vaccination in multiple models (reviewed elsewhere [73, 74]). However, 
to date it remains unclear how the resident memory populations identified in the 
skin, brain, and mucosal tissues compare phenotypically and functionally to popula-
tions of Plasmodium-specific CD8 T cells localized in the liver of vaccinated mice. 
It will be important to thoroughly describe Plasmodium-specific CD8 T cells within 
the liver, particularly in regard to whether these cells are resident within the paren-
chymal tissue, or alternatively, whether they are associated with the endothelial bar-
rier of the liver sinusoids. Recent IVM data suggests that hepatitis B virus-specific 
in vitro-generated effector CD8 T cells in the liver are localized in the vasculature 
and do not require migration into liver parenchymal tissue to kill infected hepato-
cytes [75]. While this is a different infection setting, it is possible that Plasmodium-
specific CD8 T cells in the liver exhibit a similar location in the vasculature during 
killing of parasite-infected hepatocytes (Fig. 1e). This result has important implica-
tions as most studies of liver-resident memory CD8 T cells in Plasmodium have 
utilized perfusion techniques to eliminate circulating cells, but it is possible perfu-
sion techniques may dissociate important “resident” CD8 T cell populations, closely 
associated with the vasculature, from analysis.
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To date, liver-resident memory populations generated by WSV have been 
described as CD8 T cells that remain in the liver following perfusion [76, 77], but 
their contribution to protective immunity is unclear. CXCR6 expression has also been 
described as an important molecule involved in CD8 T cell liver homing and resi-
dence [78]. Expression of chemokine receptor CXCR6 may be a marker to identify 
these liver-resident Plasmodium-specific CD8 T cell populations (Fig. 1e) [76, 77]. 
For example, CXCR6 expression on CD8 T cells was shown to be required for long-
term maintenance of Plasmodium-specific CD8 T cell populations in the liver [76]. 
Further studies need to define these liver-resident CD8 T cells, their protective capac-
ity, and how they differ from circulating CD8 T cell populations in addition to their 
differences from the more strict definitions of resident T cell populations in other 
tissues and model systems [73]. Comparisons of these populations will be helpful in 
determining the characteristics of liver-resident CD8 T cells exhibit, their importance 
in vaccine-induced protection, and how we create or modify liver-localized CD8 T 
cell responses against Plasmodium to foster better liver-stage immunity.

4  �Role of CD4 T Cells to Liver-Stage Infection

The role CD8 T cells play in sterilizing immunity to liver-stage infection in rodent 
models of malaria is well characterized, but the role of CD4 T cells is mouse strain 
dependent. CD4 T cell depletion studies revealed that the two major mouse strains 
used in rodent malaria models, C57BL/6 and BALB/c, showed differential require-
ments for CD4 T cells in protection against P. yoelii sporozoite challenge [39]. While 
depletion of CD4 T cells had no impact on protection of RAS-immunized BALB/c 
mice, CD4 T cell-depleted C57BL/6 mice previously immunized with RAS were not 
protected [39]. How CD4 T cells mediate protection in these mouse strains needs 
further investigation, but based on the role CD4 T cells play in other infection mod-
els, these cells may play a cytotoxic role or provide help to B cells and CD8 T cells, 
both of which have been shown to contribute to sterilizing immunity. This section 
focuses on the roles that CD4 T cells may be playing in response to liver-stage infec-
tion and highlights remaining questions that still need to be addressed.

4.1  �Role of CD4 T Cell Help in Protective Immunity  
to Liver-Stage Infection

CD4 T cells have the capacity to differentiate into various subsets including Th1, 
Th2, Tfh, Treg, and ThCTLs [79]. However, CD4 T cell differentiation in response 
to malaria infections has not been widely investigated in part due to lack of identifi-
able epitopes that induce detectable responses. Nevertheless, it is likely that Tfh 
plays a strong role in antibody response to liver-stage antigens. Given the fact that 
antibody responses to sporozoites can mediate sterilizing protection after 
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vaccination, Tfhs are likely playing a role in helping B cells in terms of memory B 
cell formation and antibody production. CD4 T cell help for B cells is an area that 
requires further investigation, and information gathered may be applied to enhance 
specific components of a protective vaccine.

A few studies have identified a strong role for CD4 T cell help of CD8 T cells 
in malaria infections. CD4 T cells were found to be important for the expansion 
and survival of CD8 T cell effector and memory responses after sporozoite infec-
tion, indicating that the size of the CD8 T cell memory pool after WSV or RAS 
immunization was highly dependent upon helper T cells [80]. Interestingly, the 
memory CD8 T cells that did form in the absence of CD4 T cells exhibited normal 
effector functions but were unable to protect against sporozoite challenge. The 
size of the memory CD8 T cell response is especially important in mediating ster-
ilizing protection as discussed in aforementioned Sect.  3.1 [81, 82]. Thus, the 
absence of CD4 T cells produced functional but significantly fewer antigen-spe-
cific CD8 T cells, resulting in an inability to protect against liver-stage infection. 
Specifically, IL-4 production by CD4 T cells was shown to contribute to the expan-
sion of malaria-specific CD8 T cells [83]. IL-4 production from CD4 T cells may 
also promote antibody production from B cells during malaria infections, but this 
has yet to be described.

To date, only a few studies have addressed the role CD4 T cells play in providing 
B cell and CD8 T cell help in response to liver-stage antigens. Given the fact that 
both antibodies and CD8 T cells play such an important role in providing protective 
sterilizing immunity against liver-stage infections, more work on how CD4 T cells 
contribute to helping both B cells and CD8 T cells is needed.

4.2  �Role of Cytotoxic CD4 T Cells in Protective Immunity

Several studies have identified a role for cytotoxic CD4 T cells in protection against 
liver-stage infections. Some of the first studies to describe cytotoxic CD4 T cells in 
sterilizing protection were performed in murine models using CD4 T cell clones 
specific for CSP and non-CSP epitopes [84, 85]. More recent studies identified a 
role for cytotoxic CD4 T cells following RAS immunization in β2M knockout mice, 
which lack endogenous CD8 T cells [86]. Liver-stage-specific cytotoxic CD4 T 
cells have also been described in humans after various immunization methods [87–
89]. However, despite the numerous reports describing cytotoxic CD4 T cells, the 
mechanisms of cytolytic action remain quite controversial and require further inves-
tigation (Fig. 1f). This is in part due to the variability in direct cytolytic capacity of 
described CD4 T cell populations and the means in which such cytotoxic T cell 
populations were identified [84–88]. Only some specific CD4 T cell clones showed 
direct cytolytic capability, whereas others did not. Moreover, CD4 T cells that did 
show cytolytic potential were in response to peptide-pulsed autologous cells or par-
asitized RBC-stimulated cells [85, 87, 88]. Other studies showed CD4 T cells 
increased degranulation markers (CD107a/b) after parasitized RBC stimulation, 
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suggesting cytolytic activity [88]. However, direct cytolytic activity of CD4 T cells 
against infected hepatocytes was not measured. This may call into question if CD4 
T cells can directly lyse infected cells via similar mechanisms as CD8 T cells (i.e., 
perforin/granzymes). Combined, these studies highlight the many unknowns about 
the actual role of cytotoxic CD4 T cells in response against liver-stage Plasmodium 
infections, especially in regard to the recognition of infected hepatocytes. 
Upregulation of class II MHC on hepatocytes has been described in some disease 
states [90], but it has yet to be determined during Plasmodium infection.

Many questions still need to be addressed to determine the actual role cytolytic 
CD4 T cells play in sterilizing immunity against liver-stage infections. How do CD4 
T cells mediate cytotoxicity if not by direct recognition of infected hepatocytes? 
Neutralization of IFNγ in β2M knockout hosts reduced the protective capacity, indi-
cating IFNγ may play a partial role in protection against liver stage [86]. CD4 T 
cells may, however, be mediating cytotoxicity indirectly via IFNγ-induced NO pro-
duction [91]. Do cytotoxic CD4 T cells also play a role in the presence of CD8 T 
cells, which have been shown to be a major contributor to protective immunity in 
most animal models, whereas CD4 T cells have only been shown to contribute to 
protection in a few mouse models [39]? The role cytotoxic CD4 T cells play in 
sterilizing immunity to liver-stage infection may not be as straightforward as 
described in some studies, and more work could help address some of these 
underlying questions.

5  �Conclusion

Adaptive immune responses against liver-stage infections are critical for mediating 
protection against malarial disease. Highlighted in this review and depicted in Fig. 1 
are mechanisms of the adaptive immune response known to contribute to protective 
immunity (black lines/text). Moreover, we have identified certain holes in our cur-
rent understanding of the adaptive immune response to liver-stage antigens that will 
be important areas of future studies that will enable the development of more effec-
tive vaccines (gray lines/text). A large portion of the current literature has applied 
WSV approaches in rodent models of malaria to arrive at an understanding of the 
critical importance of antibodies and CD8 T cells that recognize sporozoite and 
liver-stage antigens. Although general features of these protective antibody and 
CD8 T cell responses are understood, there remains a need to continue to define 
these responses since the majority of the antigens targeted by CD8 T cells, and 
likely antibodies, have not been characterized. Further, the helpers of these 
responses, namely, CD4 T cells, require attention as these responses may be critical 
in manipulating CD8 T cells and antibodies qualitatively following subunit vaccina-
tion into responses capable of mediating livelong sterilizing immunity. Whether 
CD4 T cells can contribute in the direct killing of hepatocytes will be important to 
determine as it may provide critical assistance to antibodies and CD8 T cells in 
clearing the infected liver before symptomatic blood stage. Further, the impact on 
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CD8 T cell-mediated protection due to specificity and location is important area for 
further research as enhance the quality of the CD8 T cell response may help over-
come issues in vaccination approaches that are incapable of eliciting quantitatively 
large responses. Taken together, despite the advances in understanding of the role of 
antibodies and CD8 T cells in the adaptive immune response against liver stage, 
what qualitative features impact protection and how can we manipulate vaccine-
induced responses to provide better protective immunity is an important area of 
research that may dictate the design of a successful human subunit vaccine.
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1  �Introduction: Lessons from the Field and Controlled 
Infection Studies

Adaptive immune responses to Plasmodium blood stages provide three kinds of 
immunity that evolve at different rates. Over time and with exposure, immunity 
reduces lethal pathology and mild malaria disease and finally reduces peak parasit-
emia; however, unlike many other infections, there is incomplete protection from 
re-infection [1–3]. Moreover, while emigrants out of endemic areas maintain some 
protection from severe malaria and high parasite loads, protection from malaria 
disease is lost in the absence of exposure [4, 5]. Nonetheless, one malaria vaccine 
strategy would be to mimic natural immunity to blood stages thereby reducing mor-
bidity and mortality due to infection. However, in order to develop these strategies, 
we will need to fully understand the immune effector mechanisms involved and 
develop accurate correlates of protective immunity.

Much fundamental information about blood-stage immunity comes from studies 
of the development of immunity among individuals in endemic areas and data col-
lected from the use of deliberate Plasmodium infection to treat tertiary syphilis [6–
8]. Epidemiological studies show that peak susceptibility to severe disease occurs in 
infants and young children, with neonates (up to 6 months) protected by maternally 
transmitted antibodies [3]. Indeed it has been suggested that only one or two infec-
tions are required for protection against severe disease [1]. Once children in endemic 
areas reach beyond the age of 5, Plasmodium infection typically results in a debili-
tating, but not life-threatening, illness termed mild malaria. By the time exposed 
individuals reach their teens, most malaria infections are asymptomatic, and aver-
age parasitemias are lower [2, 3, 9]. Naturally acquired protection is almost entirely 
directed at the blood-stages with no strong evidence in field studies of infection-
blocking immunity [10]. This was recently demonstrated in a recent study in 
Kalifabougou, Mali, where all individuals in the village were treated with anti-
malarials to clear residual subclinical infections in the weeks prior to the onset of 
the wet season. The time to seropositivity was then intensively monitored from the 
start of the transmission. Strikingly, the time to first parasitemia (as measured by 
PCR) was the same in adults as infants, indicating that there is no sterilizing immu-
nity to infection. However, adults were less likely to develop symptoms and their 
peak parasitemia was lower, indicating that their immunity to disease had developed 
over years of exposure [10, 11]. Epidemiological studies also provide strong evi-
dence that Plasmodium infections can be very long-lived, as parasites can persist 
through the dry season to establish chronic infections in the community once the 
rains and mosquito vectors return [12].

Findings from the field are generally supported by data from controlled infections 
of individuals with Plasmodium. Much of this data comes from the use of malaria to 
limit syphilis infection and pathology [6–8]. Monitoring of infection in these indi-
viduals showed a pattern of recrudescent parasitemia [6], which has been shown to be 
due to sequential expression of variant surface antigens on the infected RBC [13, 14]. 
With each recrudescence, the level of parasitemia typically became lower, while 
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symptoms waned after the initial stages of infection [6]. Eventually infections resolved 
even without drug treatment, with a mean time to resolution of ~200 days [8]. It was 
also shown that homologous reinfection generally resulted in lower parasitemia than 
primary infections, especially when controlling for each recrudescent peak of parasit-
emia [6, 7]. Collectively these observations from the field and controlled human infec-
tion show that adaptive immunity to blood-stage parasites plays a critical role in 
limiting pathology and ultimately resolving infection.

2  �Mechanisms of Protection

2.1  �Antibody and B Cell-Mediated Protection

Seminal passive transfer studies in the 1960s demonstrated a critical role for antibod-
ies in the clearance of parasites [15]. In these studies, IgG from immune adults was 
transferred to children with clinical malaria in the Gambia resulting in a 3–4 log 
reduction of parasitemia. Similar experiments were subsequently performed in which 
West African sera were transferred to naturally infected Thai adults [16, 17]. In addi-
tion to demonstrating that antibodies are important, these data show that sera from one 
part of the world can kill parasites in another region and suggest that there is a signifi-
cant degree of antibody cross-reactivity to genetically distinct parasites. Mouse mod-
els have also shown that B cells are required for protection and more specifically for 
full clearance of the parasite [18–21]. Furthermore, malaria antigen-specific B cells 
can be detected using a cultured ELISpot in both mice and humans long after a single 
infection showing that malaria infection can induce B cell memory [22–26].

The targets of protective antibodies are still unclear. To identify whether a candi-
date antigen is a target of protective immunity, two major approaches have been 
taken. One approach is to determine if the presence of antibodies in exposed indi-
viduals correlates with protection, ideally in a longitudinal prospective study. The 
other is to determine if antibodies targeting that antigen can inhibit parasite expan-
sion using some kind of growth inhibition assay (GIA). It has been shown that 
individuals who have high overall levels of growth-inhibiting antibodies are pro-
tected against malaria, linking these approaches [27]. In general, two classes of 
antigen have been considered as likely targets of protective antibodies. One class of 
molecules is variant surface antigens (VSAs), which are exported to the surface of 
the infected red blood cells (RBCs) [28]. Other major targets of protective immunity 
are those on the surface of the merozoite, which are involved in the attachment and 
invasion of parasites into RBCs [29–31].

A range of VSAs are exported to the RBC surface, and there is robust evidence 
that these can be the targets of protective antibodies (reviewed in [28]). In P. falci-
parum malaria, four classes of VSAs have been identified: P. falciparum erythrocyte 
membrane protein 1 (PfEMP1; ~50 members/parasite), repetitive interspersed 
family proteins (RIFIN; ~150 members/parasite), sub-telomeric variable open read-
ing frame proteins (STEVOR: ~30 members/parasite), and surface-associated inter-
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spersed gene family proteins (SURFIN; 10 members/parasite). Mouse models have 
similar multigene families; the largest, related to RIFINs and present in at least five 
species, is termed Plasmodium interspersed repeats (PIR), which are just being 
characterized for mechanistic studies [32, 33]. Classic studies showed that immune 
sera can drive the switching of VSAs in P. knowlesi and P. chabaudi infections [13, 
14, 34], highlighting the importance of antibodies targeting these molecules. 
Moreover, the presence of antibodies capable of recognizing the surface antigens of 
a broad range of parasite isolates has been associated with protection, with children 
in endemic areas generally developing cross-reactivity to an increasing percentage 
of isolates over time [35]. Compellingly, in a prospective study of Kenyan children, 
it was found that parasites that caused infections were often not recognized by pre-
infection sera; i.e., they appeared to be exploiting holes in the antibody repertoire.
However, those same parasite variants were subsequently recognized by convales-
cent sera as the B cells caught up to the parasite diversity [36].

While the association between antibodies to VSAs in general with protection is 
robust, identifying which particular molecules are the targets of protective antibod-
ies has been harder. The bulk of VSA-specific antibodies appear to recognize vari-
ants of PfEMP1 as shown by experiments using parasites that had been engineered 
to suppress the expression of PfEMP1 [37]. In these studies, the binding of immune 
sera to infected RBCs was found to be significantly reduced in the absence of 
PfEMP1, while the presence of serum antibodies specifically capable of binding 
PfEMP1 was found to be significantly associated with protection [38]. Protection 
against severe disease has also been suggested to be associated with antibodies tar-
geting specific families of PfEMP1 molecules. The var genes, which encode 
PfEMP1 molecules, are generally classified into three groups (A, B, and C) based 
on upstream sequences [39, 40]. The expression of group-A and group-B var genes 
has generally been associated with severe and symptomatic infections [41–43], 
while the expression of group-C var genes is more often associated with asymptom-
atic infections [42]. Consistent with antibodies to PfEMP1 being important for pro-
tection against symptomatic infection, children first develop antibodies to Group A 
PfEMP1 molecules and only later acquire antibodies to other subtypes [44, 45].

RIFIN proteins may also be targets of protective broadly neutralizing antibod-
ies. An older study associated higher levels of anti-RIFIN antibodies with rapid 
parasite clearance and asymptomatic infection [46]. More recently, a recent screen 
for monoclonal antibodies capable of agglutinating multiple parasite variants 
identified two RIFIN-specific antibodies [47]. These antibodies derived from dif-
ferent donors nonetheless shared a highly unusual structure, having incorporated 
a ~100 amino acid insert derived from the LAIR1 protein between the V and D 
regions of the antibodies. LAIR1 is a collagen-binding inhibitory receptor; how-
ever, the insert from this protein contained somatic mutations that rendered the 
insert incapable of binding collagen, but conferred the ability to bind a broad 
range of RIFIN proteins [47].

Antibodies targeting various molecules involved in invasion have also been 
implicated in protection. Longitudinal studies have examined the association 
between antibodies to various merozoite surface proteins and protection against 
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malaria [30]. A recent meta-analysis of these studies showed that antibodies to api-
cal membrane antigen 1 (AMA1), glutamine-rich protein (GLURP), merozoite sur-
face protein (MSP)-3, and MSP-119—a 19KDa fragment of MSP1 retained after the 
proteolytic cleavage of the remaining molecule from the surface—have been con-
sistently associated with protection [30]. Many of these have been subsequently 
proposed as vaccine candidates based on the fact that antisera generated against 
these antigens have been shown to inhibit parasite growth in GIAs [48, 49]. The 
potential importance of antibodies targeting MSP-119, in naturally acquired immu-
nity, was further demonstrated in elegant studies in which transgenic P. falciparum 
parasites were generated with the endogenous MSP-119 fragment replaced with P. 
chabaudi ortholog (which is antigenically distinct) [50]. It was found that the sera 
from immune individuals were much more effective in blocking the growth of con-
trol parasites compared to those without the P. falciparum MSP-119. Thus, the 
authors were able to specifically dissect the importance of antibodies targeting a 
single antigen of interest from whole human sera.

Other proteins involved in the invasion process that are believed to be targets of 
protective antibodies are the two invasion ligand families: the erythrocyte-binding 
antigens (EBA175/EBA 140/EBA 181) and the reticulocyte-binding homologue 
proteins (PfRh1, −2a, −2b, −4–5). These molecules invade either by a sialic acid-
dependent pathway (EBA175/EBA140/EBA181 and Rh1), or by using complement 
receptor 1 (PfRh4) or basigin (PfRh5). EBA-175 antibodies and PfRh5 antibodies 
have recently been associated with protection against malaria [29, 31, 51]. However, 
the ability of the parasite to switch between multiple invasion pathways may enable 
it to evade antibodies targeting one or other invasion ligand [52].

The above approaches to defining the targets of protective immunity are essen-
tially “candidate approaches,” where highly expressed surface antigens were explored 
for immunogenicity and protection. The development of protein arrays carrying 
~1200 of the 5400 or so malaria proteins has allowed more unbiased approached to 
be attempted to understand the targets of immunity in naturally exposed individuals. 
A prospective study examined the antibodies present in the sera of ~200 individuals 
from a village in Mali before and after the transmission season [53]. Antibody reac-
tivity to this broad panel of antigens was then compared between individuals who 
suffered a bout of clinical malaria and those who did not. Forty-nine proteins were 
found to be significantly differentially recognized in this analysis suggesting that 
these molecules may be the targets of protective antibodies. Most of these 49 proteins 
were not previously considered possible vaccine antigens; conversely many leading 
vaccine candidates were not differentially recognized, suggesting that the traditional 
approaches may not be selecting the optimal immunogens [53, 54].

The mechanisms of antibody action are also unclear. For simplicity and stan-
dardization, most GIAs are performed with purified heat-inactivated sera and in the 
absence of lymphocytes and monocytes. The fact that growth inhibition occurs in 
these circumstances suggests that the inhibition of invasion or neutralization may be 
sufficient, in some cases, to block infection. However, GIAs have also been 
performed with other immune system components added to the culture. One study 
found that the addition of monocytes augmented growth inhibition by West African 
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sera suggesting that cytophilic antibodies may be critical for protection [16]. More 
recently, a study showed that non-heat-inactivated immune sera containing comple-
ment components had significantly enhanced growth inhibition compared to heat-
inactivated sera [55]. In support of the role of complement, the presence of antibodies 
capable of fixing C1q on the surface of merozoites correlated with protection from 
clinical malaria [55]. On the other hand, P. falciparum has recently been shown to 
have mechanisms to evade elimination by complement [56, 57].

2.2  �T Cell-Mediated Protection

While the role of antibodies in protection against malaria is clear, our understanding 
of the contribution of T cells has been relatively slow to develop. Mouse models of 
malaria have provided the foundation of our understanding of T cell immunity. 
CD4+ T cells are required in control of malaria both for their ability to help B cells 
[58, 59] and their promotion of phagocytosis [60]. Early studies with a model of 
chronic malaria (P. chabaudi (AS)) conclusively showed that CD4+ T cells control 
the peak of parasitemia in the primary acute phase of blood-stage infections via the 
production of high levels of interferon-γ (IFN-γ) during the first week of infection 
[61–63]. In fact, IFN-γ contributes to a vast network of protective responses against 
malaria, recently summarized in [64]. However, CD4+ T cells were shown to be the 
key source of both IFN-γ and tumor necrosis factor (TNF) during malaria in mice 
[65, 66]. Studies in mice infected with P. chabaudi malaria have also shown that 
IFN-γ and TNF cooperate to induce nitric oxide synthase expression in the spleen 
to control peak parasite burden [67]. CD4+ T cells consist of several subtypes, which 
shape the nature of immunity against malaria. The use of mice with MSP-1-specific 
transgenic CD4+ T cells (B5 TCR transgenic) identified effector T cells (character-
ized as IL-7Rα−), which developed during acute infection and CD4+ memory T cells 
(CD44hi; IL-7Rαhi) which formed the majority of malaria-specific T cells by day 45 
[68]. As in other chronic infections, the memory cells were primarily effector mem-
ory cells (CD62Llo; CD44hi; IL-7Rαhi) [68]. During the effector phase, the (IL-7Rα−; 
CD62LloCD27+) intermediate effector subset includes the most multicytokine-
producing T cells [69]. Interestingly, chronic infection improves maintenance of 
IFN-γ+ TNF+ interleukin-2− T cells suggesting a mechanism for the maintenance of 
protection by continued exposure [70], commonly called premunition [71]. In addi-
tion to IFN-γ and TNF, IL-21 has recently been shown to be produced by CD4+ T 
cells in humans [72], to correlate with parasite density in Gambian children [73], 
and to be required in mice for complete clearance of parasite [57].

Controlled human malaria infections (CHMI) have recently provided insights 
into malaria immunity independent of coinfections, malnutrition, and factors 
associated with repeated malarial infections. One of the earliest CHMI gave naïve 
volunteers repeated low-dose blood-stage parasite infections followed by drug cure 
with atovaquone. This protocol induced protective parasite-specific T cell responses 
and nitric oxide synthase activity of mononuclear cells, but not antibodies [74]. 
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Unfortunately, the interpretation was confounded by the prolonged effects of atova-
quone in vivo [75]. More recent CHMI studies in which individuals are immunized 
multiple times with live sporozoites under drug cover have shown that this protocol 
efficiently induces both sporozoite and blood-stage-specific T cells which were 
polyfunctional [76]. However, while immunized individuals were protected against 
sporozoite challenge, they were not protected when inoculated directly with blood 
stages, suggesting a longer infection may be required to establish blood-stage 
immunity [77].

Although malaria challenges in mice suggest that T cells are critical for immu-
nity to malaria, reliable T cell correlates of exposure to and protection from malaria 
in endemic areas are relatively limited. In humans, early IFN-γ responses to P. fal-
ciparum correlate with better anti-parasite immunity [64, 78]. It has been more 
challenging to show this at the cellular level using intracellular cytokine staining of 
T cells. A longitudinal study in Uganda found that malaria-specific CD4+ T cell 
responses were measurable in nearly all children, with the majority of children hav-
ing CD4+ T cells producing both IFN-γ and interleukin-10 (IL-10) in response to 
malaria-infected RBCs. Frequencies of IFN-γ/IL-10 co-producing CD4+ T cells, 
which express the Th1 transcription factor T-bet, inversely correlated with duration 
since infection [79]. In a larger longitudinal study, IFN-γ responses to blood-stage 
antigens, especially MSP-1, were common and associated with recent exposure to 
malaria, but still not with protection from subsequent malaria infection, while 
responses to pre-erythrocytic antigens were uncommon, but were associated with 
protection from subsequent infection [80]. Finally, another study compared T cell 
responses to P. falciparum between children and adults in high or low malaria trans-
mission areas [81]. In high-transmission areas, most P. falciparum-specific CD4+ T 
cells in children produced IL-10, while responses in adults were dominated by 
IFN-γ and TNF which could explain better immunity seen in adults. In contrast, in 
the low-transmission setting, responses in both children and adults were dominated 
by IFN-γ and TNF [81]. The increase in IL-10 in T cells on repeated infection may 
be the basis for protection from severe pathology from T cells, though this has not 
yet been definitively proven [20, 79]. Overall, it would seem that CD4+ T cell cyto-
kines do contribute to protection, and more work needs to be done to determine the 
relative contribution to antibody production versus cellular immunity.

Perhaps most confounding has been the contribution of CD8+ T cell-mediated 
immunity against blood-stage malaria. Research on these cells was initially limited 
to protection against liver-stage infection, the pathogenesis of cerebral malaria, 
and damage to splenic architecture [82, 83]. Protection by these cells was largely 
overlooked, because parasites and infected erythrocytes have no antigen presenta-
tion machinery, and therefore T cells cannot interact directly with the pathogen [9]. 
However, previous studies in experimental animal models found that depletion of 
CD8+ T lymphocytes during blood-stage P. chabaudi infections significantly 
delayed clearance of the infection [62, 84]. Interestingly, naïve mice, transfused 
with CD8+ T cells derived from mice infected twice with P. yoelii survived lethal 
blood-stage malaria challenge [85]. Elegant studies in mouse models have now 
shown that Plasmodia can parasitize erythroblasts, immature RBCs that still 
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express MHCI, and therefore have the capacity to activate CD8+ T cells [86]. There 
is also evidence in rats that severe malarial anemia is caused by CD8+ T cell-
dependent parasite clearance and erythrocyte removal in the spleen [87]. Finally, 
CD8+ T cells in mouse models have been shown to contribute to completely clear-
ing parasites during chronic malaria [88]. Overall, the contribution of these cells to 
protection against blood-stage malaria in the field requires further investigation.

3  �Why Does Better Adaptive Immunity to Blood Stages Not 
Develop?

Fundamental questions that remain unresolved are why adaptive immunity to 
malaria is not sterilizing and why immunity wanes in the absence of exposure. This 
may be partly explained by the variant or polymorphic nature of many malaria anti-
gens as outlined above. It has also been suggested that there may be defects in 
dendritic cell function during blood stages (previously reviewed elsewhere [89, 
90]). A role for regulatory T cells in limiting the effectiveness of immune responses 
to malaria has also been proposed. The presence of FOXP3+ CD4+CD25+ regulatory 
T cells has been found to correlate with more rapid parasite growth in CHMI studies 
[91], while elevated numbers of a highly suppressive subset of regulatory T cells 
have been observed in patients with severe malaria [92]. More recently, there have 
been more systematic investigations of the fates of memory B and T cells in 
Plasmodium infection with the finding that these key cells of the adaptive immune 
system can appear “dysregulated” [93]. The unusual T and B cell response likely 
represents the détente between the parasite and the host where the parasite maxi-
mizes its ability to transmit by surviving as a chronic infection, and the host mini-
mizes the pathological damage done by an excessive immune response.

3.1  �B Cell Memory

The clearest example of unusual immune responses in malaria is the observation 
that polyclonal B cells in the blood of individuals in malaria-endemic areas include 
a high level of “atypical” memory B cells [93, 94]. Atypical memory B cells express 
FCRL5 and lack expression of classical memory B cell markers such as CD21 and 
CD27 [95, 96] and have been found to be expanded in a variety of chronic infections 
[97–99]. Most studies characterize these cells as anergic, as unlike classical mem-
ory B cells, they do not respond to polyclonal stimuli by secreting antibody [95]. 
Atypical B cells isolated from individuals in malaria-endemic areas have been 
shown in one study to have reduced B cell receptor signaling and effector function 
[95]. Another study looking at antigen-specific atypical and classical memory B 
cells isolated from symptomatic individuals suggested that atypical B cells might be 
proliferating and producing antibody [100]; thus, the exact significance of the pres-
ence of these cells remains unclear.
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More generally there is strong evidence that the levels of many malaria-specific 
antibodies decay rapidly, as previously reviewed [101]. Protective memory B cell 
and presumably long-lived plasma cell (LLPC) populations specific for malaria take 
many years to develop [22, 102]. One study in Mali found that while boosting with 
tetanus toxoid induced a rapid and sustained increase in the number of TT-specific 
memory B cells, malaria infection only resulted in a short-lived increase in memory 
B cells specific for a variety of blood-stage antigens [102]. This short-lived B cell 
expansion was associated with a transient increase in blood-stage-specific antibod-
ies with short half-lives (<10  days). These data are consistent with Plasmodium 
infection inducing a transient plasmablast response to a large number of parasite 
antigens. These B cells are likely derived from the marginal zone and appear to 
include cross-reactive specificities from this memory B cell containing zone, which 
is the first point of contact for this blood-borne infection [103, 104]. Due to their 
generation outside of the germinal center, which forms much later than in other 
infections, the plasma cells formed are not long-lived, and the number of malaria-
specific LLPCs in the bone marrow does not appear to increase dramatically [23, 
105]. Consistent with this, memory B cells specific for blood-stage antigens 
increased in number only incrementally with age and, even in adults, are relatively 
few in number [102]. It was therefore proposed that the acquisition of immunity 
correlates with the development of sufficient memory B cells and LLPCs to provide 
a level of antibodies above a certain protective threshold, though this may take years 
to reach [106].

One reason that has been proposed for the slow acquisition of memory B cells 
is that malaria infection induces an immune response that at least initially is skewed 
toward a Th1 response and away from the generation of T follicular helper cells 
(Tfh) that are crucial for B cell memory [107, 108]. Mouse studies show that Tfh 
cells are inhibited by high levels of the pro-inflammatory cytokines TNF and IFN-γ 
during fulminant blood-stage infection [108, 109]. Pre-Tfh-like cells were found to 
express Bcl-6lo and IL-21, but also the Th1 associated molecules T-betlo and 
CXCR3 during blood-stage infection [107, 108]. The blockade or knockout of the 
Th1 cytokines IFN-γ and TNF was found to restore Tfh differentiation and germi-
nal center formation [108]. These Th1/Tfh cells survive into the memory phase 
with the mixed Th1/Tfh phenotype suggesting that they will also play a role in 
suboptimal antibody responses in subsequent infections [107]. Interestingly, while 
CD4+ T cells in P. chabaudi-infected mice express ICOS in response to infection, 
ICOS−/− mice accumulated fewer splenic Tfh compared with ICOS-sufficient mice, 
leading to substantially fewer GC B cells and a decrease in affinity, but not the 
production of parasite-specific isotype-switched Abs. These mice also had an 
enhanced Th1 immune response that reduced peak parasitemia but at the expense 
of the quality of the antibody [110]. These findings have been corroborated in a 
recent study examining Tfh cells in naturally exposed children [111]. In human 
PBMCs, CD4+ T cells expressing CXCR5 and PD1 are generally assumed to be the 
circulating counterparts of germinal center Tfh cells; within this population, there 
is a fraction that expresses CXCR3 and provides suboptimal help to B cells [112]. 
At baseline, children in a malaria-endemic region in Mali were found to have 
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circulating Tfh cells that were phenotypically similar to those found in US adults; 
however, during malaria infection, only the CXCR3+ Tfh-like cells expanded. 
Notably, the expansion of this subset with characteristics of both Th1 and Tfh cells 
did not correlate with increased levels of circulating antibodies [111].

3.2  �T Cell Memory and Exhaustion

Development of T cell memory during chronic infections is a controversial topic, as 
memory cells are not thought to coexist with ongoing infection. However, CD4+ T cells 
to the blood stages of P. chabaudi infection with the phenotypic hallmarks of memory 
cells have been identified in mice and humans [68, 113, 114]. As in other chronic infec-
tions, these are predominantly effector memory T cells [115–118]. However, very little 
is actually known about the functionality of effector memory or the differences with 
acute effector cells. In chronic Leishmania major infection of resistant C57Bl/6 mice, 
CD44+; CD62Llo; T-bet+; Ly6C+ effector CD4+ T cells that are short-lived in the absence 
of infection and are not derived from memory cells reactivated by secondary challenge 
were found to be the main mediators of protection [119].

The role of continued infection in maintaining Plasmodium-specific T cell mem-
ory has been studied. A longitudinal study in mice, over a period of 200  days, 
reported a progressive decline in the T cell response to P. chabaudi parasites, which 
occurs similarly in untreated and drug-treated mice with time after infection [120]. 
In contrast, it has also been reported that effector memory cells (CD62Llo; CD44hi; 
IL-7Rαhi) were maintained and protective [68]. Finally, an analysis of malaria-
specific CD4+ T cell responses in individuals living in an area of low malaria trans-
mission, with documented clinical attack of P. falciparum and/or P. vivax in the past 
6 years, found that the number of IFN-γ-producing effector memory T cells declined 
significantly over the 12 months of the study; in sharp contrast, IL-10 responses 
were sustained for many years after the last known malaria infection [121]. 
Therefore, there are many unanswered questions about how the combination of 
effector memory T cells and effector T cells that are promoted by chronic infection 
may explain the decay of disease immunity in mice and humans and/or provide 
clues about how to induce a well-regulated T cell response by vaccination.

Cellular exhaustion is another potential mechanism for reduction of a long-term 
protective immune response that clears infection. Programmed cell death-1 (PD-1) 
is the best studied molecule that reduces effector T cell functions. PD-1 has two 
known ligands, PD-L1 (B7-H1) [122, 123] and PD-L2 (B7-DC) [124, 125], and 
when PD-1 is engaged simultaneously with T cell receptor signals, it can trigger an 
inhibitory signal in lymphocytes [126]. One of the first studies to examine PD-1 
expression during malaria used a mouse model to show PD-1 expression on IL-7Rlo-
expressing CD4+ and CD8+ T cells [127, 128]. Similarly, subsequent studies showed 
that PD-1 was also expressed on CD4+ [93, 129] and CD8+ T cells [93] in blood of 
Pf-infected individuals in Mali and Kenya, but no functional evidence of exhaustion 
was provided. Subsequent studies used a murine model of blood-stage malaria to 
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show that the combined blockade of PD-L1 and LAG-3 inhibitory molecules with 
antibodies, during P. yoelii malaria in mice, dramatically reduced parasitemia, while 
in P. chabaudi, it reduced the recrudescence [129]. These studies showed that lym-
phocyte exhaustion modulated immunity against malaria. Ensuing studies used 
mice with a deletion of PD-1 (PD-1KO) to conclusively show that PD-1 mediated a 
reduction in the capacity of parasite-specific CD4+ T cells to proliferate and secrete 
IFN-γ and TNF-α during the late phase (Day 35) of P. chabaudi infection indicating 
exhaustion of these cells [88]. Further, while the CD8+ T cell contribution to protec-
tion from Plasmodia has been challenging to detect, studies in PD-1KO mice 
showed that full activation of parasite-specific CD8+ T cells leads to a dramatically 
reduced recrudescence in these animals. PD-1 mediates a 95 % loss in the numbers 
and functional capacity of CD8+ T cells during the acute phase of malaria, which 
was shown to exacerbate the infection and lead to chronic malaria [88]. The role of 
CD8+ T cells was dramatically revealed in these mutant animals, explaining why 
these cells have escaped past scrutiny. Furthermore, ongoing studies in humans are 
anticipated to determine the degree of the role of exhaustion in the chronicity of P. 
falciparum and vivax malaria.

4  �Concluding Remarks

In recent years the emphasis in the malaria vaccine field has shifted to vaccines 
targeting the infectious preerythrocytic life cycle stages of the Plasmodium parasite. 
Nonetheless while our most advanced vaccine candidate confers some protection 
against malaria, it does not provide an absolute block to infection, and so individu-
als remain exposed to the disease causing blood stages and thus at risk of death 
[130, 131]. Recent work has continued to identify novel potential targets of protec-
tive immunity and provided insights into the mechanisms of immune (dys)regula-
tion in malaria. It is clear that continued research (1) into the immune responses that 
are required for naturally acquired immunity and (2) the factors that prevent better 
immunity from developing are required if we are to significantly limit malaria mor-
tality via vaccination.
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1  �Introduction

In addition to parasite-induced pathology, a large body of evidence indicates that the 
host immune response to parasitic infection can also play an essential role in cere-
bral malaria (CM) pathogenesis [1, 2]. Involvement of the cells and soluble media-
tors of the immune system has been widely recognised as contributing to the 
complications of viral, bacterial, fungal and parasitic infections. It would be extraor-
dinary if malaria did not conform to this general pattern [3]. Activation of both 
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innate and adaptive immune responses has long been suspected to play a deleterious 
role in the development of CM. Notably for the latter, the activation of both CD4+ 
and CD8+ T lymphocytes is essential for the disease process in experimental CM, 
with CD8+ T cells accumulating in the cerebral microcirculation [4].

Numerous factors make it challenging to identify the essential steps in the patho-
genic process. For example, in malaria-endemic areas, it may be next to impossible 
to discriminate the effects of co-morbidities. Furthermore, CM may not be a single 
entity but a group of similar syndromes [5]. Lastly, the variation in clinical presenta-
tion between adults from Southeast Asia and African children with CM is likely to 
be caused by a different immune status, potentially resulting from different expo-
sure levels [6]. The pathogenesis of CM is thus multifactorial, which has made 
understanding the mechanisms underpinning this syndrome difficult and has con-
tributed to our lack of development of effective adjunct treatments [7].

In this chapter, we review the evidence of immune responses that have pathoge-
netic consequences in malaria, with particular attention to the neurological syn-
drome. Several features of experimental models for CM have been critically 
reviewed, notably the model of P. berghei ANKA (PbA) infection in CBA or 
C57BL/6 mice, referred to as experimental cerebral malaria (ECM) below [8]. 
Among these features, the existence of sequestration [9], and the complexity of 
effector mechanisms, has been addressed [10, 11].

2  �Innate Immune Responses and CM

The activation of innate immune cells and consequent systemic inflammation lead 
to the early signs and symptoms in malaria infection and contribute to the develop-
ment of more severe forms of the disease, including CM. During schizogony, the 
simultaneous rupture of P. falciparum-infected erythrocytes (IEs) leads to the release 
of parasite-derived components, which in turn trigger a deleterious activation of the 
innate immune system. This activation involves pathogen-associated molecular pat-
terns (PAMPs) and host damage-associated molecular patterns (DAMPs). In recent 
years, considerable advances have been made in the identification of molecules 
belonging to both patterns, which are reviewed in [12]. PAMPs are microbial struc-
tures that are abnormally abundant in specific pathogens and are detected by pattern 
recognition receptors (PRRs) of innate immune cells. PRRs are a primitive part of 
the innate immune system and include the large families of membrane-bound Toll-
like receptors [13] as well as cytoplasmic nucleotide-binding oligomerisation 
domain (NOD)-like receptors [14]. The main PAMPs in P. falciparum are glyco-
phosphatidylinositol (GPI) anchors, haemozoin and immune stimulatory nucleic 
acid motifs. GPI anchors have been shown to induce a strong response from macro-
phages, leading to the production of pro-inflammatory mediators, including tumour 
necrosis factor (TNF) [15] and nitric oxide [16]. Haemozoin, a by-product crystal of 
the parasite metabolism, elicits a similar effect in dendritic cells (DCs) and macro-
phages through an activation of the inflammasome, as well as the cleavage of pro-
IL-1beta and the activation of caspase-1 [17, 18]. Lastly, released plasmodial DNA 
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and RNA have also been demonstrated to activate PRRs, prompting a cascade of 
intracellular signalling through the phagolysosome of DCs and macrophages and 
leading to an increase in pro-inflammatory cytokine and type I interferon produc-
tion [12]. The overproduction of pro-inflammatory cytokines has long been sus-
pected to play a crucial role in the development of CM, especially via the upregulation 
of endothelial receptors for IEs and the alteration of the blood-brain barrier (BBB) 
due to the opening of the endothelial tight junctions [10, 19] (Fig. 1).

The host DAMPs, which are released from damaged cells as a result of malarial 
infection, may also contribute to the pathogenesis of CM by activating the PRRs 
and inflammasomes independently from and in addition to the PAMPs [20]. Malaria-
associated DAMPs include uric acid, microparticles and haem. Uric acid and 
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Fig. 1  Innate immune response processes potentially contributing to CM lesions. During schi-
zogony, the plasma membrane of Plasmodium falciparum-infected erythrocytes (IEs) ruptures to 
liberate merozoites in the bloodstream. This process leads to the release of both parasite-derived 
factors (pathogen-associated molecular patterns or PAMPs), which include GPI anchor, haemo-
zoin and nucleic acids, and host-derived factors (host damage-associated molecular patterns or 
DAMPs), such as haem and uric acid. When released in close proximity to the endothelium, the 
latter products can have a direct and deleterious effect on endothelial cells, participating in the 
microvascular dysfunction in CM. After phagocytosis, both PAMPs and DAMPs can elicit a strong 
stimulation of dendritic cells (DCs) and macrophages (Mϕ) through the activation of their pattern 
recognition receptors (PRRs) and inflammasome, resulting in the secretion of pro-inflammatory 
cytokines such as TNF and IFNs. Microvascular endothelial cells are activated by these cytokines, 
leading to an upregulation of their surface adhesion molecules and IE receptors, thereby contribut-
ing to their sequestration in CM.  In addition, microparticles produced by IEs, leukocytes (not 
shown), platelets and activated endothelial cells during malaria infection are suspected to act as 
DAMPs and to amplify the DCs and macrophage stimulation and the consequent endothelial acti-
vation, which can cause endothelial damage, a key feature of CM pathogenesis
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hypoxanthine are results of purine metabolism and accumulate in IEs during malaria 
infection. They are both released during schizogony, which has two inflammatory 
effects. First, when released in close proximity of endothelial cells by sequestered 
IEs, uric acid crystals induce severe endothelial damage [21], potentially increasing 
the response by the release of additional pro-inflammatory mediators. Second, once 
in circulation, hypoxanthine is converted into uric acid and urate crystals, which are 
recognised by macrophages and trigger a strong inflammatory response. 
Microparticles (MPs) are a heterogeneous population of plasma membrane extra-
cellular vesicles that are generated and released when tissue and/or systemic homeo-
stasis is disrupted [2]. These MPs have emerged as important biological effectors 
with demonstrated roles in cell-cell communication [22]. The production of MPs 
derived from platelets, endothelial cells, leukocytes and IEs is increased in both 
paediatric [23] and adult CM [24], inducing the release of cytokines by macro-
phages and the upregulation of adhesion molecules and IE receptors on endothelial 
cells [25, 26] through immunostimulatory pathways yet to be determined. A third 
DAMP is haem, which is produced by the oxidation of free haemoglobin once 
released in the circulation during malaria-induced hemolysis. The formation of 
reactive oxygen species is then catalysed by the haem moiety, resulting in oxidative 
stress, endothelial activation and microvascular damage through activation of PRRs 
in ECM [27] (Fig. 1).

3  �Adaptive Immunity: T Cell Dependency of CM

Originally identified in a mouse model for CM, the requirement for T cells in the 
pathogenesis of the neurological syndrome has also been documented in the human 
disease, as reviewed in [7]. Similarities and differences between human and murine 
syndromes have been discussed [7]. Further analyses of the molecular mechanisms 
leading to T cell accumulation in brain microvessels include the identification of 
CCR5 as an important receptor, as the incidence of neurological signs is significantly 
reduced in CCR5 gene knockout (GKO) mice [28]. Additionally, the lymphotoxin 
beta receptor [29] and IP-10 [30] also play a crucial role in this intravascular arrest.

On the CD8+ T cell, molecules such as perforin or granzyme B (GzmB) [31] 
appear to be important in promoting cerebral disease. GzmB-deficient mice are pro-
tected from CM and show lower parasite sequestration in the brain, as a consequence 
of enhanced antiparasitic CD4+ T cell responses. The authors of the study outlined 
the importance of antigen-specific CD8+ T cell, which could trigger CM upon adop-
tive transfer in CM-resistant (CM-R) mice. Upon infection, the numbers of PbA-
specific CD8+ T cells increase in CM-susceptible more than in CM-R mice. In 
wild-type mice, full activation of brain-recruited CD8+ T cells also depends on a 
critical number of parasites in this tissue, which, in turn, is sustained by these tissue-
recruited cells. Thus, an interdependent relationship between parasite burden and 
CD8+ T cells dictates the onset of perforin/GzmB-mediated ECM. In PbA infection, 
there is a dramatic primary parasite-specific CTL response, reaching approximately 
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30 % of splenic CD81+ T cells, with many producing interferon gamma (IFN-γ) and 
TNF. These cells express GzmB and other markers of specific responders, are cyto-
lytic, and react to a broad array of major histocompatibility complex (MHC) 
I-restricted epitopes, five of which have been identified so far. Vigorous CTL 
responses can therefore be induced against pathogens even when they largely reside 
in red blood cells, which lack MHC I processing machinery [32] (Fig. 2).

Among the newly elucidated cytokines that are instrumental in T cell-dependent 
pathology during CM, IL-33 and its receptor ST2 play a crucial role. Brain IL-33 is 
upregulated during CM, and ST2-deficient mice are resistant to PbA-induced neu-
ropathology [33].

Aside from pathogenic T cells, regulatory subsets have been thought to counter-
act the development of pathology. Regulatory T (Treg) cells were first studied in 
CM by Amante et al. [34], who found paradoxically that these cells could contribute 
to pathology in the murine model. When depleted of Treg cells by anti-CD25 mAb, 

Fig. 2  Adaptive immune response mechanisms involved in the development of CM. After inva-
sion by P. falciparum merozoites, infected erythrocytes (IEs) undergo plasma membrane modifica-
tion and display parasite-expressed antigens, including Plasmodium falciparum erythrocyte 
membrane protein 1 (PfEMP-1). After IEs or their microparticles (IE-MPs) are recognised, they 
are phagocytosed by dendritic cells (DC) and macrophages (Mϕ), and parasite antigens are pre-
sented to CD4+ T cells by their major histocompatibility class (MHC) I. Concomitantly, stimulated 
macrophages secrete high levels of tumour necrosis factor (TNF), leading to the activation of 
endothelial cells locally. Once activated by antigen-presenting cells (APCs), CD4+ T cells recruit 
CD8+ T cells through the release of CXCL9 and CXCL10, resulting in (a) their activation by APCs 
via MHC II, (b) the secretion of gamma interferon (IFN-γ) and (c) the maturation of CD8+ T cells 
into cytotoxic T lymphocytes (CTLs). Lastly, platelets can be activated by contact with IEs, poten-
tially leading to the formation of clumps but also to the release of TGFβ1 after degranulation, 
which acts in synergy with TNF to induce endothelial apoptosis and alter the blood-brain barrier
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mice are protected against CM. This protection is accompanied by a significant 
reduction in parasite burden and CD8+ T cell accumulation in the brain. Subsequently, 
in patients, “classical” Treg cells (CD4+ FOXP3+ CD127 −/low) were compared in 
severe and uncomplicated malaria. Tregs do not differ in numbers or function dur-
ing the acute inflammatory phase of malaria, but are inversely correlated with 
malaria-specific memory responses. Tregs may thus limit memory responses and 
reduce immunopathology [35]. These authors also identified a Treg subpopulation 
that produces both IFN-γ and IL-10. In the mouse model of cerebral (PbA) and non-
cerebral (P. yoelii, Py) malaria, Tregs and Th17 seem to influence outcome. Low 
levels of Tregs are seen in PbA and conversely high Treg numbers are produced in 
Py infection [36]. These findings of differential expansion of T cell subsets were 
paralleled by those of corresponding cytokines [36].

The apparent discrepancies in the involvement of CD4+ and CD8+ T cell subsets 
have been “reconciled” in 2003 [4], with CD4 being involved early and CD8+ late 
in the course of PbA infection, with discrete sets of functions, as represented in 
Fig. 1. Furthermore, Villegas-Mendez et al. provided evidence that CD4+ T cells 
stimulate CD8+ to accumulate in brain vessels [37].

In the murine model of ECM at least, a time congruency between CD8+ T cell 
activation and the rise of parasitaemia is needed for the neurological syndrome to 
develop [38]. Most interestingly, it was found recently that CD8+ T cells accumulate 
in perivascular spaces but do not seem to trigger endothelial cell apoptosis [39]. It is 
in fact the majority of T cells that are compartmentalised to the perivascular side of 
the blood vessels during both PbA and Pb NK65 infections. These perivascular T 
cells form stable interactions with CX3CR1+/GFP cells, i.e. subsets of monocytes, 
macrophages and DCs, and all microglia. Contrary to pre-existing hypotheses, these 
CX3CR1+ cells are not required for CM development, and CD8+ T cells do not 
cause significant endothelial apoptosis, at least not enough to cause the opening of 
the blood-brain barrier (BBB) seen in CM. Brain endothelial apoptosis is thus as 
rare in the PbA model as it is in the human disease [40].

The importance of cytokine overproduction [3, 41, 42] in CM has recently been 
corroborated by the demonstration that induction of pro-inflammatory cytokines by 
CpG oligonucleotides in CM-resistant BALB/c mice triggers CM. This reversal of 
susceptibility to CM is not seen in IFN-γ and IL-12 GKO mice, further highlighting 
the importance of these pathways [43].

4  �Antigen-Presenting Cells (APCs): Monocytes,  
DC, DC Subsets

Immunosuppression induced by malarial infection had been foreseen in the early 
sixties by McGregor and Barr [44] and confirmed by numerous studies [45–47]. 
Seminal works by Urban et al., aiming at a better understanding of the obstacles in 
the development of protective immunity, have demonstrated that IEs can adhere to 
DCs in  vitro and lead to a suppression of their functions [48]. Several 
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subpopulations of migratory and lymphoid organ resident DCs have been described, 
with discrete roles for each in antigen presentation in vivo. In inflammatory condi-
tions, the antigen presentation abilities of DCs can be severely impaired, but an 
additional population of monocyte-derived DCs then comes into play [49].

In the context of malaria, it has been shown that blood-stage infection leads to 
suppression of major histocompatibility (MHC) class I-restricted immunity to third-
party (non-malarial) antigens as a consequence of systemic DC activation. In the P. 
berghei model, while P. berghei-expressed antigens are presented early in infection, 
presentation declines rapidly within 4 days, paralleling impairment in MHC class 
I- and II-restricted presentation of third-party antigens. Thus, P. berghei not only 
causes immunosuppression to subsequently encountered third-party antigens but 
also rapidly limits the capacity to generate effective parasite-specific immunity 
[50]. DCs do express C-type lectin receptors (CLRs), a family of pattern recognition 
receptors that recognise carbohydrate structures on pathogens and self-antigens. 
The DC immuno-receptor (DCIR) plays an important role in CM development: 
DCIR-/- mice are protected against the neurological syndrome and show markedly 
reduced brain inflammation and CD8+ T cell sequestration, as well as decreased 
circulating TNF levels [51]. Equally important for CM development is the pro-
inflammatory Ly6Chigh monocyte subset [52]. Depletion of this cell subset, using 
anti-CCR2 mAb, decreases IFN-γ levels and IFN-γ+CD8+ T effector cells in the 
brain. Interestingly, anti-CCR2 mAb injection does not prevent the generation of 
PbTg-specific T cell responses in the periphery. It is not plasmacytoid DCs but 
“conventional” DCs that seem to be the most critical APCs in CM [53]. This study 
also reemphasises the need for CD4+ activation in CM prior to that of CD8+ T cells.

Among other potential APCs, B cells have only been recently analysed in CM 
[54], and a modulatory role for regulatory B (Breg) cells has been demonstrated 
[55]. Adoptive transfer of IL-10-producing Breg cells to P. berghei-infected mice 
significantly reduces the brain accumulation of NK and CD8+ T cells and cerebral 
haemorrhages. In contrast, adoptive transfer of CD4+ CD25+ Treg cells fails to pre-
vent CM in infected mice. It is conceivable that the discrete roles of DC subsets 
described in the context of a viral infection are also at work in CM [56].

5  �Antigen Processing, Co-stimulation and Cross 
Presentation

After antigens are picked up by APCs, they need to undergo a complex path of 
intracellular trafficking before they are loaded in MHC molecules, as detailed in 
Sollid and Villadangos [57]. Antigens must be trafficking via specific pathways 
before accessing MHC loading compartments. For MHC class I, cross presentation 
involves antigen trafficking to a specialised compartment. The features of this com-
partment and how it is accessed by different mechanisms of antigen capture and 
internalisation have been reviewed elsewhere [58].
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Cross presentation is the process whereby exogenous antigens are presented via, 
or on, MHC class I molecules. It is essential for the induction of CD8+ T cell 
responses and is carried out by specialised DC subsets [59]. While the mechanisms 
involved are incompletely understood, antigens can be transported by endocytic 
receptors, such as the mannose receptor (MR), into early endosomes in which the 
cross presentation machinery would be recruited. In these endosomal compart-
ments, peptides would be trimmed by the aminopeptidase IRAP before loading onto 
MHC class I molecules. In vivo, cross presentation has been found to be impaired 
in monocyte-derived DC deficient in IRAP or MR, confirming the role of these two 
molecules in inflammatory DC [59].

Cross presentation might also have bearings on immunosuppression and even 
immune tolerance. Indeed, it has been shown that PbA infection in mice inhibits 
cross priming. Reduced cross priming is a consequence of downregulation of cross 
presentation by activated DCs due to systemic activation that do not otherwise glob-
ally inhibit T cell proliferation [60]. Furthermore, CD8+ T cell tolerance can be 
mediated by the entry of exogenous antigen into the MHC class I-restricted cross 
presentation pathway. DCs appear to be the key cross presenting cells and are 
thought to carry specialised machinery dedicated to this purpose [61].

6  �Endothelial Cells as APC

The classical immune response occurring within the microvessels involves IEs, DCs 
and T lymphocytes. Naturally, the close proximity of these cells to brain endothelial 
cells during sequestration may facilitate additional malaria antigen exchange sites, 
potentially leading to further T cell activation. This has been the subject of contro-
versy, as summarised in [62] (Fig. 3). Endothelial cells are central in inflammation 
[63, 64], and there is compelling evidence for their capacity to act as semi-profes-
sional APCs—as originally shown by Male and colleagues [65]—in a variety of 
autoimmune diseases [66–68], even in settings involving sparse sequestration of 
lymphocytes in microvessels, as is the case in human CM, rheumatoid arthritis or 
multiple sclerosis. However, a recent histopathological study performed in Malawi 
showed that paediatric cases with autopsy-confirmed CM have significantly higher 
numbers of intravascular monocytes than children with non-malarial causes of 
coma, supporting the hypothesis that inflammation contributes to the pathogenesis 
of paediatric CM. This monocyte accumulation was significantly (>twofold) greater 
in HIV-positive patients [69], which indicates that immune dysregulation in HIV-
positive children exacerbates the pathological features associated with CM.

Antigen-presenting functions have been described in ECM, where brain endo-
thelial cells have the ability to capture and present antigens [70]. In addition, a 
conceptual link between APC function and CM pathogenesis is provided by IP-10/
CXCL10, a chemokine involved both in antigen presentation [71] and in the devel-
opment of neurologic syndrome in mice [72]. Brain endothelial cells can transfer 
antigens from IE onto their own surface in vitro [73], thereby potentially becoming 
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Fig. 3  The role of endothelial cells as antigen-presenting cells in the development of CM. P. 
falciparum-infected erythrocytes (IEs) produce parasite epitope-bearing microparticles (IE-MPs), 
which can amplify the stimulation of antigen-resenting cells (APCs), and the resulting immune 
cascade described in Fig. 2, which culminates in the activation of cytotoxic T lymphocytes (CTLs). 
IE-MPs can also bind and transfer their parasite antigens to the surface of endothelial cells. When 
stimulated by TNF, endothelial cells produce high numbers of microparticles (EMPs), which may 
carry the transferred parasite antigen and could (a) amplify the stimulation of other APCs and 
increase the immuno-stimulation of CD4+ T cells, CD8+ T cells and CTLs and (b) participate in the 
propagation of the parasite antigen to other endothelial cells (a). These are then presented on MHC 
I and MHC II molecules of TNF-stimulated endothelial cells, with the former marking them as 
targets for destruction by activated malaria-specific CTLs. This contributes to the BBB damage 
and the pathogenesis of CM (b)
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a target for CD8+ cytotoxic T lymphocytes (CTL), potentially leading to endothelial 
damage (Fig. 3) and a compromised BBB.

In ECM, parasite-specific CD8+ T cells directly induce pathology and have long 
been hypothesised to kill brain EC that have internalised PbA antigens. Although 
PbA sequestration does not lead to vessel occlusion during the pathology, accumu-
lation of IEs within the brain, and specifically within the perivascular space, may 
provide a localised source of antigen for cross presentation by endothelial or associ-
ated cells during infection, enabling perivascular CD8+ T cells to mediate their 
pathogenic activity. Indeed, brain microvessel fragments from infected mice are 
able to cross present PbA epitopes, using reporter cells transduced with epitope-
specific T cell receptors [74]. More recently, the role of endothelial cells in this 
cross presentation by proteasome- and TAP-dependent mechanisms has been con-
firmed in vivo [75]. By cross presenting PbA antigens in vitro, primary brain endo-
thelial cells are able to confer susceptibility to killing by CD8+ T cells isolated from 
infected mice. This process is dependent on IFN-γ stimulation, and parasite strains 
that do not induce CM (Pb NK65 or P. yoelii NL) are phagocytosed and cross pre-
sented less efficiently than PbA, providing a potential further mechanism for 
increased antigen expression with the brain during ECM.

7  �MPs as Amplifiers of Pathology

Other potential participants in the response to Plasmodia are MPs, notably those 
generated by IEs. Although totally distinct from exosomes, which belong to another 
family of extracellular vesicles, MPs share with them the ability to modulate the 
immune response during infectious diseases [76, 77]. Indeed, MPs contain parasite 
material and are able to stimulate APCs in ECM, resulting in enhanced TNF pro-
duction and upregulation of CD40 by macrophages [25]. More recently, brain 
endothelium-derived MPs have been shown to contribute to T cell activation and 
proliferation, in an in vitro human model of the CM lesion [78] (Fig. 3). Thus, the 
possibility of an endothelial presentation of malaria antigens to cognate T cells has 
established brain endothelial cells and potentially endothelium-derived MPs as crit-
ical players in malaria pathogenesis [2, 79]. Finally, the intricacy of several effector 
mechanisms of the pathogenetic immune responses in CM has been detailed else-
where, with a focus on the role of MPs. These can assist the binding of infected 
erythrocytes to the cerebral vasculature as well as mediate and disseminate various 
inflammatory and immune processes [80–82].
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8  �Concluding Remarks

More than 120 years after the discovery of P. falciparum, the fundamental patho-
genesis of fatal CM is still not well understood. Collaborative and multidisciplinary 
approaches using clinical samples from field sites in endemic areas, in vitro and 
ex vivo models as well as animal models of the disease are necessary to decipher its 
pathogenetic immune responses. Indeed, due to the lack of specific neuro- and 
vasculo-protective therapies, treatments for CM are currently still precariously lim-
ited to antimalarial drugs and emergency supportive care. The former are quickly 
dwindling, as the resistance of P. falciparum malaria against artemisinin combina-
tion treatments (ACTs) - the recommended first-line therapy for infected patients, 
is  - on the rise in Southeast Asia. This is alarming because (1) resistance to the 
previous mainstays of antimalarial treatment—namely, chloroquine and sulfadox-
ine/pyrimethamine—has already spread across Southeast Asia into Africa, resulting 
in the deaths of millions of children, and (2) there are currently no alternative drugs 
to replace ACTs. A better understanding of the precise mechanisms underlying the 
development of CM is urgently needed to guide new adjunctive treatments directed 
towards its major immuno-pathogenetic processes.
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1  �Introduction

The immune system is a highly complex collection of both cellular and molecular 
components whose purpose is to defend against foreign or danger signals in its 
host  [1]. These foreign and danger signals usually include infections or cancer. 
The  immune system is highly adapted to respond quickly to control the threat 
(innate immunity), develop a more specific targeted response to eradicate it (adap-
tive immunity), and create a long-lasting protection against it (memory response). 
Due to this, this system has evolved various ways to distinguish “self from nonself” 
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or “danger vs. non danger” in order to attack foreign threats while evolving toler-
ance to the host. Autoimmunity is a consequence of the breakdown of this tolerance 
to the host molecules or epitopes. This breakdown leads to a disseminated attack on 
various organs and tissues leading to diseases with high mortality and morbidity, as 
seen mostly in the developed world. The development of autoimmune disease is 
highly complex and multifactorial, involving both genetic and environmental fac-
tors. Autoimmune diseases are the third leading cause of morbidity and mortality in 
the developed world [2]. These associations with the developed world already sug-
gest a possible relation with infectious agents that have driven human evolution, 
such as the Plasmodium parasites that cause human malaria.

Autoimmunity during infection, including during malaria, has been an exten-
sively reported phenomenon. Polyclonal activation of B-cells and autoantibody pro-
duction has been reported during murine malaria since the 1970s [3]. Additionally, 
autoantibodies against all kind of host molecules have been reported extensively in 
malaria patients infected with any of the human Plasmodium species [4, 5]. The 
development of autoimmunity, particularly production of autoantibodies during 
malaria, has been correlated with disease severity [6]. The mechanisms leading to 
autoimmunity during infection are poorly understood, but some likely candidates 
have been hypothesized to be involved. Among these hypothesized mechanisms are 
molecular mimicry, epitope spreading, bystander activation, persistent infection, 
and polyclonal activation [2]. During malaria, evidence has been reported that would 
support each of these as a likely mechanism leading to autoimmunity during infec-
tion. In fact, Plasmodium and other eukaryotic parasites have been deemed master 
manipulators of the immune system. Mechanisms such as molecular mimicry can be 
supported by the fact that the reported inflammatory Plasmodium molecules posses 
great similarity to host molecules, such as nucleic acids. Additionally, the fact that 
Plasmodium parasites required an intracellular life cycle within the host cells 
already suggests that many host molecules will be presented along with parasite 
antigens, facilitating other mechanisms such as epitope spreading and bystander 
activation. Moreover, the highly inflammatory response to Plasmodium along with 
its lack of sterile immunity supports autoreactive mechanisms such as persistent 
infection and polyclonal activation. Furthermore, there have been numerous reports 
showing great inverse correlations between malaria and development of autoim-
mune diseases, such as systemic lupus erythematosus (SLE) and rheumatoid arthri-
tis (RA). Genetic mutations that correlate with the development of autoimmunity 
have also been reported to confer resistance to malarial infection [7, 8]. With studies 
showing how rodent malaria parasites prevented the development of lupus in mice 
and arthritis in rats [9], mechanistic studies linking malaria and autoimmunity are 
needed.

Lastly, some groups have long hypothesized that autoimmunity during malaria 
can have a protective effect [10, 11]. These protective effects are deemed to the abil-
ity to recognize host antigens that are present in the infected red blood cells and could 
help facilitate parasite clearance. In the first section of this chapter, we summarize the 
evidence reporting autoimmunity as a major promoter of the pathology seen during 
complicated malaria. Conversely, in the following section, we first explore the protec-
tive role that autoimmunity could play during malarial infection. We follow up by 
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discussing various mechanistic insights that have been hypothesized to drive autoim-
munity during malaria. Then, we discuss the striking genetic and evolutionary links 
that have been done with malarial infection and different autoimmune diseases. 
Lastly, we overview the general concept and role that autoimmunity may play during 
infection.

2  �Pathologies Driven by Autoimmunity  
in Complicated Malaria

2.1  �Inflammation and Innate Immunity-Induced Pathology

The inflammatory cytokine “storm” correlating with the peaks of high fevers has 
been a hallmark of clinical malaria. The massive upregulation of all proinflamma-
tory cytokines seen in malaria patients can lead to an overreactive immune system 
promoting autoimmunity and multiple organ damage. Inflammatory cytokines dur-
ing malaria play a significant role in pathology leading to the associated malarial 
complications such as cerebral malaria and severe anemia. Autoimmune disorders, 
such SLE and RA, have also been promoted and aggravated by specific inflamma-
tory cytokines. Perhaps the most obvious inflammatory cytokine known to be an 
important mediator to disease in both malaria and autoimmunity is tumor necrosis 
factor alpha (TNF-α) [12]. For example, this cytokine has been attributed to be a 
promoter of pathology on joint inflammation during RA, while it has also been 
reported to be a major factor contributing to the development of cerebral malaria 
both in mice models and patients. In fact, anti-TNF-α monoclonal antibodies have 
been a successful therapeutic for many autoimmune disorders such as Crohn’s dis-
ease and RA [13]. Unfortunately, this same therapeutic target was not found to be 
protective during cerebral malaria in patients, showing the great complexity involved 
in this syndrome [12]. Other cytokines, such as IL-6 and IL-10, have been correlated 
with mediating severe malarial anemia by inducing bone marrow suppression [14]. 
Type I interferons are potent proinflammatory cytokines mainly induced by nucleic 
acid sensing. These cytokines have also been correlated with disease in both malaria 
and autoimmune disorders. Plasmodium parasites have been known to induce upreg-
ulation of type I interferon during multiple stages of their life cycle [15]. Collectively, 
type I interferons have also been known to be a hallmark of disease during SLE and 
RA mediating many of the pathologies associated with the disorders [16]. Particularly, 
SLE is characterized by excessive inflammatory response and autoantibodies against 
nuclear antigens such as nucleic acids. These inflammatory correlations between 
malaria and autoimmune disorders suggest a common mechanism leading to this 
excessive immune response, particularly against self-antigens such as nucleic acids. 
The massive inflammatory response during both autoimmune disorders and malaria 
leads to increased oxidative stress due to release of reactive oxygen species by 
immune cells. This uncontrolled oxidative stress can also lead to oxidatively modi-
fied autoantigens, which can become targets for the immune system [17]. Lastly, all 
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this uncontrolled inflammation can lead to nonspecific responses that can serve as an 
advantageous mechanism of immune evasion to the parasite. One example is the 
high titers of nonspecific IgM in the serum of malaria patients, which can mask 
infected erythrocytes and protect them from clearance [18].

Another key molecular component of the immune system is the complement sys-
tem. The complement cascade is a set of molecules from the immune system involved 
in mounting a quick and low specificity response against the threat. This system 
works by recognizing specific molecular patterns found on pathogen cell surfaces 
and mediating their destruction either by lysis or opsonization. The complement sys-
tem has been attributed an important role in maintaining self-tolerance [19]. Host 
cells are not targeted by this system because they posses complement inhibitory and 
regulatory proteins, such as CD59 and CD55. Both malaria and autoimmunity have 
been characterized by the lost of these complement regulatory proteins on many host 
cells. For example, the loss of both CD59 and CD55 on erythrocytes has been associ-
ated with severe anemia in malaria patients [20]. This association with the loss of 
complement regulatory proteins is also related to accumulation of immune com-
plexes, which are opsonized by complement. CD55 has also been described to be an 
essential receptor for red blood cell invasion by merozoites, suggesting a possible 
mechanism for its downregulation [21]. Additionally, lymphocytes possess specific 
complement receptors, such as CR2/CD21 in B-cells, which control their threshold 
of activation and antibody production [22]. Alterations in surface CR2/CD21 on 
patients’ B-cells have been reported in RA and SLE and even on patients with severe 
malaria [23, 24]. Conversely, engagement of CR2/CD21 on B-cells has been hypoth-
esized to be an essential signal for the expansion of anti-self DNA antibody-produc-
ing cells during SLE [25]. All of this evidence supports a role for inappropriate 
complement activation during autoimmune disease and malaria. These similarities 
in  inflammatory cytokines and the complement system just reinforce the strong 
relationships between how autoimmunity plays a role in malaria.

2.2  �Autoantibody-Mediated Pathology

Autoantibody production and polyclonal activation have been observed in experi-
mental malaria mice models and patients since the 1970s [3, 26]. The immune 
response against malaria has also been characterized by hyper-IgG and IgM globu-
linemia. These antibodies are hypothesized to be induced by nonspecific activation of 
B-cells, while only a small proportion of these antibodies has anti-malaria antigen 
activity [27]. A high percentage of these antibodies has been identified to react against 
self-antigens such as nucleic acids, membrane components, and nuclear proteins. 
Particularly, a lot of these autoantibodies can recognize very similarly uninfected 
erythrocytes during malaria as they recognized infected erythrocyte antigens [28–
30]. Although understudied, these antibodies have been hypothesized to be involved 
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in various malarial complications such as glomerulonephritis and severe anemia. Two 
of these antibody specificities, anti-DNA and anti-phosphatidylserine (anti-PS), have 
been directly shown to contribute to these associated malarial syndromes. These 
autoantibodies have also been a hallmark in autoimmune disorders, particularly in 
SLE, reinforcing again the shared immune mechanism between them.

Antinuclear antibodies (ANAs) are autoantibodies that target nuclear antigens 
such DNA, RNA, histones, and nuclear proteins. These antibodies are the primordial 
mediator of pathology during SLE, which can lead to renal complications. These 
antibodies have been found to mediate a similar renal pathology in experimental 
malaria mice models. Wozencraft et al. demonstrated that mice infection with any of 
the three different rodent Plasmodium species (P. vinckei, P. yoelii, and P. berghei) 
resulted in increased single-stranded DNA-binding antibody titers and resulted in 
kidney damage and dysfunction [31]. This study showed that anti-DNA monoclonal 
antibodies could bind glomeruli within the kidneys extracted from infected mice, 
after the initial damage had occurred. The renal pathology induced by these anti-
DNA antibodies has been attributed mainly to the fact that they can form large 
immune complexes. If these immune complexes are not removed from circulation, 
by receptors such as CR1/CD35 and CR2/CD21, they could accumulate in the kid-
ney and lead to widespread inflammation. There have been numerous reports 
describing how malarial infection leads to downregulation of these immune complex 
receptors (CR1/CR2) in both mice models and patients [23, 32]. These downregula-
tions can then lead to immune complex accumulation in the kidneys, hence explain-
ing the renal pathology observed during malaria. In agreement, Fernandez-Arias 
et al. reported great accumulation of immune complexes during P. yoelii infection in 
mice along with widespread downregulation of immune complex receptor CR1/
CD35, supporting the role of immune complexes in renal damage during malaria 
[32]. Immune complexes have also been correlated to contribute to severe anemia 
[33] and cerebral malaria [34, 35]. DNA-containing immune complexes have also 
been implicated to be a source of high inflammation during malaria [36, 37].

Another autoantibody specificity that has been shown to play a role in malaria 
pathology is antiphospholipid antibodies. Antiphospholipid antibodies are com-
monly seen in many autoimmune diseases, such as SLE. These antibodies have 
been attributed to be involved in thrombosis, thrombocytopenia, and anemia [11, 
26, 38]. Particularly during malaria, antiphospholipid antibodies that target the 
host membrane phospholipid phosphatidylserine (PS) have been shown to directly 
promote malarial anemia. In a recent study, Fernandez-Arias et al. reported how 
anti-PS antibodies recognized PS on uninfected erythrocytes promoting their 
clearance by circulating macrophages [29]. Apart from anti-PS antibodies, autoan-
tibodies against all kinds of phospholipids have been reported in malaria patients 
and infected mice [39, 40]. In contrast to SLE and autoimmune diseases, these 
antiphospholipid antibodies seem to be more specific and cofactor independent 
(β2GP1 dependent), which is similar to autoantibodies seen in other infectious 
diseases [4, 41, 42].
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2.3  �T-Cell-Mediated Pathology

The role of autoreactive T-cells during malaria is poorly understood and understud-
ied. These could be due to the fact that T-cell immunity is mostly correlated with 
protection in malaria vaccine studies [43]. In autoimmune disorders, T-cells have 
been described to mediate pathology by direct cytotoxicity and by epitope spread-
ing of subdominant (cryptic) self-antigens leading to expansion of autoantibody-
producing B-cells [44, 45]. Additionally, activated T-cells are potent inflammatory 
cytokine producers, such as TNF-α and IFN-γ. These T-cell-secreted cytokines have 
been known to play a vital role in parasite killing but can also contribute to tissue 
pathology as mentioned above [46]. A recent report correlated activation of CD8+ 
T-cells with anemia development in P. berghei ANKA-infected rats, although the 
mechanism remains elusive [47]. In the autoimmune disorder multiple sclerosis, 
myelin-specific T-cells have been implicated an essential role in mediating the asso-
ciated pathology [48]. Similarly, CD8+ T-cells have also been shown to be patho-
logical agents during experimental cerebral malaria model [49, 50] although 
whether they are self-reactive and their role in human cerebral malaria remains 
controversial. Overall, more mechanistic studies are needed in order to understand 
the presence and role of autoreactive T-cells in malaria pathology.

3  �Protective Autoimmunity During Malaria

There is no doubt that one of the main reasons our immune system exists is to battle 
infectious diseases. Even though a potent and sensitive immune system has been 
regarded as negative in the developed world due to the development of autoimmune 
disorders, it can be highly beneficial in a setting where complex infectious diseases 
are present. The various studies reporting the inverse correlation between malaria and 
autoimmune disorders suggest a role for autoimmunity in resistance against malaria. 
The surge of autoimmunity during malaria could be influenced by the proximity or 
hapten-like presentation of self-antigens along with antigenic parasite molecules. In 
this section we discuss the various evidences reporting how both natural and induced 
recognition of host self-antigens can mediate an antiparasitic immune response.

3.1  �Recognition of Plasmodium Parasite by Natural 
Antibodies

The human immune system keeps low titers of self-reactive IgM antibodies, called 
natural antibodies. These antibodies are mainly secreted by innate-like B1 cells and 
have been suggested to have homeostatic role in the clearance of apoptotic cells 
with anti-inflammatory properties [51, 52]. Some of the self-specificities described 
by these antibodies include membrane phospholipids like phosphatidylcholine, 
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erythrocyte membrane proteins like Band 3, and sugar moieties, among others. 
Absence of these natural antibodies in circulation has been reported to contribute to 
autoimmunity development, mostly likely through mounting an immune response 
to self-antigens in apoptotic cells [52]. Since these antibodies could recognize dam-
aged erythrocyte membrane antigens that would be present in Plasmodium-infected 
erythrocytes, various groups have suggested a role for these naturally occurring 
antibodies in mediating parasite clearance at various stages of its life cycle.

Plasmodium parasites and their human host share a lot of common phospholipid 
epitopes that could cross-react. Mice deficient on CD5+ B1a cells have been 
reported to experience a more severe murine malarial infection, which correlated 
with decreased titers of antiphospholipid antibodies [11]. In fact, there have been 
various studies reporting how these antiphospholipid antibodies can recognize 
infected erythrocytes, enhance parasite clearance [53], and control inflammation 
[54] in mice models. However, most of these studies have been purely correlative 
and have not shown direct mechanisms involving antiphospholipid antibodies and 
parasite clearance. Additionally, some antiphospholipid antibodies, such as anti-PS, 
antibodies, have been directly shown to be pathogenic rather than beneficial in a 
mouse model of malarial anemia [29]. Furthermore, as discussed above, antiphos-
pholipid antibodies have been reported extensively in malaria patients, and no cor-
relation with protection has been observed; instead, a correlation with pathology has 
been suggested [29, 40]. More studies of the individual antiphospholipid antibodies 
are needed to understand this relationship.

A more successful natural antibody that has been observed to be antiparasitic is 
anti-glycan antibodies such α-gal IgM-specific antibodies. In a recent report, Yilmaz 
et  al. reported how anti-α-gal antibodies target Plasmodium sporozoites for 
complement-mediated cytotoxicity in the skin and how immunization with the antigen 
could reduce liver-stage parasite burden. These α-gal natural antibodies have a homeo-
static role in microbiota control and do not recognize similar host glycan moieties. 
Additionally, these α-gal antibodies have been suggested a role in controlling malaria 
transmission stages [55]. Unfortunately, these antibodies described are mostly of the 
IgM isotype whose role in blood-stage parasite clearance is unclear [18]. Similarly, 
natural antibodies against sugar moieties have been known to play a role during 
Chagas disease caused by protozoan parasite Trypanosoma cruzi. The role of these 
antibodies has been controversial since the same antibodies that recognized the para-
site were also attributed to be mediators of the cardiac pathology seen during Chagas 
disease [56]. Naturally occurring antibodies seem to provide another evidence of con-
vergent evolution between our immune system and protozoan parasite resistance.

3.2  �Role of Self-Reactive Lymphocytes

Lymphocytes have an essential role in mediating parasite clearance as proven in 
both mouse and human malaria [57]. T-cells secrete potent cytokines, such as 
TNF-α and IFN-γ, while B-cells produce anti-parasite antibodies that have been 
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attributed to be essential for parasite clearance. The production of these potent 
inflammatory cytokines has also been implicated in the development of autoim-
mune disorder, supporting the inverse correlation between these two. Additionally, 
T-cells and B-cells would provide effective anti-parasite memory, which would pre-
vent future pathological effects. Even though a hyperactive T-cell and B-cell 
response would be viewed as autoimmunity in the developed world, it could have 
its benefits in the setting of complex pathogens such as Plasmodium parasites.

Like autoimmune disorders, Plasmodium infection is characterized by polyclonal 
B-cell activation and increased autoantibody production. Although the pathogenic 
role of these autoantibodies is evident, their role in parasite clearance is less clear. 
Anti-DNA antibodies compose a great part of the repertoire of antibodies identified 
in malaria patients [28]. Although these high titers of anti-DNA antibodies mediate 
pathologies as discussed before, they have also been reported to recognize parasite 
DNA [36]. Some groups have even reported this anti-DNA response to be critical in 
the protective immune response in murine models of malaria. This was evidenced in 
the study of Manoor et al., where they found over 50 % increase in mortality on a 
nonlethal P. yoelii infection after depletion of single-stranded DNA (ssDNA)-bind-
ing autoreactive B-cells. Alternatively, adopted transfer of these cells to infected 
mice provided inhibition of parasitemia [58]. This group also reported that these 
anti-ssDNA IgG antibodies were cross-reactive with P. yoelii antigens. This evi-
dence suggests a role for autoantibodies in mediating parasite clearance. As men-
tioned before, anti-DNA antibodies play a crucial role in the pathology of SLE, 
hence reinforcing the relationship between the development of autoimmunity and 
malaria resistance. Rheumatoid factor (RF) is an antibody that targets the Fc portion 
of other IgG antibodies, being present in high titers in autoimmune diseases such as 
RA. RF has also been reported in the serum of malaria patients, probably as a con-
sequence of polyclonal B-cell activation. This autoantibody has also been implicated 
to have a role in parasite clearance, as shown by P. falciparum schizont inhibition 
in vitro [59]. A lot of these autoantibodies have been shown to be T-cell dependent, 
supporting the role for both self-reactive T and B lymphocytes [44]. Lastly, basigin 
is a novel autoantigen that has been recently attributed to mediate parasite inhibition. 
Basigin was identified as an essential receptor for P. falciparum invasion of erythro-
cytes. A recent study reported how monoclonal antibodies blocking this receptor 
inhibited blood stage of P. falciparum in a humanized mice model [60]. Other host 
surface proteins that have been considered as target for enhancing anti-malarial 
immunity are the liver-stage receptor CD68 and inhibitory molecules such as PD-1 
and Lag-3 [61]. The mechanisms by which targeting of these inhibitory molecules 
would benefit anti-malaria immunity is discussed in the next section of this chapter.

4  �Genetic Insights Between Malaria and Autoimmunity

Plasmodium parasites have been top pathogens that have influenced human evolu-
tion and genetics. Autoimmune diseases have been considered “modern diseases” 
for their high prevalence in developed countries where complex infectious diseases, 
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such as malaria, are no longer a public health problem. Genetic factors play a big 
role in the development of autoimmune disorders as concluded from twin studies 
[2]. The hygiene hypothesis is a hypothesis proposed by scientist and clinicians 
which states that the lack of exposure to infectious diseases during early age, espe-
cially parasites, can increase this susceptibility to hypersensitivity due to an inap-
propriate development of the immune system. This hypothesis has been mostly 
proposed to apply to a Th2-driven anti-inflammatory response by parasitic helmin-
thes infections in relation to the development of allergies. Some groups have pro-
posed that the hygiene hypothesis could also apply to explain malaria and autoimmune 
disease, such as SLE and RA. The rationale with malaria would be the opposite as 
for the helminthes, where a potent inflammatory immune system has benefited a host 
in malaria-endemic areas, while it has led to misguided immune system promoting 
autoimmune disorders in the absence of malaria [50]. Various genetic polymor-
phisms and co-disease models have supported this hypothesis.

Various polymorphisms and genetic variants of different immunological agents 
have been described to promote autoimmunity development. Interestingly, some of 
the same variants have been attributed to provide resistance to malarial infection. 
Some of the most reported genetic variants include antibody Fc receptors, inhibitory 
receptors, and inflammatory cytokine genes.

4.1  �Fc Receptors

Fc receptors are antibody receptors expressed in various immune cells like macro-
phages and B lymphocytes. These receptors are isotype specific and bind the con-
stant Fc region of antibodies to promote phagocytosis of opsonized pathogens or 
immune complexes. Most Fc receptors are regarded as inflammatory since their 
activation would lead to a signal cascade leading to secretion of proinflammatory 
cytokines. Genetic variants for some of these inflammatory receptors have been 
rendered important for anti-malaria immunity. IgG receptor FcγRIIa homozygotes 
displayed higher IgG2 levels that were protective against high parasitemia and onset 
of malaria symptoms [62].

Out of all the Fc receptors, there is only one inhibitory receptor called FcγRIIb 
(CD32b). These inhibitory receptors have an immunoreceptor tyrosine-based inhib-
itory motif (ITIM) within their cytoplasmic domain. The main function of FcγRIIb 
is to inhibit activating signals to modulate inflammatory and antibody responses and 
contribute to immune tolerance, especially on B lymphocytes. Cross-linking of 
FcγRIIb and the B-cell receptor (BCR) can induce apoptosis, being hypothesized to 
occur during negative selection to eliminate autoreactive B-cells. The frequency of 
some of the homozygous FcγRIIb variant that are associated with reduced inhibi-
tory activity is subject to considerable ethnic variation and is lower in Caucasians 
(1 %) than Africans (8–11 %) or Southeast Asians (5–7 %) [7]. FCGR2B is one of 
the genes thought to influence susceptibility to several autoimmune diseases in 
humans, especially SLE and RA. These genetic haplotypes have been observed in 
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SLE and RA patients and correlated with decreased protein expression on patient 
memory B-cells. Both SLE and RA are primordially autoantibody-mediated 
diseases, hence attributing an important role for FcγRIIb mutations to the break of 
self-tolerance in these diseases. Potential mechanisms by which FcγRIIb could be 
directly mediating pathology during SLE and RA include lack of clearance of 
immune complexes and increased autoantibody production by the lack of negative 
selection against autoreactive B-cells during development. Even a modest increase 
in the expression of FcγRIIb on B-cells can ameliorate spontaneous SLE in mice 
[63]. These mechanistic associations attribute an important role to the reduced 
FcγRIIb expression in the development of autoimmune disorders. There has been a 
consistent relation of FcγRIIb mutations in malaria-endemic areas. The incidence of 
SLE is at least two- to fourfold higher in populations of African or Asian descent 
than in Caucasians. This has led to the hypothesis that decreased FcγRIIb function 
could provide a survival advantage against malaria. This mechanism could be medi-
ated by reduction of FcγRIIb activity in both macrophages and B-cells [46, 64]. The 
hypothesis would be that reduced FcγRIIb activity would lead to a more potent 
immune system that could clear the parasite better. This enhanced inflammatory 
activity includes increased phagocytosis, malaria-specific antibody titers, and TNF 
production, hence correlating with protection against severe malaria as found in 
Kenyan children [65]. Additionally, it has been described that FcγRIIb deficiency, a 
genetic susceptibility to SLE, can protect against experimental cerebral malaria in 
mice [66]. All of these inverse correlations between SLE development and resis-
tance to malaria have been attributed to an enhanced immune response against para-
sitized erythrocytes.

4.2  �Inhibitory Receptors

Inhibitory receptors have an essential role in regulating autoreactivity. Some of the 
most studied inhibitory receptors include PD-1, Lag-3, and CTLA-4. Even though 
these inhibitory receptors can be expressed on innate immune cells, they have been 
mostly studied for their essential role in T and B lymphocytes [67].

Polymorphisms of these inhibitory receptors on T- and B-cells have been linked 
to susceptibility to several autoimmune diseases. Additionally, these receptors have 
been observed on pathogen-specific lymphocytes during HIV and malarial infec-
tion. Specifically expression of these receptors on B-cells has been studied and 
observed to be largely expanded in malaria patients in endemic areas being titled 
atypical memory B-cells [68]. Expression of these inhibitory receptors on lympho-
cytes renders them nonresponsive, hence being given the title of “exhausted” and 
being correlated with chronic exposure to the pathogen [69]. These associations 
provide us with yet another genetic link between autoimmunity and malarial infec-
tion. These inhibitory receptors have an immunoreceptor tyrosine-based inhibitory 
motif (ITIM) within their cytoplasmic domain and provide inhibitory signals to the 
cell, similarly as FcγRIIb.
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The hypothesis linking inhibitory receptors on lymphocytes and malarial infec-
tions involves a similar protective mechanism to the one proposed to FcγRIIb: a 
more potent immune system. PD-1 and Lag-3 have been observed on Plasmodium-
specific memory B-cells, suggesting that anti-malaria immunity is being restricted 
by normal inhibitory mechanisms on immune cells [70]. This observation led to the 
targeting of PD-1 and Lag-3 to investigate their role in anti-parasite immunity. 
Butler et al. reported that targeting of these two inhibitory molecules led to increased 
protective antibody titers and rapid clearance of rodent blood-stage malaria para-
sites [71]. Similar therapeutic targeting approaches have been regarded as the break-
through treatment in cancer immunotherapy against many different cancers [72]. It 
seems that even though these inhibitory receptors play an essential role in prevent-
ing autoreactive lymphocyte expansion, they are mistakenly inhibiting beneficial 
anti-pathogen/cancer immunity. Conversely, it could be suggesting that autoimmu-
nity is needed for clearance of complex pathogens and cancer, at least to some 
degree.

4.3  �Other Immune Genetic Variants

Other genetic genes of different immunological genes have been attributed to influ-
ence malarial infection and autoimmunity. Some of these immunological genes 
include antigen presentation genes, inflammatory cytokine genes, and complement 
receptor genes. For antigen presentation, polymorphisms of class I HLA and class 
II HLA are involved in resistance to Plasmodium falciparum malaria [73]. Even 
though some HLA variants have been used as markers for the development of some 
autoimmune disorders, no studies have reported the presence of these specific vari-
ants during malaria. Conversely polymorphisms of inflammatory cytokine genes, 
such as TNF-α, are shared between both malaria and autoimmune disorders such as 
RA. Excessive production of TNF-α has been a key pathological agent during RA 
and in the development of cerebral malaria. Another immunological gene involved 
in both autoimmunity and malaria is complement receptor 1 (CR1/CD35). CR1 has 
also being identified as receptor used by Plasmodium falciparum merozoites for 
erythrocyte invasion [21]. The pathological factor for CR1 deficiency during 
autoimmune disorders and malaria is mainly due to decreased immune complex 
clearance. As mentioned before, immune complex accumulation can lead to organ 
damage and even increased risk of cerebral malaria [32, 34].

5  �Implications

Autoimmunity during and after infection has been extensively reported although the 
mechanisms leading to it are poorly understood. Plasmodium parasites, like other 
globally relevant pathogens, are complex infectious agents that trigger a strong 
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immune response. Additionally, Plasmodium parasites have co-inhabited and 
shaped human evolution. Furthermore, antigens being targeted during Plasmodium 
and other complex infections shared many similar epitopes to host antigens, such as 
nucleic acids. The human immune response against malaria parasites has been 
regarded as complex and noneffective. This dysfunction could be explained partly 
by the pathology mediated by the development of autoimmunity during malaria. 
Conversely, this dysfunction could be useful as the reported beneficial role of auto-
immunity in aiding the clearance malaria parasites. A strong immune system proves 
to be an evolutionary advantage against many complex pathogens. Conversely, a 
potent immune system can lead to the development of autoimmune disorders in the 
absence of complex infectious agents. Whether autoimmunity during malarial 
infection, or any infection, is beneficial or pathogenic is not a trivial question to 
answer. Regardless, much evolutionary and mechanistic evidence strongly supports 
a role for autoimmunity during malarial infection.
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1  Introduction

More than two centuries have passed since Edward Jenner’s breakthrough postu-
lates on whole-organism vaccination and more than one since Pasteur’s formulation 
of the idea of immunization through microorganism attenuation [1]. Nowadays, 
health-care systems around the world rely on numerous successful vaccines to pre-
vent morbidity and mortality in a cost-effective manner [2]. However, despite sig-
nificant advances in molecular biology, approximately half of all currently approved 
vaccines continue to rely on the use of live attenuated microorganisms to elicit 
immunity against the diseases caused by their non-attenuated counterparts [1].

Malaria is one of the most important infectious diseases for which an effective 
vaccine is still lacking [3]. The gold standard strategies for malaria immunization 
rely on the administration of live Plasmodium sporozoites, the malaria parasite form 
transmitted to man by mosquitoes. Sporozoite-based vaccination strategies aim at 
preventing the parasite’s life cycle progression from hepatic stages to the symptom-
atic blood stages of infection while eliciting potent preerythrocytic immune 
responses. Such whole-sporozoite malaria vaccination strategies are unique in their 
potential to induce sterile protection against a new infection and have led to the 
development of various vaccine candidates, currently ongoing preclinical and clini-
cal development. This chapter will explore in detail our current knowledge of the 
protective immunity elicited by Plasmodium sporozoite-based malaria vaccination.

Although it was not until the 1960s that protective immunity against human 
malaria was first demonstrated [4, 5], the long list of classical studies exploring the 
use of sporozoites for immunization against malaria spans over a century, with the 
first studies using heat-inactivated avian parasites dating back to 1910 [6]. However, 
it was the discovery of the preerythrocytic stages of Plasmodium [7], followed by 
the establishment of a mouse model of malaria [8], that enabled the laboratory pro-
duction of all stages of the parasite’s life cycle [9], which eventually led to the 
landmark demonstration that live sporozoites attenuated by X-irradiation (RAS) 
could be used to elicit sterile protection against a new infection [10, 11]. This dis-
covery was soon expanded to humans with the demonstration that volunteers could 
be protected against homologous and heterologous strains of P. falciparum parasites 
[12–14] (Fig. 1).

The excitement generated by these successes in both animal models and humans 
ensured that a large number of studies would continue into the following decades, 
aiming at optimizing the potential of sporozoite-based immunization, as well as at 
characterizing the immune responses elicited by these strategies [36, 60–64]. 
Progress also included exploring alternative methods that did not rely on the use of 
radiation, such as the administration of sporozoites under the cover of antimalarial 
drugs [37, 38]. Such strategies are based on sporozoite administration with the con-
comitant administration of a drug that does not interfere with the parasite’s ability 
to complete liver-stage development but prevents blood-stage replication, enabling 
the induction of a strong immune response in the liver while avoiding the onset of 
pathology.
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Fig. 1  Timeline of critical events in whole-sporozoite malaria vaccine development. Top [5–9, 
15–35], bottom [10, 13, 36–59]
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Nonetheless, some of the potential limitations of sporozoite-based vaccination 
strategies were already evident in the 1970s [65]. Technical procedures to manufac-
ture and store the large amounts of sporozoites required for immunization, as well 
as to provide safe and efficacious administration to humans, were always a concern 
and justified the skepticism with which some of these advances were received [66]. 
These difficulties, along with extraordinary developments in molecular biology 
methods, led to a substantial shift from sporozoite-based vaccines to subunit vacci-
nation approaches, based on only one or a few parasite antigens with high immuno-
genic potential [67]. Drawing upon studies aiming to characterize the basis of the 
protective responses elicited by X-radiation-attenuated sporozoites, the circumspo-
rozoite protein (CSP) [68–70] emerged as the strongest contender for a subunit 
vaccine and constitutes the basis of the currently most advanced of such vaccine 
candidates, RTS,S [71–79]. However, the initial optimism generated by RTS,S over 
20 years ago has been steadily decreasing over the years [80]. The latest field stud-
ies in endemic regions show that vaccine efficacy is substantially inferior to what 
are the commonly accepted standards for mass distributed vaccines [81–83].

As the reduced efficacy of subunit vaccines became increasingly evident at the 
beginning of the new century, a renewed call for the development of sporozoite-
based immunization strategies took place. At around the same time, malaria research 
was also entering into the post-genomic era, with the genome sequences of various 
Plasmodium parasite species becoming available, as well as transcriptomic and pro-
teomic data from different parasite developmental stages [15–17, 84–87]. This 
knowledge fed the search for genes playing essential roles in distinct points of the 
parasite’s life cycle, which could be targeted for deletion using well-established 
methodologies for stable transfection of Plasmodium parasites [18, 19, 88–92]. This 
led to the design and construction of genetically attenuated parasites (GAPs), whose 
liver-stage development is arrested by deletion of specific gene(s). Initial studies in 
mice showed that GAPs were able to elicit a strong immune protection [39, 40, 93]. 
Shortly afterwards, the first P. falciparum GAPs were developed, paving the way 
for the clinical development of genetically attenuated sporozoites as human vaccine 
candidates [41, 42]. Concomitantly, strategies that entailed the induction of immu-
nity through sporozoite administration under chemoprophylaxis (CPS) were brought 
back to the spotlight, with pivotal studies being carried out in mice [43, 94] and in 
humans [44, 45]. Also in the last decade, substantial progress was made towards 
overcoming some of the technical hurdles faced by RAS vaccination [46], which 
eventually culminated in the demonstration of the induction of sterile protection by 
the intravenous injection of aseptically purified, metabolically active, radiation-
attenuated P. falciparum sporozoites [47] (Fig. 1).

Recent clinical studies played an important role in consolidating and extending 
the knowledge accumulated throughout the years regarding the immune responses 
elicited by sporozoite-based immunization approaches. We now possess a signifi-
cant understanding of the protective mechanisms at play during whole-sporozoite 
vaccination. Undoubtedly, our ever-increasing knowledge of these mechanisms will 
play an instrumental role in guiding future efforts toward the development of a truly 
effective malaria vaccine.
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2  Radiation-Attenuated Sporozoites (RAS)

Radiation-attenuated sporozoites (RAS) have been considered the “gold standard” 
of whole-sporozoite vaccination [95]. The concept of RAS vaccination was origi-
nally described in the late 1960s, when sterile protection from Plasmodium chal-
lenge was achieved in mice immunized by the mosquito bite administration of P. 
berghei sporozoites attenuated through the X-irradiation of the mosquito vector 
[10]. These initial studies with rodents paved the way for early studies in humans 
that established that immunization of volunteers through the bites of irradiated mos-
quitoes carrying P. falciparum or P. vivax sporozoites afforded protection against a 
subsequent P. falciparum or P. vivax infection [12–14, 96–98]. Between 1989 and 
1999, an additional 11 volunteers were immunized by the bites of irradiated P. fal-
ciparum-infected mosquitoes at the Naval Medical Research Center. Of note, volun-
teers in these studies averaged nine immunizations with a mean of over 1000 
immunizing mosquito bites per volunteer over 9–10 months before the first chal-
lenge [51]. Challenges were performed by the bites of mosquitoes infected from 
cultured P. falciparum gametocytes [26, 99], which has since become the method of 
choice for controlled human malaria infections (CHMIs). A total of 26 challenges 
were performed in these studies, and protection was observed in 24 of them, with 
the reported persistence of protective immunity of at least 42 weeks [51].

Despite the protective immunity elicited by these immunization protocols, for a 
long time, large-scale vaccination with irradiated sporozoites was considered unfea-
sible, due to the large numbers of parasites required and the need to deliver them 
alive by infected mosquitoes. As we will see, the twenty-first century brought along 
significant developments in this regard, to the extent that many researchers no lon-
ger consider RAS vaccination impractical. However, recent advances notwithstand-
ing, earlier studies not only established the potential of attenuated sporozoites for 
malaria vaccination but also began to shed light on the immune responses that gov-
ern sterilizing immunity against Plasmodium infection.

2.1  Immune Correlates in RAS Immunization

2.1.1  Antibody and T-Cell Responses in Mice and Monkeys

Antibodies have been shown to be effective at limiting the number of parasites that 
successfully reach the liver [100]. CSP is the most abundant protein on the surface 
of Plasmodium sporozoites and plays a pivotal role in their characteristic gliding 
motility [101] (Fig.  1). Antibodies against the repeat region of CSP function by 
blocking both sporozoite motility and invasion of host cells [102]. Passive protec-
tion of mice and monkeys by monoclonal or polyclonal antibodies against the cen-
tral repeat of P. berghei, P. yoelii, or P. vivax CSP has been amply demonstrated 
(reviewed in [103]). The efficacy of the protective humoral responses targeted to the 
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extracellular, infective sporozoite depends on the concentration and specificity of 
the anti-sporozoite antibody response [104, 105]. However, besides humoral 
responses, cell-mediated immune responses of the RAS-immunized host also play 
a crucial role in the generation of immunity against sporozoite challenge.

CD8+ T cells have been shown to be important for eliminating parasites that suc-
cessfully invade and replicate within hepatocytes, making the liver stage the primary 
target for the vaccine-inducible T-cell responses and the presumed target of the RAS 
vaccination model [100]. It has been suggested that antigens present in the skin fol-
lowing sporozoite injection are presented in the skin-draining lymph nodes, where 
they prime specific CD8+ T cells which then migrate to the liver [106], where CD8+ 
T-cell-mediated elimination of Plasmodium hepatic stages occurs [107]. The trans-
porter associated with antigen processing (TAP)-associated processing of exoerythro-
cytic antigens was also shown to be critical for the presentation of liver-stage antigens 
by infected hepatocytes [108], and, very recently, it was proposed to play a crucial role 
in CD8+ T-cell-mediated, P. berghei RAS-induced sterile protection [109].

The role of T cells in the protection conferred by RAS immunization was origi-
nally established by results showing that whereas immunization of T-cell-deficient 
mice did not result in the generation of protective immunity, B-cell-deficient mice 
could still be protected following immunization with irradiated sporozoites [110]. 
Later, passive and adoptive transfer studies in mice further demonstrated that irra-
diated sporozoites induce potent cell-mediated immunity in the absence of anti-
bodies [111, 112]. Selective depletion of T-cell subsets in RAS-immunized mice 
by treatment with monoclonal antibodies against CD4+ or CD8+ T cells subse-
quently showed that, whereas in vivo depletion of CD4+ T cells did not reduce 
immunity, depletion of CD8+ T cells completely reversed protection [50, 113]. 
CD8+ T cells were also shown to play an essential role in sterile immunity of rhe-
sus monkeys following attenuated sporozoite vaccination [114]. The exact effector 
mechanisms utilized by the protective memory CD8+ T cells to eliminate liver-
stage parasites are yet to be fully elucidated. Studies in mice immunized with P. 
berghei RAS have suggested that IFNγ produced in response to parasite-specific 
stimulation of CD8+ T cells is a critical effector molecule for protection [113, 115, 
116]. However, whether protective mechanisms are indeed mediated by IFNγ pro-
duced by CD8+ T cells or by cytolytic perforin and granzyme through direct con-
tact in the absence of IFNγ is not yet absolutely clear (reviewed in [100, 117, 118]). 
CD3+ γδ T cells have also been implicated in RAS-elicited protective immunity 
against P. yoelii in the absence of αβ T cells [119]. Besides, a role for interleukin 
(IL)-12, nitric oxide (NO), and NK cells for RAS-induced protective immunity 
initiated by CD8+ T cells has also been proposed [120, 121].

The pivotal role of CD8+ cytolytic T-cell-mediated protection following RAS 
vaccination of mice is now fully established, although the quantity or functionality 
of the protective CD8+ T-cell response can differ based on the rodent model [95]. In 
fact, although most studies suggest that effective RAS immunization in mice appears 
to depend on CD8+ T cells, in some strains of mice, protection mediated by CD8+ T 
cells is not absolute, in which case CD4+ T cells are also crucial [103]. Depletion of 
CD8+ T cells in some strains of mice does not affect protective immunity against  
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P. yoelii [122]. Moreover, P. yoelii and P. berghei RAS-induced sterile immunity has 
been observed in CD8+ T-cell-deficient mice, where protection appears to be medi-
ated by antibodies and CD4+ T-cell-derived IFNγ [123].

Sporozoites and intrahepatic parasite stages contain over 1000 potential antigens 
[31]. This has led to alternative suggestions that the effectiveness of RAS immuni-
zation might result from broad immune responses against multiple antigen targets 
[124] or, instead, from a few immunodominant antigens that mediate the protection 
[52]. Several studies have pointed to CSP as a crucial determinant of T-cell responses 
following RAS immunization. The first evidence for a role for CSP in CD8+ T-cell-
mediated immunity elicited by irradiated sporozoites came from passive transfer 
and in vitro studies that identified epitopes in the carboxyl terminus of the CSP of P. 
berghei [125] and P. yoelii [126], which are recognized by T cells from immunized 
mice. An epitope of P. falciparum CSP was later identified in studies with mice 
immunized with sporozoites or with recombinant vaccinia virus expressing P. falci-
parum CSP [127]. More recently, it was shown that in the absence of T-cell-
dependent immune responses to CSP, protection induced by immunization with two 
doses of irradiated P. yoelii sporozoites was greatly reduced [52]. Another study has 
shown that protective immunity induced by P. yoelii RAS in transgenic mice 
expressing Kd molecules under the MHC-I promoter is mediated by CSP-specific, 
Kd-restricted CD8+ T cells [128], further supporting the notion that CSP is indeed 
an immunodominant protective antigen in mice. However, it has also been shown 
that, after RAS hyperimmunization, complete CD8+ T-cell-mediated protection can 
occur in transgenic mice that are T-cell tolerant to CSP and cannot produce antibod-
ies [52]. In an effort to identify these non-CSP-protective T-cell antigens, the syn-
thetic peptides corresponding to 34 P. yoelii sporozoite antigens that were predicted 
to contain strong CD8+ T-cell epitopes were screened for the presence of peptide-
specific CD8+ T cells secreting IFNγ in splenocytes of the same hyperimmunized 
transgenic mice. This study revealed that the numbers of IFNγ-secreting spleno-
cytes specific for the non-CSP antigen-derived peptides were 20–100 times lower 
than those specific for the CSP-specific peptide. Besides, when mice were immu-
nized with recombinant adenoviruses expressing selected non-CSP antigens, the 
animals were not protected against challenge with P. yoelii sporozoites, despite the 
large numbers of CD8+-specific T cells generated [129]. While the immunodomi-
nance of CSP has been largely accepted, its role in immunity has been questioned 
by studies employing the expression of heterologous CSP proteins by P. berghei and 
P. yoelii sporozoites [130, 131]. Interestingly, adoptive transfer of CD4+ CTLs from 
mice immunized with P. berghei RAS that recognized an unidentified non-CSP spo-
rozoite and blood-stage antigen conferred protection to naïve mice [132]. 
Nevertheless, immunization of mice with a peptide representing a CD4+ T-cell epi-
tope in the N-terminus of P. berghei [133] or P. yoelii [134] CSP also conferred 
protection. It has also been argued that protective subdominant antigens may be 
expressed both by the sporozoite and by liver-stage parasites to allow recognition by 
CD8+ T cells primed in the lymph nodes by sporozoites, an expression that may be 
critical to induce protective CD8+ T cells [100]. In any event, the overwhelming 
evidence accumulated over the last few decades strongly suggests that CSP plays a 
pivotal role in the protection conferred by RAS immunization.
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2.1.2  Early Studies of Antibody and T-Cell Responses in Humans

Ever since their identification, anti-CSP antibodies have been considered candidates 
for mediating protective immunity against malaria [67]. RAS immunization of 
human volunteers has been shown to elicit the production of antibodies to both the 
repeat and the flanking regions of CSP [61, 63], with antibody levels paralleling the 
serum inhibitory activity of sporozoite invasion of hepatoma cells in vitro [63]. 
Antibodies against the immunodominant B-cell epitope of P. falciparum CSP, identi-
fied as a repetitive (NANP)3 sequence [69, 135, 136], inhibit sporozoite infectivity in 
vitro [70, 137] and in vivo [138]. However, the efficacy of a (NANP)3 peptide-based 
vaccine was limited by the absence of Plasmodium T-cell epitopes [139, 140], in 
agreement with the notion that, in naturally exposed individuals, anti-CSP antibody 
levels seem to correlate with exposure but not necessarily with protection (reviewed 
in [141]). Antibodies against P. falciparum sporozoite surface protein 2 (SSP2) have 
also been identified in RAS-immunized volunteers protected against malaria [142].

CSP-specific cellular immune responses were described in RAS-immunized vol-
unteers as determined by the proliferation of peripheral blood mononuclear cells 
(PBMCs) upon in vitro stimulation with recombinant P. falciparum CSP [61, 143]. 
An epitope mapping to the 5′ repeat region of P. falciparum CSP was identified in 
T-cell lines and clones obtained from a sporozoite-immunized human volunteer 
[144]. Another epitope (peptide 326–345) of the P. falciparum CSP was later shown 
to be recognized by human cytolytic class II-restricted CD4+ T cells [145]. This 
epitope contains both a polymorphic [146] and a conserved [69] region of P. falci-
parum CSP, consistent with strain cross-reactivity of RAS-induced protection. A 
subsequent analysis of the genetic restriction of a series of T-cell clones derived 
from three RAS-immunized volunteers showed that peptide 326–345 can be pre-
sented by multiple MHC class II HLA-DR alleles [147]. Most of the clones ana-
lyzed in this study recognized a series of variant peptides representing the amino 
acid substitutions found in the polymorphic region of different P. falciparum strains, 
suggesting that polymorphism might not constitute a serious obstacle for recogni-
tion of this region of CSP by CD4+ T cells [147].

Despite the wide array of direct evidence regarding the contribution of 
Plasmodium-specific CD8+ T cells in protection in mouse models of RAS immuniza-
tion, the inability to conduct CD8+ T-cell depletion studies in humans makes direct 
evidence of CD8+ T-cell involvement in immunity harder to obtain. However, as we 
will see below, liver-stage-specific cytokine-producing CD8+ T-cell responses are 
induced by RAS immunization in humans and may indeed contribute to protection.

2.1.3  �RAS Immunization-Based Discovery of Preerythrocytic  
P. falciparum Antigens

Following the discovery that particular HLA class I and class II alleles were associ-
ated with resistance to severe malaria in Gambian children [148], an HLA-based 
approach termed reverse immunogenetics has been employed to identify epitopes 
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from preerythrocytic-stage antigens of P. falciparum. This approach enabled the 
identification of CTL epitopes for two common HLA-B alleles in the liver-stage 
antigen 1 (LSA-1) protein of P. falciparum [149, 150] as well as epitopes for several 
class I antigens that are found at high frequencies in Caucasians and/or Africans, 
including CSP, SSP2, and sporozoite threonine- and asparagine-rich protein 
(STARP) [149, 151].

Antigen discovery studies in naturally infected populations have been signifi-
cantly complemented and extended by analyses performed in the context of RAS 
immunization. Proliferative T-cell responses to P. falciparum SSP2 have been 
reported in protected RAS-immunized volunteers suggesting that this antigen is a 
target of protective immunity [142]. HLA-B8-restricted responses against two epi-
topes of SSP2, one of which is conserved and the other variant among P. falci-
parum isolates, have also been reported in two P. falciparum RAS-immunized 
individuals [152]. Later, a panel of 27 open reading frames (ORFs) previously 
identified by a proteomic analysis [31], representing antigens potentially expressed 
in the sporozoite and intrahepatic stage of P. falciparum life cycle, was interro-
gated, leading to the identification of 16 antigenic proteins recognized by P. falci-
parum RAS-immunized volunteers [153]. Peptides derived from four previously 
well-characterized P. falciparum preerythrocytic-stage antigens [CSP, SSP2, LSA-
1, and exported protein 1 (EXP-1)] were analyzed in parallel. Noteworthy, the 
reactivity against several of the newly identified antigens, most notably antigen 2 
(later designated CelTOS—cell-traversal protein for ookinetes and sporozoites 
[154]), exceeded those observed against the well-characterized antigens [153]. In 
a subsequent study, protein microarrays representing 23 % of the entire P. falci-
parum proteome were probed with plasma from individuals either showing sterile 
protection or not protected against infectious P. falciparum challenge, following 
experimental P. falciparum RAS immunization [155]. Overall, a markedly differ-
ent pattern in antibody recognition was observed between the protected and non-
protected groups of individuals, in agreement with previously obtained data [156]. 
A panel of 19 preerythrocytic-stage antigens, 16 of which were novel, was identi-
fied as strongly associated with RAS-induced protective immunity, which may 
form a potential signature associated with sporozoite-induced protection [155]. 
More recently, 27 out of 151 recombinant P. falciparum preerythrocytic antigens 
selected bioinformatically were recognized by plasma from RAS-immunized vol-
unteers. Twenty-one of these antigens induced detectable antibody responses in 
mice and rabbits. Moreover, PBMCs from RAS-immunized subjects elicited posi-
tive ex vivo or cultured ELISpot responses against peptides from 20 of 22 of these 
antigens [157]. This study also showed that peptides spanning the full length of 
P. falciparum CelTOS recalled significantly higher positive responses from pro-
tected than non-protected subjects [157].

Collectively, these results suggested that immune responses to Plasmodium are 
complex and multispecific. These data further suggest that serodominance does not 
necessarily correlate with sporozoite-induced immunity and that some of the novel 
antigens identified by recently employed strategies may represent good candidates 
for vaccine development [153, 155].
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2.2  Recent Progress in RAS Immunization

The twenty-first century witnessed a renewed interest in RAS immunization, which, 
to a significant extent, was due to the efforts of the company Sanaria™. This com-
pany has developed a radiation-attenuated, metabolically active, non-replicating P. 
falciparum sporozoite vaccine, the PfSPZ vaccine (Fig.  2) [46, 66]. The vialed 
PfSPZ vaccine is aseptic purified and cryopreserved in liquid nitrogen vapor phase 
(LNVP) [158], by an undisclosed method. Non-attenuated PfSPZ, cryopreserved by 
the same method, seems to be substantially less infective than their freshly dissected 
counterparts [159]. Nevertheless, they have been successfully employed in various 
CHMI studies where they have been administered by intradermal (id; [33, 34, 160]), 
intramuscular (im; [160–162]), and intravenous (iv; [35, 162]) routes, paving the 
way to PfSPZ vaccine immunization studies in humans.

2.2.1  �The PfSPZ Vaccine Immunization and the Search for Immune 
Correlates of Protection

The first attempt at vaccination with the PfSPZ vaccine to humans was reported in 
2011, when the vaccine was administered to 80 volunteers by id or subcutaneous 
(sc) injection, prior to challenge with infectious P. falciparum sporozoites [54]. 
Although the vaccine administered by these routes proved safe, it was only poorly 

Fig. 2  Purified PfSPZ. The purification process significantly reduces the amount of salivary gland 
and mosquito material contaminating the PfSPZ (200× magnification). Photo kindly provided by 
Sanaria™ Inc.
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immunogenic and protective, with only two individuals protected out of 44 immu-
nized volunteers challenged by the bites of five P. falciparum-infected mosquitoes. 
Immunized volunteers produced generally low levels of T-cell responses in response 
to a stimulus with PfSPZ, as measured by IFNγ production, which increased with 
vaccine dose and number of boosts for the sc but not for the id group of volunteers 
[54]. Furthermore, PBMCs from immunized volunteers showed a low frequency of 
PfSPZ-specific CD4+ T cells producing any combination of the IFNγ, tumor necro-
sis factor-α (TNF-α), and interleukin-2 (IL-2) cytokines and no CD8+ T-cell 
responses whatsoever [54]. Also of note, responses to whole sporozoites were more 
pronounced than to any of the individual P. falciparum proteins CSP, SSP2, LSA-1, 
or CelTOS. The titers of antibodies against whole P. falciparum sporozoites and P. 
falciparum CSP were found to increase with vaccine dose and number of doses, but 
immune sera revealed at best a modest capacity to inhibit P. falciparum sporozoite 
invasion in vitro [54]. These results prompted additional studies in nonhuman pri-
mate (NHP) and rabbit models to assess the impact of the route of immunization on 
protection. The results obtained strongly indicated that immunogenicity and protec-
tive efficacy could be greatly improved by iv administration of the PfSPZ vaccine. 
The suboptimal immunogenicity and protection elicited by vaccine administration 
by other routes may be explained by the reduced liver load that results from the lat-
ter, as was observed in mouse studies employing P. berghei [163, 164] and P. yoelii 
[164] sporozoites.

Collectively, the data obtained in this study argue in favor of iv vaccine admin-
istration to elicit sterile protection by RAS immunization. Indeed, this is the sub-
ject of a groundbreaking study in 2013, where various doses of the PfSPZ vaccine 
were administered iv to 40 volunteers, prior to challenge with fully infectious P. 
falciparum sporozoites [47]. The results of this study showed that the vaccine was 
protective, with six out of six and three out of nine volunteers immunized with 
five and four doses of 135,000 PfSPZ vaccine, respectively, fully protected against 
malaria. Humoral responses in protected and unprotected subjects were assessed 
2 weeks after the last immunization by measuring antibody titers against CSP and 
PfSPZ, as well as by in vitro assays of inhibition of PfSPZ invasion (ISI). A dose-
dependent increase in anti-CSP and anti-PfSPZ antibody titers, as well as in ISI, 
was observed. However, despite a clear trend for higher antibody titers and ISI in 
protected than in unprotected individuals, neither of these parameters could 
directly predict protection. Multiparameter flow cytometry was also employed to 
assess the frequency of PfSPZ-specific IFNγ, IL-2, TNF-α, or perforin-producing 
CD3+CD4+, CD3+CD8+, CD3+ γδ T cells and NK cells from PBMCs 2 weeks after 
the final immunization. Although no absolute correlates of cell-mediated protec-
tion could be derived from this analysis, important information about the immune 
responses elicited by RAS immunization could be obtained: (1) a dose-dependent 
increase in frequency of PfSPZ-specific CD3+CD4+ T cells and CD3+CD8+ T cells 
producing any combination of IFNγ, IL-2, or TNF-α was observed; (2) there was 
no significant difference between protected and unprotected individuals for 
PfSPZ-specific CD3+CD4+ IFNγ-producing T cells, whereas protected subjects 
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showed a trend toward higher and more consistent PfSPZ-specific CD3+CD8+ 
IFNγ-producing T-cell responses; (3) no differences were observed between pro-
tected and unprotected subjects in terms of the quality of the PfSPZ-specific 
CD3+CD4+ T-cell responses, while a somewhat higher percentage of PfSPZ-
specific CD3+CD8+ T cells that produced IFNγ only was observed in protected 
than in non-protected individuals; and (4) the overall frequency of CD3+ γδ T 
cells increased in subjects who received the highest dose of vaccine. Finally, 
ELISpot analyses showed that IFNγ responses to PfSPZ were highest in the group 
that received the highest vaccine load, but IFNγ responses to CSP, SSP2, LSA-1, 
and CelTOS were low or undetectable in all subjects that received 135,000 PfSPZ 
vaccine [47].

More recently, another study assessed long-term protection of human volunteers 
following PfSPZ vaccination. In this report, 7 out of 9 and 6 out of 11 volunteers 
immunized with four doses of 270,000 iv-administered PfSPZ were protected fol-
lowing CHMI at 3 and 21 weeks after immunization, respectively. Five of the indi-
viduals protected at 21 weeks were re-challenged at 59 weeks after immunization 
and none developed parasitemia [165]. This study further showed that im injection 
of PfSPZ was substantially less efficient in inducing protection than iv administra-
tion of the vaccine, as only 3 out of 8 subjects vaccinated im with 2.2 × 106 PfSPZ 
were protected 3 weeks after vaccination, and all three developed parasitemia upon 
repeat CHMI at 25 weeks [165]. On average, anti-CSP and anti-PfSPZ antibody 
levels measured 2 weeks after the last immunization were significantly higher in 
protected than in non-protected individuals who underwent CHMI 3 and 21–25 
weeks after the final immunization. Interestingly, the percentage of IFNg-, IL-2- 
and/or TNFα-producing P. falciparum-specific CD4+ and CD8+ T cells in the blood 
did not correlate with outcome at the 3-week or the 21- to 25-week CHMI. However, 
the absolute frequency of unstimulated Vδ2+ T cells as a percentage of total lym-
phocytes correlated with outcome at the 21- to 25-week CHMI, while the frequency 
of the Vδ2+ T cell subset measured prior to the first immunization also correlated 
with outcome of CHMI at 3 and 21–25 weeks [165]. Nevertheless, it is important to 
note that neither the antibody nor the cellular correlates found in this study consti-
tute absolute predictors of protection, as no clear threshold of antibody levels or 
Vδ2+ T cell frequency exists, above which all subjects are protected and below 
which none are.

Despite the encouraging results obtained with the PfSPZ vaccine, several chal-
lenges remain. These include the high numbers of parasites required for immuniza-
tion, the requirement for iv delivery, the relatively high number of doses required for 
protection, the possibility that the vaccine might be strain specific, and the duration 
of protection after immunization [166, 167]. However, efforts to tackle these and 
other issues are currently being made by Sanaria™ [168] and others. With five stage 
1 clinical trials already completed, and an additional seven stage 2 trials in the USA, 
Europe, and Africa planned to address a set of well-defined objectives [59], signifi-
cant progress in the clinical development of the PfSPZ vaccine can safely be 
expected in the near future.

A.M. Mendes et al.



111

3  Genetically Attenuated Parasites (GAPs)

3.1  Creation of GAPs

As discussed above, human test subjects immunized with P. falciparum RAS can be 
effectively protected from a subsequent challenge of fully infectious P. falciparum 
wild-type sporozoites. In 2005, employing rodent models of malaria, it was reported 
that similar sporozoite attenuation can be achieved by targeted gene deletion, by 
removing genes essential for liver-stage development, thereby creating so-called 
genetically attenuated parasites (GAPs) [40, 93]. Importantly, mice immunized with 
rodent Plasmodium GAPs can induce sterile immunity that is comparable to RAS 
immunization [169]. An advantage of GAPs over RAS immunization is that GAPs 
constitute a homogeneous population of parasites with a defined attenuation pheno-
type. This removes issues related to the delivery of correct doses of irradiation in 
order to ensure sufficient attenuation without killing the parasites or leaving them 
competent to produce a blood infection. The conceptual basis of vaccines consisting 
of GAP, just like RAS, is that after inoculation sporozoites invade but only partially 
develop in the liver. In the years following the first description of GAPs, a number 
of gene deletion mutants have been described in the rodent malaria models, P. ber-
ghei and P. yoelii, which are completely or partially attenuated, and manifest an 
arrest phenotype at different points during liver-stage development which provokes 
different levels of protective immunity (Fig. 3) [171].

The generation of GAPs, which can serve as a malaria vaccine, requires the cre-
ation of genetically engineered sporozoites that can invade liver cells but are unable 
to complete hepatic development. Furthermore, these parasites must provoke a 
strong protective immunity against a subsequent human malaria infection. These 
two features are critical to the development of a malaria vaccine consisting of atten-
uated parasites: first and foremost it must be safe (i.e., complete attenuation in the 
liver) and next it needs to be potent (generates strong protective immunity). 
Plasmodium genes that may govern exclusively sporozoite and/or liver-stage-spe-
cific functions were first identified by characterizing mRNA transcripts that are only 
expressed (or highly upregulated) in salivary gland sporozoites [30, 172]. Deletion 
of some of these gene candidates from the genomes of rodent malaria parasites 
resulted in the creation of some of the first GAPs [39, 93]. Moreover, as with irradi-
ated sporozoites, immunization with sporozoites lacking expression of these pro-
teins generated sterile protective immunity against malaria in mice. Independent 
studies, also in rodent models, investigating proteins of the Plasmodium 6-Cys pro-
tein family revealed that one member of this family, P52, was vital for parasite 
development in the liver and immunization of mice with sporozoites lacking P52 
could also induce protective immunity [40]. Mutants lacking the 6-Cys protein P52 
either by itself or in combination with the deletion of the gene encoding the closely 
related protein, P36, were among the first GAP to be created in P. falciparum [41, 
55, 173]. Recently, a newly identified member of the 6-Cys protein family, B9, has 

Whole-Sporozoite Malaria Vaccines



112

also been shown to be critical to parasite development in the liver, and mutants lack-
ing this protein have been shown to elicit strong protective immunity in rodent mod-
els [58, 174]. After the initial identification of these rodent GAPs, a number of other 
gene deletion mutants have been identified that are completely or partially attenu-
ated and shown to induce protective immunity [171, 175] (Fig. 3). However, of all 
the GAP candidates in rodent models that could be advanced as a potential P. falci-
parum GAP vaccine, only mutants lacking the gene slarp (alternatively known as 
sap1), which encodes a protein involved in the regulation of transcripts in sporozo-
ites, have been shown to fully arrest during liver-stage development, even at very 
high sporozoite doses (up to 5 × 106 sporozoites inoculated intravenously) [176–
178]. Recently, GAPs generated in both P. berghei and P. falciparum lacking the 
gene mrp2 that arrest mid-late during liver-stage development are only the second 
mutant that appears to be fully arrested in the liver cell even at very high sporozoite 
doses [179]. All other GAPs have been shown to be capable of leading to break-
through blood infections when the dose of sporozoites is increased [171]. 
Consequently, the GAPs that are most advanced for human use and currently ready 
for clinical evaluation consist of mutants where slarp/sap1 has been removed in 
addition to the deletion of one or more of the 6-Cys genes from the P. falciparum 
genome. Specifically, the P. falciparum GAPs “p52(−)/p36(−)/sap1(−)” and 
“∆b9∆slarp” have both been examined in blood-stage culture, in mosquitoes, in 
cultured human hepatocytes, and in mice engrafted with human liver tissue and have 
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Fig. 3  Liver-stage developmental arrest of GAPs in rodent malaria models. Adapted from [170] 
and kindly provided by Britta Nyboer
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been shown to only exhibit a growth defect after liver cell invasion [57, 58]. They 
completely abort intrahepatic development, demonstrating that they are likely to be 
safe for use in humans; currently these GAPs await clinical testing to evaluate their 
protective efficacy in humans. Importantly, these P. falciparum GAPs are expected 
to arrest early in hepatic development, soon after invasion of hepatocytes by 
sporozoites.

It has been reported that a late-arresting rodent GAP was a superior immunogen 
to irradiated sporozoites and early-arresting GAPs [53]. GAPs that progress into 
late liver-stage development will express both a greater quantity and a greater diver-
sity of antigens, compared to early-arresting GAPs and RAS. The hypothesis is that 
parasites that arrest late into liver-stage development will not only expose the 
immune system to a greater magnitude of antigens (a mature liver stage contains up 
to 40,000 times more protein than an invading sporozoite) but also to a greater 
diversity of antigens, as they will express antigens expressed in irradiated sporozo-
ites as well as antigens expressed later in the liver and in blood stages (Fig. 3).

3.2  Immunity Induced After GAP Immunization

Depending on the type and/or strength of attenuation, parasites arrest at different 
time points during liver-stage development or shortly thereafter. Heat-killed or over-
irradiated sporozoites fail to invade hepatocytes and hence do not confer protection 
[180]. This emphasizes the importance of the preerythrocytic stage and the require-
ment for metabolically active, attenuated parasites that progress at least to early 
hepatic development before they arrest [181]. Sterile protective immunity in whole-
sporozoite experimental vaccinations highly depends on the parasite species, mouse 
strains, and the immunization regimens. As such, sterile protection is more easily 
achieved in the P. yoelii/Balb/c experimental model than in the P. berghei/C57/Bl6 
model [121, 182].

Protective immunity has been reported to rely on CD8+ T cells and IFNγ as the 
key mediators of protection in all different GAP models [169, 183, 184]. Depletion 
of CD4+ T cells did not abrogate protection, although adoptive transfer of CD4+ T 
cells from, e.g., uis3(−)-GAP-immunized mice protected 50 % of naïve animals 
from wild-type infection, indicating a role also for this T-cell subset in GAP-induced 
immunity. Humoral responses to CSP were measured in the P. berghei GAP model 
but appeared to be dispensable since B-cell-deficient mice were capable of sterile 
protection [183].

Similarly to RAS, GAP immunization induces a significant increase in intrahe-
patic CD8+ T cells displaying a T effector memory phenotype (Tem) that is clearly 
associated with long-term protection [185, 186]. Concerning direct effector mech-
anisms, Trimnell et al. hypothesized that contact-dependent cytotoxicity is medi-
ated by CD8+ T cells since sterile protection was abolished in perforin-deficient 
mice. Moreover, CD8+ T cells induced apoptosis in infected hepatocytes in vitro 
[169, 186].
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One dose of P. yoelii uis4(−) sporozoites was sufficient to induce protection 
against challenge infection in a Balb/c mouse background [184] that is mediated 
by the significant upregulation of specific effector CD8+ T-cell activation markers 
such as CD11c. It was suggested that the upregulated CD11c expression phenotype 
on effector CD8+ T cells induced by P. yoelii GAP vaccination is not only respon-
sible for their potent inflammatory function but also marks their highly prolifera-
tive but short-lived, antigen-specific effector activity, which will ultimately lead to 
controlling both infectious sporozoite hepatocyte invasion and intrahepatic differ-
entiation [187].

A second generation of GAP leading to a late arrest in liver-stage development 
was introduced more recently. Immunization with Pyfabb/f(−) parasites that are 
depleted of a gene encoding an essential enzyme of the apicoplast-localized, type II 
fatty acid biosynthesis (FAS II) pathway induced long-lasting protection in rodent 
models [53, 188], despite later evidence of breakthrough infections by Pbfabb/f(−) 
parasites [55]. The results of the underlying study further suggested that a larger 
number of effector memory CD8+ T cells with a broader antigenic specificity were 
elicited by immunization with Pyfabb/f(−) GAPs as compared to early-arresting 
GAP or even RAS. These characteristics of Pyfabb/f(−)-induced immune responses 
correlated with enhanced protection, and thus it was postulated that late-arresting 
GAP confers superior protective immunity than early-arresting attenuated parasites. 
Besides, it was shown that this superior protection is stage transcending, i.e., mice 
immunized with Pyfabb/f(-) are not only sterile protected against sporozoite-
induced challenge infection but also enjoy protective immunity after intravenous 
challenge with homologous P. yoelii blood-stage parasites [53].

As such late-arresting live attenuated parasites are promising for next-generation 
vaccine design, it is now imperative to gain a more detailed overview about the 
underlying immunological functions triggered during experimental vaccination, 
before such attenuated parasites can be optimized for human clinical trials. 
Protective immunity induced by the late-arresting experimental whole-organism 
model parasite Pyfabb/f(−) was comprehensively studied over the last few years. It 
was recently found that not only CD8+ T cells but also CD4+ T cells contribute to 
protective responses and that the co-stimulatory molecule CD40 is key in mediating 
robust protection. CD40 signaling was demonstrated to control intrahepatic DC 
licensing during Pyfabb/f(−) immunization and seems to be instrumental for estab-
lishing robust CD8+ effector and memory T-cell responses [189]. Very recently, the 
immunity mechanisms underlying stage-transcending protection exclusively 
induced by late-arresting Pyfabb/f(−) GAP [53] were reported to involve both the 
cellular and humoral arm of the immune system. Hence, it is proposed that during 
experimental vaccination with late-arresting GAPs, the immune system gets 
equipped to establish immunity against both the clinically silent, intrahepatic and 
pathological, blood-stage phase. As for the humoral response, it is thought that anti-
genic targets are shared between the hepatic and blood-stage phase and protective 
antibodies rely on Fc-mediated functions such as Fc receptor binding and comple-
ment fixation [190]. Indeed, a study by Keitany et al. showed for the first time that 
functional antibodies are induced in Pyfabb/f(−) GAP-immunized mice and inhibit 

A.M. Mendes et al.



115

liver cell invasion as well as the capacity to decrease intrahepatic parasite burden 
[191]. It is a matter of course that such GAPs not only inform about the underlying 
immunological mechanisms involved in protection against parasites but will also be 
ideal to further isolate novel antigens and/or correlates of (transcending) sterile pro-
tection. The latter will ideally assist in the development of novel subunit-anti-infec-
tive vaccination strategies. Interestingly, a study headed by Chen et al. reported the 
identification of PyTmp21 as a promising protective antigen candidate that shows 
the capacity to reduce intrahepatic parasite burden and contribute to sterile protec-
tion during Pyfabb/f(−) GAP experimental immunization [192, 193].

Experimental immunization of rodents with a knockout parasite line for the 
Plasmodium-specific apicoplast protein important for liver merozoite formation 
(PALM) elicits potent and long-lived protective immunity against sporozoite-
induced malaria by only two immunization doses. Indeed palm(−) knockout para-
sites are very similar to the Plasmodium late-arresting fabb/f(−) strain, as PALM 
seems to be important for the successful transition from liver to blood-stage para-
sites, i.e., display a growth arrest at a very late time point in intrahepatic develop-
ment [194]. Indeed, a thorough study of the underlying immunity mechanisms of 
palm(−)-vaccinated rodents revealed persistence of some intrahepatic antigen-spe-
cific IFNγ-secreting CD8+ memory T cells in aging immunized mice [195, 196].

The involvement of innate immunity in GAP-mediated immune responses still 
remains to be investigated. GAP immunization of RAG1 (−/−) mice that lack adap-
tive immune cells (which are traditionally considered to mediate memory responses 
to vaccinations) resulted in a delayed disease outbreak after challenge with viable 
sporozoites, suggesting that the innate immune system in these mice is sufficient to 
confer partial protection after vaccination, e.g., through NK memory cells [183]. 
However, the cellular events and molecular pathways underlying the process of 
memory generation in NK cells remain largely elusive.

Regarding antigenic specificity, only CSP-specific, IFNγ-secreting CD8+ T cells, 
as well as CSP-specific antibodies, were reported to be elicited by GAP immuniza-
tions. Indeed, Kumar et al. measured no significant differences in these CSP-specific 
responses in Balb/c mice that were either immunized with PyRAS or Pyuis3(−) and 
Pyuis4(−) genetically attenuated parasites. The authors therefore postulated con-
served and similar mechanisms of protection irrespective of the method of attenua-
tion [183, 197].

Recently, the results from a first clinical trial demonstrated safety of PfGAP vac-
cination in humans using Pfp52(−)/p36(−) double knockout parasites. Initial immu-
nological profiling showed CSP-specific antibody titers after 200-bite exposure of 
volunteers and moderate memory responses of CD8+ and CD4+ T cells to CSP and 
non-CSP antigens such as LSA-1 or AMA-1. Of importance, a breakthrough infec-
tion was observed in one of the PfGAP-immunized volunteers suggesting that 
development of more severely attenuated PfGAP, possibly with multiple gene dele-
tions, should be pursued in future developments [42].

It has been demonstrated that immunization of mice with late liver-stage-arrest-
ing GAP elicits broader and better CD8+ T-cell responses when compared to irradi-
ated (early-arresting) sporozoites, producing superior long-lasting sterile protection 
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against a malaria infection [53]. These parasites are believed to present a greater 
diversity and amount of parasite antigen to the host immune system. However, P. 
falciparum parasites lacking FabB/F expression fail to produce sporozoites [198]. 
Thus, discrepancies in attenuation phenotypes and potency between GAPs of differ-
ent Plasmodium species indicate that the importance of the same gene for liver-
stage development may differ between rodent models and P. falciparum. 
Consequently, the identification of Plasmodium genes that are critical to mid-/late 
liver-stage development to create late-arresting P. falciparum GAPs is actively 
being sought, and a number of gene expression studies on rodent and human sporo-
zoite and/or intrahepatic liver stages are currently being mined to identify these 
genes.

4  Chemoprophylaxis and Sporozoite (CPS) Immunization

While sterile protection has been most elaborately investigated using RAS, induc-
tion of protective preerythrocytic immunity is most potent and efficient when spo-
rozoite and liver-stage development remain fully intact, while asexual-stage 
multiplication is abrogated at the earliest stages [59, 199, 200]. Attempts with tar-
geted deletions of genes encoding late-stage liver antigens are promising, but, as 
outlined above, safety has thus far not been appropriately ensured in humans 
because of the occurrence of breakthrough infections with asexual-stage parasites 
[42, 175, 199]. Successes, however, have been reported with the use of antimalarial 
drugs in combination with wild-type parasites: chemoprophylaxis and sporozoites 
(CPS) immunization (or infection-treatment-vaccination (IVT)) can safely induce 
fully protective immune responses as was first demonstrated in rodents [37, 38, 43, 
201]. The first drug used in these P. berghei studies to kill parasites at early blood-
stage level was chloroquine, which disrupts heme detoxification and does not affect 
preerythrocytic stages [202, 203]. Other antimalarials have since been successfully 
used in rodents, including artesunate, azithromycin, clindamycin, mefloquine, 
piperaquine, primaquine, and pyrimethamine with variable effects on parasite liver-
stage development [204–208]. Similar results have been obtained in the CHMI 
model where malaria-naïve adult volunteers receiving mosquito bites from a total of 
36–45 P. falciparum-infected mosquito under chloroquine prophylaxis (Fig.  4a) 
show complete protection against a homologous challenge 3–5 months after the last 
immunization and (partial) protection up to 2.5 years later [44, 45, 56]. Chloroquine 
and mefloquine are equipotent as prophylactic drugs [209], and other partner drugs 
are under investigation in ongoing trials [59]. As in murine models [43, 210, 211], 
induction of sterile CPS-induced protection is dose dependent (Fig. 4b) [209]. Both 
partial and full protection against a heterologous P. falciparum strain after CPS 
immunization have been demonstrated in a rechallenge trial [212] and are under 
further investigation (clinicaltrials.gov NCT02098590).

The potency of the CPS-chloroquine regimen is unprecedented compared to 
radiation-attenuated sporozoite (RAS) immunization and to protection obtained 
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after natural infections [59, 213]. While the dogma that protective malaria immunity 
is difficult to acquire is challenging, possible explanations including the broader 
antigenic repertoire, higher antigen load, and potential immunomodulatory effects 
of chloroquine remain speculative [200]. The CPS model, however, opens avenues 
for a better understanding of immune mechanisms of protective immunity, identifi-
cation of immune correlates of protection, and novel target antigens for inclusion in 
subunit vaccines. Moreover, clinical development of a vaccine based on the CPS 
regime is currently explored with cryopreserved sporozoites as PfSPZ-CVac (clini-
caltrials.gov NCT02511054 and NCT02115516 and [59, 214]).

Fig. 4  CPS immunization regime, protection, and cellular immune signature in human volunteers. 
(a) Malaria-naïve adult volunteers are subjected monthly to bites of P. falciparum-infected mos-
quitoes while taking chemoprophylaxis. Protection is assessed by challenge infection via infected 
mosquitoes 3–5 months after the last immunization. (b) Sterile protection defined as the absence 
of parasitemia by microscopy until 21 days after challenge infection is dose dependent as assessed 
for n = 58 volunteers enrolled in four clinical trials using either chloroquine or mefloquine prophy-
laxis [44, 56, 209]. (c) Rows show eleven biomarkers that can distinguish n = 17 fully protected and 
n = 7 partially protected/delayed volunteers in a dose escalation CPS trial [209], identified by 
penalized logistic regression. Colors indicate the degree of responses, with strongest responses in 
red. (d) Accuracy of prediction of protection from mosquito bite challenge assessed with the area 
under the receiver operator curve based on leave-one-out cross validation (LOOCV), using one 
parameter alone (parasite-specific degranulating CD107a+ CD4+ T cells, light gray line, AUC 0.73) 
or in combination with ten additional markers (AUC 0.87, dark gray line) (unpublished data)
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4.1  Parasite Life Cycle Target for CPS-Induced Protection

The mechanism of CPS-induced immunity appears to be determined by specific 
parasite/host combinations regarding both the immune effector mechanisms 
involved and the parasite life cycle stage targeted. Most evidence points to preeryth-
rocytic stages as targets for protective immunity: (1) human CPS-immunized volun-
teers are protected from challenge by mosquito bite, but not after a blood-stage 
challenge [56], and (2) CPS immunization of C57/Bl6 mice with P. berghei or 
Balb/c mice with P. yoelii with 10,000 or more sporozoites intravenously [37, 
43, 203, 207, 208, 215, 216] results in preerythrocytic immunity and reduction of 
liver parasite burden [43]. Intravenous immunization with high numbers of P. cha-
baudi sporozoites also induces preerythrocytic immunity, while presumably low 
numbers of sporozoites as delivered by mosquito bites primarily induce immune 
responses against blood stages in this model [211]. Blood-stage immunity induced 
by CPS immunization has been reported also in the P. yoelii model [208, 215], 
where control of parasite growth was clearly antibody dependent [208, 215]. More 
strikingly, there is evidence that exposure to blood stages only can also convey pre-
erythrocytic immunity ([201, 211] and Nganou-Makamdop et al. unpublished data). 
The combined data suggest that antigens shared between liver and blood stages [17] 
create the possibility for the existence of stage-transcending protection [217].

Since clinical follow-up of prolonged parasitemia in the CHMI model is limited 
for obvious safety reasons, CPS studies in humans primarily highlight induction of 
liver-stage immunity [56]. There are nevertheless hints for the presence not only of 
immune recognition but also of blood-stage immunity: (1) although humoral 
responses directed against blood-stage antigens are minimal ([44, 218] and Behet et 
al. unpublished data) and show no growth inhibition activity in vitro [56], IFNγ 
responses to blood-stage parasites are enhanced both in vivo [56] and in vitro 
[44, 45, 209, 219], and (2) immunized volunteers show a somewhat reduced peak 
parasitemia after blood-stage challenge [56]. These data feed the possibility that at 
least some functional blood-stage immunity might be present which only becomes 
apparent after a number of asexual multiplication cycles required for boosting. This 
hypothesis is in line with a correlation between prepatent period, as determined by 
thick smear, and the interval between a positive qPCR and positive thick smear as a 
proxy for parasite growth rate (Bijker et al. unpublished data), in partially protected 
volunteers (24). Since prepatency itself was not dependent on parasite density at the 
time of positive qPCR, these data suggest that parasite growth becomes slower 
when parasitemia is longer lasting. Thus, the CPS model efficiently induces sterile 
protection that is, in principle, accomplished at the preerythrocytic level. In addi-
tion, a blood-stage component may be present, which may contribute in case of 
partial protection and might become more evident in individuals possessing some 
degree of anti-disease immunity that allows longer follow-up. Albeit insufficient by 
itself, the short period of low-grade parasitemia as obtained under chloroquine 
prophylaxis in humans might be an asset for induction of at least some contributing 
blood-stage immunity. Indeed, low parasitemia has been shown before to efficiently 
induce blood-stage protection in the CHMI model [220].
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4.2  Humoral Immunity After CPS Immunization

Parasite-specific antibodies induced by CPS immunization may interfere at several 
levels with preerythrocytic parasite development where sporozoite integrity, motil-
ity (gliding), hepatocyte invasion, and/or intrahepatic development may be compro-
mised. In the P. berghei murine model, the functional contribution of antibodies to 
CPS-induced preerythrocytic protection is unclear: in CPS-immunized C57/Bl6 
mice, antibodies induced against sporozoites and liver stages inhibit hepatocyte 
infection in vitro [208], but are unable to confer protection against sporozoite chal-
lenge in vivo [43, 208]. In human volunteers, CPS immunization induces both a 
robust plasma antibody and long-lasting memory B-cell response [218]. This 
humoral response is largely directed against preerythrocytic parasite antigens with 
CSP being the major target identified thus far [44, 209, 218, 221]. Plasma IgG from 
CPS-immunized volunteers inhibits sporozoite traversal in vitro, as well as liver-
stage infection in human liver-chimeric mice following challenge by P. falciparum-
infected mosquito bites [222]. However, anti-CSP titers per se appear to be a 
correlate of exposure rather than protection in the human CPS model [218]. In fact, 
anti-CSP titers are the lowest in individuals that become already protected during 
the immunization period [218]. Since CSP is not only expressed in sporozoites but 
also in liver stages [32, 223, 224], one possible explanation might be that at least a 
proportion of the parasites is eliminated by CPS-induced immune responses early 
during liver-stage development. It remains to be investigated to what level human 
anti-CSP antibodies will be sufficient to prevent sporozoite infectivity. There is evi-
dence that targets other than CSP might be involved to accomplish sterile protection 
[52, 130]. The use of protein microarrays probing the antibody compartment for 
proteome-wide antigen reactivity [156, 225] has already revealed novel protection-
associated antigen targets in RAS-immunized individuals [155], and similar inves-
tigations are currently ongoing in CPS-immunized volunteers.

4.3  Cellular Immunity After CPS Immunization

As in other whole-sporozoite vaccination approaches [95], cellular responses 
induced after CPS immunization are considered to be responsible for the key effec-
tor mechanisms driving elimination of infected hepatocytes. In the C57/Bl6 P. ber-
ghei CPS model, there is a sustained CD8+ T-cell IFNγ response [205, 216] 
correlating with protective efficacy [216], and immunity can be transferred by total 
splenocytes [203] and CD4+ and CD8+ T cells [43]. Despite a strong CD8+ T-cell 
response, protection of P. yoelii CPS-immunized C57/Bl6 mice, in contrast, was 
independent of CD8+ T cells, suggesting a role for CD4+ T cells or antibodies 
instead. CPS immunization in humans induces long-lasting cellular immune 
responses [44, 45, 209, 219], which are still detectable even 2.5 years after the ini-
tial immunization [45]. In line with a role for both Th1 and cytotoxic responses, 
CPS-immunized volunteers show increased expression of granzyme B and the Th1 
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transcription factor T-bet in activated and proliferating T cells during immunization 
[214]. However, a clear immune correlate of protection has not yet been identified, 
as neither polyfunctional effector memory T cells that coproduce IFNγ and interleu-
kin-2 [44, 45] nor total IFNγ-producing CD4+, CD8+, or γδ T cells that can differ-
entiate between fully and partially protected volunteers [209]. Parasite-specific 
degranulation by CD4+ T cells and granzyme B production by CD8+ T cells, in 
contrast, are significantly higher in fully protected individuals [209]. Nevertheless, 
these cytotoxic responses also do not allow for a distinct differentiation between the 
two groups. Given the fact that individuals differ in their “immunological finger-
print” and protection likely relies on the interaction of multiple immune effector 
pathways, a combination of multiple immune markers in the form of an immune 
signature may be of more predictive of protection than individual responses (Bijker 
and Teirlinck et al. unpublished data, Fig. 4c, d). Next to adaptive responses, this 
may also include innate lymphocytes such as NK cells but particularly γδ T cells, 
which are expanded following CHMI, CPS, and high-dose RAS [47, 219, 226] and 
show memory-like responses following CPS immunization [209, 219].

Based on observations from natural immunity in the field, the current dogma is that 
acquisition of protective immunity against malaria per se is a lengthy and difficult pro-
cess involving many exposures and is rapidly lost in the absence of exposure. The 
efficient induction and persistence of immunity following CPS immunization, how-
ever, clearly refutes this statement and indicates that this may only apply to protection 
from disease, but not infection. A plausible explanation can be found in the composi-
tion of immune responses targeting the different parts of the life cycle involving distinct 
parasite immune regulation and evasion strategies [200]. CPS immunization induces 
protection from sporozoite challenge, in line with predominantly preerythrocytic tar-
geted antibodies that reduce sporozoite infectivity and long-lasting cellular cytokine 
and cytotoxic responses. None of these responses, however, are a clear-cut correlate of 
protection, and further research is necessary to identify which (combination) of immune 
responses predicts protection. Importantly, while this immunization regimen has been 
primarily tested against homologous parasites, heterologous challenge studies are 
underway and indicate at least some protection. Future studies will need to focus on the 
identification of target antigens of the induced immune responses and their functional-
ity also against heterologous parasites. Another focus should be to elucidate the poten-
tial contribution of blood-stage immunity in this model, particularly in preexposed 
individuals. Thereby, CPS immunization may not only aid future subunit vaccine 
development but—once satisfactory—also be considered for clinical development as a 
vaccine to be marketed for special groups including travelers or the military.

5  Other Models of Sporozoite-Based Vaccination

RAS, GAP, and CPS are, by far, the most thoroughly investigated approaches for 
whole-sporozoite vaccination against malaria. However, alternative strategies for 
eliciting protective immune responses against human-infective Plasmodium para-
sites have also been proposed and will be briefly addressed here.
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5.1  Chemically Attenuated Sporozoites

Chemical attenuation of sporozoites (CAS) has been investigated as an alternative 
strategy for the production of a liver-stage vaccine against malaria. Similarly to 
other whole-sporozoite immunization approaches, the concept of CAS relies on the 
immune responses elicited during hepatic infection by chemically treated sporozo-
ites, which are unable to progress into a patent blood-stage infection and cause 
disease. The strategy has been evaluated by the use of centamycin [227], a DNA-
binding agent that is effective against blood-stage Plasmodium parasites and blocks 
sexual differentiation of the parasites in mosquitoes [228]. Centamycin-treated P. 
berghei sporozoites were shown to display a significantly reduced hepatocyte infec-
tion rate and impaired preerythrocytic development and to be unable to generate 
blood-stage infections in mice [229]. Immunization of mice with P. berghei [229] 
and P. yoelii [229] CAS was shown to produce sterile immunity against challenge 
with fully infectious sporozoites. Vaccination with P. yoelii or P. berghei CAS 
induced sporozoite-specific antibodies and CSP-specific IFNγ-producing CD8+ 
T-cell responses at levels similar to those generated by RAS immunization [229]. 
More recently, it was shown that chemical attenuation of P. berghei parasites with 
isopentaquine during their liver-stage development alters disease outcome and pro-
tects mice from experimental cerebral malaria [230]. It has been argued that the 
CAS vaccine presents certain advantages over the RAS approach, most notably the 
fact that the chemical attenuation process can be strictly controlled, leading to a 
vaccine that is reproducibly attenuated and does not present the risks potentially 
associated with improper parasite irradiation [229]. However, further investigations 
are clearly necessary before the true potential of CAS vaccination can be fully 
ascertained.

5.2  �Rodent Plasmodium-Based Immunization Against Human 
Malaria

A yet unpublished novel approach for whole-sporozoite vaccination against malaria 
has recently been proposed, based on the use of genetically modified rodent 
Plasmodium parasites that were genetically engineered to express and present anti-
gens of their human-infective counterparts. The concept relies on the notion that 
such genetically modified rodent parasites may elicit cross-species immune 
responses arising from similarities between the antigenic compositions of the two 
species of parasites (interestingly, immunization with P. falciparum CelTOS has 
previously been shown to confer protection against P. berghei [231]), along with 
antigen-targeted responses resulting from the introduction of specific human 
Plasmodium immunogens on the rodent parasite platform. The proof of concept of 
this idea has been established through the use of P. berghei, a rodent parasite species 
that is widely recognized as nonpathogenic to humans. P. berghei is readily 
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amenable to genetic modification [232], and strategies to generate transgenic para-
sites expressing human-infective Plasmodium proteins have been developed [233]. 
A method for transgene expression and gene complementation [234] was employed 
to generate selectable marker-free P. berghei parasites that express P. falciparum 
CSP under the control of the P. berghei upregulated in sporozoites 4 (UIS4) pro-
moter [Pb(PfCS@UIS4)]. P. berghei was shown to effectively infect human hepa-
tocytes of human liver-chimeric mice, a requisite for any whole-sporozoite vaccine 
against malaria. Immunization of mice with Pb(PfCS@UIS4) was shown to elicit 
the production of antibodies against whole P. falciparum sporozoites as well as 
against P. falciparum CSP. Passive transfer of the immune serum of these mice into 
liver-humanized mice followed by challenge by P. falciparum-infected mosquito 
bites led to a significant blockage of hepatic infection by this human-infective para-
site. Following completion of its preclinical validation, the Pb(PfCS@UIS4) vac-
cine candidate is expected to enter Phase I/IIa clinical trials. If successful, the use of 
“naturally attenuated” rodent parasites for immunization against human malaria 
could gain further momentum, and next-generation vaccine candidates can be envis-
aged to protect not only against multiple species of human malaria but also against 
various stages of the parasite’s life cycle.

6  Future Directions and Concluding Remarks

The application of a whole-sporozoite vaccination approach has raised various 
types of concerns, ranging from safety to deployment in the field. Safety-wise, 
whole-sporozoite immunization requires ensuring that sporozoites cannot complete 
their development process in the liver or that merozoites are eliminated as soon as 
they reach the blood while retaining immunogenicity [60, 235]. On the other hand, 
the P. falciparum sporozoites required for immunization must be obtained from 
infected mosquitoes, which must be reared under appropriate containment condi-
tions to prevent accidental release. Sporozoites are then obtained from the dissec-
tion of mosquito salivary glands and must subsequently be purified and adequately 
cryopreserved for long-term storage [46]. Finally, application to the field requires 
knowledge of total dose required for protection and timing of booster immuniza-
tions [95], as well as a feasible vaccine administration method that ensures the 
development of protective immune responses.

Many important aspects to be considered for the design of a next-generation 
preerythrocytic vaccine may equally account for the development of a blood-stage 
vaccine. The ultimate question to be answered is what kind of immune response 
must be induced to confer high-level and long-lived protection and how to accom-
plish this. This task is both supported and exacerbated by the complex and not 
always unequivocal data from basic research, preclinical, and clinical studies. In 
general, it will be vital to improve the knowledge about protective immune 
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responses, i.e., to properly understand the difference between vaccine-induced pro-
tection and naturally acquired immunity, to exploit the data on P. falciparum RAS-
mediated protection in humans or the large past clinical trials of RTS,S in order to 
determine which responses are the true mediators of protection.

A substantial amount of data advocates the need to induce antibody response 
against the sporozoite to prevent liver infection or at least to reduce the number of 
sporozoites infecting hepatocytes. The latter mechanism is assumed to contribute to 
a delay in prepatency in RTS,S-vaccinated individuals which consequently limits 
severe disease. Likewise, it seems unrealistic that complete protection can be medi-
ated solely by humoral responses that were even shown to be dispensable in animal 
models. In fact, numerous studies have pointed out the essential role of T-cell 
responses against liver-stage parasites and have explicitly demonstrated the critical 
function of intrahepatic CD8+ T cells in protective immunity. This has important 
implications for the quality and/or quantity of the CD8+ T-cell response but also for 
the liver as the site of T-cell priming and effector function.

It seems clear that research into the immune responses induced by whole-sporo-
zoite immunization approaches has given first insights into the immune mecha-
nisms involved, but an actual correlate of sterile protective immunity has yet to be 
revealed. Such a correlate is unlikely to be a single common readout, but instead a 
signature of multiple immune effector pathways acting in synergy. This will likely 
include both phenotypic and functional readouts of humoral and cellular immune 
responses as well as a combination of various antigen targets. Complementing 
ongoing efforts using the protein microarray for genome-wide screening of antima-
larial antibody responses, T cells which target antigen can also be identified by 
large-scale screen approaches, such as the Atlas™ assay using protein plasmid and 
expression libraries [225]. Application of this screening technology to samples 
from RAS- as well as CPS-immunized individuals is currently under way [225] and 
should be extended to GAP trials in the future. Such comparative analysis will be 
highly informative to dissect the differences and overlaps in immune signatures 
between the three main whole-sporozoite immunization approaches to (1) clarify 
why some approaches are more efficient in inducing protection than others and (2) 
home in on a minimal signature of antigen targets associated with protection. Target 
antigen identification will be useful not only for subunit vaccine design but also for 
generation of next-generation whole-sporozoite immunization regimens using para-
sites transgenic for variants of key antigens to induce efficient heterologous 
protection.

It can safely be said that further investigations of the immunological mechanism(s) 
whereby whole-sporozoite inoculation elicits protective immunity will greatly facil-
itate whole-sporozoite vaccine development [167]. Such knowledge, along with the 
expanded use of controlled human malaria infection studies [236, 237] and the envi-
sioned progress in tackling the technical and logistical hurdles that still persist [59], 
can be expected to lead toward the ultimate goal of obtaining an effective vaccine 
with a pivotal role in the eventual global eradication of malaria.
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1  �Background

After over three decades of research and availability of results from a pivotal phase 
3 trial [1], the European Medicines Agency issued a favorable scientific opinion 
regarding RTS,S/AS01 vaccination for prevention of malaria in infants and young 
children from 6 weeks to 17 months of age (http://www.ema.europa.eu/docs/en_GB/
document_library/Press_release/2015/07/WC500190447.pdf). The World Health 
Organization recommended the start of large pilot implementation studies for further 
evaluation of the risk-benefit profile when used as a four-dose regimen in 5–17-month-
old children (http://www.who.int/immunization/research/development/malaria_
vaccine_qa/en/).

Phase 3 evaluation was conducted in research centers across Africa with differ-
ent malaria transmission patterns. 8922 children 5–17 months old and 6537 infants 
6–12 weeks old were randomized to receive either four doses of RTS,S on a 0-, 1-, 
2-, and 20-month schedule, three doses on a 0-, 1-, and 2-month schedule, or control 
vaccines. In children 5–17 months old at first vaccination, vaccine efficacy (VE) 
provided by three doses during the first year of follow-up was approximately 50 %. 
VE waned over the 48-month course of the trial. Overall, VE against clinical malaria 
was 36 % (95 % CI 32–41) for the four-dose group and 28 % (95 % CI 23–33) for the 
three-dose group. Moderate VE against severe malaria, severe malarial anemia, hos-
pitalization for malaria, and requirement for blood transfusion was also shown 
when four doses were administered. The number of cases averted varied according 
to exposure, age category, and whether a fourth dose was administered. Depending 
on study sites and the level of exposure, 205–6565 cases of malaria were averted per 
1000 children vaccinated with the four-dose regimen in the 5–17-month age cate-
gory. In infants 6–12 weeks old who received RTS,S/AS01 together with vaccines 
from the Expanded Program on Immunization (EPI), VE levels were generally 
lower [1].

The RTS,S vaccine antigen target is the Plasmodium falciparum (P. falciparum) 
circumsporozoite protein (CS). CS is abundantly expressed on the surface of the 
sporozoite, which emerges from the maturing Plasmodium oocyst in the mosquito 
midgut to migrate to the salivary glands. Upon infectious mosquito biting of the 
human host, dozens to a few 100 sporozoites are injected into the dermis, of which 
a fraction only will reach the circulation and, within minutes, infect hepatocytes. 
Within infected hepatocytes, early liver forms will develop into hepatic schizonts 
which within the next 6–10 days will burst to release thousands of merozoites and 
initiation of the blood stage of the infection. CS remains expressed on early liver 
forms. The 58  kDa CS protein includes a characteristic species-specific B-cell 
immunodominant repeat central region with approximately 41 repeats (range 
37–49) of NANP amino acid sequences and a smaller number of NVDP sequences. 
The highly conserved N-terminus non-repetitive flanking region is involved in cell 
invasion through heparin sulfate proteoglycan binding (region I) and contains a pro-
teolytic cleavage site sequence and PEXEL motifs. The C-terminus non-repetitive 
flanking region contains a thrombospondin-like type I repeat domain with cell 
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adhesion properties (region II), a canonical glycosylphosphatidylinositol anchor 
addition sequence, and three known T-cell epitopes: a highly variable CD4+ T-cell 
epitope, a highly variable CD8+ T-cell epitope, and a “promiscuous” conserved 
CD4+ T-cell epitope [2–5].

RTS,S is a chimeric virus-like particle protein construct. 19 NANP repeats of the 
central region and the C-terminal flanking region (amino acids 207–395) of CS (3D7 
clone derived from the NF54 strain) are fused to the hepatitis B virus surface antigen, 
HBsAg. The fusion protein is co-expressed in yeast with non-fused HBsAg, yielding 
spontaneously assembling particles with overall 25 % of the CS-HBsAg fusion pro-
tein and 75 % free HBsAg. Relative to early anti-CS vaccine candidates targeting the 
humoral immunodominant central repeat region only, which failed to induce signifi-
cant protection, the addition of the C-terminal flanking region to the repeat region, 
the particulate structure, and the use of adjuvants to potentiate the immune response 
appear to have been critical steps to reach protective levels of immunity [6].

The adjuvant system selected, AS01, is a liposomal formulation and includes 
two immunostimulants, 3-O-desacyl-4′-monophosphoryl lipid A (a nontoxic deriv-
ative of the lipopolysaccharide from Salmonella minnesota shown to be a Toll-like 
receptor 4 agonist) and QS-21 Stimulon® (a natural saponin molecule extracted 
from the bark of the South American tree Quillaja saponaria Molina, fraction 21 
(licensed by GSK from Antigenics Inc.), shown to be an inflammasome activator). 
These act synergistically to stimulate the innate immune system and activate 
antigen-presenting dendritic cells and invigorate humoral and type 1 CD4+ T-cell 
response [7]. Controlled human malaria infection (CHMI) studies have been instru-
mental in demonstrating the relative merit of various adjuvant formulations [8, 9]. 
RTS,S/AS02 (an oil-in-water formulation with the same immune enhancers) was 
initially selected for further development, before demonstration of superior immu-
nogenicity and efficacy of RTS,S/AS01 in CHMI studies and in adult and pediatric 
studies in Africa [9–13]. An adjuvant justification study showed the superior immu-
nogenicity of AS-formulated vaccines over RTS,S alone [14]. Individual RTS,S 
studies providing key immunological insight are presented in (Tables 1 and 2).

2  �Immunobiology: General Considerations

There are three anatomical sites where the vaccine-induced immune effectors could 
control parasites, when considering the stage-specific nature of CS expression: the 
skin, the blood, and the liver. Little is known about the role of the skin compartment 
in RTS,S-induced immunity. During transit in the blood, antibody killing through 
various mechanisms [15] or functional interference could prevent liver cell invasion 
by sporozoites. There is no demonstrated role for antibodies against infected liver 
cells, but interaction with resident T cells or NK cells can be hypothesized, especially 
when considering that CS is being shed from the sporozoite surface throughout its 
motility pathway [16]. Vaccine-induced activated T cells may in theory play a killing 
effector function against infected hepatocytes, but this has not been demonstrated.
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Table 1  Individual RTS,S studies in adults providing critical immunological insight

Formulation Country Schedule Sample Assays References

Controlled human malaria infection studies in malaria-naïve adults
RTS,S/AS04
RTS,S/Alum

USA 0, 2, 6 months Serum
PBMC

Serology, LP, ICS, 
CTL, functional 
assays

Gordon et al. 
[25]

RTS,S/AS02
RTS,S/AS03
RTS,S/AS04

USA 0, 1, 7 months Serum
PBMC

Serology (titers, 
isotypes, 
opsonization), LP, 
supernatant 
cytokine 
production, 
ELISPOT, ICS, 
CTL, functional 
assays

Stoute et al. [8, 
61]
Schwenk et al. 
[15]
Sun et al. [39]

RTS,S/AS02 USA 0, 1, 3 months, 0, 
7, 28 days

Serum
PBMC

Serology, LP, 
ELISPOT

Kester et al. [62]

RTS,S/AS01
RTS,S/AS02

USA 0, 1, 2 months Serum
PBMC

Serology, LP, 
ELISPOT, ICS, 
CTL, gene 
expression, 
functional assays

Kester et al. [9]
Lumsden et al. 
[34]
Schwenk et al. 
[40]
Vahey et al. [59]

Ad35-CS
RTS,S/AS01

USA 0, 1, 2 months Serum
PBMC

Serology, ICS, 
ELISPOT, others 
ongoing

Ockenhouse [29]

RTS,S/AS01 USA 0, 1, 7 months 
(fractional third 
dose)

Ongoing Ongoing NCT01857869

RTS,S/AS01
ChAd/
ME-TRAP

UK 0, 1, 2 months Ongoing Ongoing NCT01883609

RTS,S/AS01
ChAd/
ME-TRAP

UK 0, 1, 2 months 
(fractional third 
dose)

Ongoing Ongoing NCT02252640

Immunogenicity studies in malaria-naïve adults without controlled human malaria infection
RTS,S/AS02 Belgium 0, 1, 6 months Serum

PBMC
Serology, LP, CTL, 
ELISPOT

Lalvani et al. 
[48]

RTS,S/AS01
RTS,S/AS02
RTS,S in saline

Belgium 0, 1, 2 months Serum
PBMC

Serology (titer, 
avidity), ICS

Leroux et al. [14]

Studies in malaria-exposed adults
RTS,S/AS02 Gambia 0, 1, 5 months Serum

PBMC
Serology, LP, 
ELISPOT, parasite 
genetics

Pinder et al. [47], 
Alloueche et al. 
[55]

RTS,S/AS02 Kenya 0, 1, 7 months Serum Serology Stoute et al. [63]
RTS,S/AS01
RTS,S/AS02

Kenya 0, 1, 2 months Serum
PBMC
Whole 
blood

Serology, ICS, 
parasite genetics

Polhemus et al. 
[21]
Waitumbi et al. 
[56]

LP lymphoproliferation, ICS intracellular cytokine staining, CTL lymphocyte cytotoxicity
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The demonstration that a specific immune assay can be used as a regulatory valid 
predictive correlate of protection constitutes an inspiring but challenging goal of 
immunological vaccine research. When considering Systems Biology assessments, 
semiquantitative multiparametric outputs and model analysis of the relationship 
with outcome are sources of increasing complexity. In the condition of natural 
malaria exposure, while immune effector functions can be measured at different 
timepoints postvaccination, it is rarely contemporaneous with exposure, and the 
impossibility to differentiate protected from non-exposed subjects limits analyses of 
correlates of protection [17]. Things are different in the CHMI model, where healthy 
adult volunteer’s exposure to drug-sensitive strains of P. falciparum-infected lab-
reared mosquitoes is completely controlled.

There are various possible methodologies of analysis of CHMI outcome. Analysis 
of the proportion of subjects protected is the most clinically relevant. But considering 
that post-challenge delay in time-to-patent infection is a quantitative indicator of pre-
erythrocytic immunity affecting the number of parasites reaching the blood stage (the 
liver-to-blood inoculum), log-rank survival statistics is best to compare physiologic 
outcome, and time to event can be used as a proxy of pre-erythrocytic immunity. 
Analyses using a biologically motivated mathematical model of sporozoite infection 
fitted to time-to parasitemia data from RTS,S CHMI trials estimated a 96.1 % (95 % 
CI, 93.4–97.8 %) reduction in the liver-to-blood parasite inoculum, indicating a small 
number of parasites (often the progeny of a single surviving sporozoite) are respon-
sible for breakthrough blood-stage infections [18].

In the RTS,S program, homologous challenge approximately 3 weeks after vac-
cination has been used to assess vaccine-induced protection. Rechallenge of ini-
tially protected subjects, a few months later, provided insight into durability of 
protection [8, 9].

3  �Humoral Immunity

While high-dose experimental exposure to irradiated sporozoites can lead to sterile 
protection (immunity preventing blood-stage infection) [19], exposure in conditions 
of natural infection leads to very little detectable anti-CS immunity and does not 
seem to provide preerythrocytic sterile immunity [20]. Low levels of anti-CS anti-
bodies are found in semi-immune adults [21]. The rationale for anti-CS vaccination 
strategies is therefore not to imitate something happening in nature.

RTS,S/AS01 vaccination leads to high levels of circulating anti-CS antibodies, 
and despite waning, concentration remains higher in vaccinated subjects after years 
of follow-up than in naturally exposed subjects [22, 23]. Antibodies against the CS 
repeat region (R32LR antigen, synthetic NANP repeats) were measured by a vali-
dated ELISA developed by GSK and expressed as ELISA optical units per ml [24], 
except for early studies that were tested with a CS ELISA developed at the Walter 
Reed Army Institute of Research using a reference serum, expressing results as μg/
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ml [25]. The exact determinants of the magnitude of the anti-CS humoral response 
are unknown, but a number of factors have been studied.

In virtually all the age groups studied, vaccinated subjects became seropositive 
following two doses of RTS,S/AS01, with an increase in concentration after the 
third dose. The analysis of antibody kinetics showed a peak approximately 3 weeks 
after the last dose, followed by a biphasic, initially rapid, then slower, decay [26, 
27]. As compared to a 0-, 1-, and 2-month schedule, spacing of the third dose as part 
of a 0-, 1-, and 7-month schedule led to a reduced post-dose three titers in two stud-
ies [10, 28]. The highest anti-CS antibody responses to RTS,S/AS01 have been 
observed in children aged 5–17 months old at the first vaccination. In the phase 3 
study, peak anti-CS GMC overall was of 621  EU/mL (range across sites, 348–
787 EU/mL) in this age group, but lower in younger infants, with overall GMC of 
211 EU/mL (range across sites, 117–335 EU/mL) [22]. Post-vaccination antibody 
concentrations were also lower in older children [11] and adults [9, 14, 21, 29].

The role of pre-vaccination exposure remains unclear. Post-vaccination titers 
were higher in malaria-naïve American adults than in malaria-experienced Kenyan 
adults, suggesting that past malaria exposure may generate an immunological 
imprinting which reduces the vaccine response [9, 21, 30], but this hypothesis is not 
supported by the fact that pre-vaccination anti-CS antibody concentration has been 
associated with higher responses to vaccination in 5–17 months children and adults, 
rather suggesting natural priming [13, 26]. When considering the role of exposure 
on the longevity of the immune response, there is no evidence that re-exposure to 
experimental sporozoite inoculation or to natural infection in malaria-endemic areas 
leads to any significant boosting of anti-CS antibody levels.

In one phase 2 study in 1–4-year-old children, of which about half had been vac-
cinated with hepatitis B in the past, post-vaccination anti-CS antibody concentrations 
tended to be higher in hepatitis B-vaccinated children [11], as if the RTS,S antigen had 
activated hepatitis B-specific immune memory and recruited T-cell help, with a posi-
tive impact on the CS-specific response. The association between pre-vaccination 
anti-HBs and postvaccination anti-CS titers has also been found in a combined analy-
sis of phase 2 studies, but not in the phase 3 trial [13, 26]. Within the 5–17-month age 
range, younger children seem to have higher anti-CS responses [26]. This observation 
is compatible with a potential role of past, recent hepatitis B vaccination.

As compared to 5–17-month-old children, immunogenicity in infants 6–12 weeks 
old at first vaccination is lower, with lower protection against malaria [22, 26]. Age-
related immune immaturity may play a role. In addition, two factors have clearly been 
shown to reduce immunogenicity in these young infants. Co-administration with 
other EPI vaccines appears to reduce RTS,S immunogenicity. Infants vaccinated with 
RTS,S/AS02 in co-administration with EPI vaccines in one study in Mozambique had 
lower anti-CS antibody responses as compared to infants of the same age in another 
study in Tanzania who received staggered immunizations [30, 31]. In addition, mater-
nally derived anti-CS antibodies have been associated to lower anti-CS responses, 
through mechanisms that have not been characterized [22, 26]. In the phase 3 trial, 
infants 6 weeks old at first vaccination had a lower anti-CS response 1 month post 
dose 3 compared to infants 7–12 weeks old at first vaccination, and infants who were 
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seropositive for anti-CS antibody at baseline had a lower anti-CS antibody response at 
1 month post dose 3 [22, 26]. In contrast, there was no significant association between 
baseline anti-hepatitis B surface antigen antibodies and anti-CS immunogenicity [26].

Children infected with HIV were shown to have reduced anti-CS antibody 
responses, as compared to children not infected with HIV [26]. In children 6 weeks 
to 17 months of age with high antiretroviral therapy coverage, the estimated VE 
against malaria, over 1 year, was 37.2 % (95 % CI 26.5–68.8 %) [32].

The relationship between anti-CS responses and protection against infection 
has been fairly well established, first in the CHMI model, then in the field. No 
antibody threshold is predictive of protection at the individual level, but a correla-
tion between peak antibody level and protection has been consistently shown in 
CHMI studies [9, 13, 30]. In conditions of natural malaria exposure, the associa-
tion between peak anti-CS antibodies and protection was confirmed in studies 
with active monitoring of infection and disease, with presumably high endpoint 
capture [21, 31, 33]. Inconsistent results have been seen in studies including pas-
sive case detection over longer follow-up time [22, 33, 34], which may be related 
to increased heterogeneity due to other factors such as health-seeking behavior 
and specificity of case definitions. Exploratory modeling analysis suggested a 
nonlinear continuous relationship between antibodies and protection [26, 27]. An 
anti-CS antibody titer of 121 EU/mL was estimated to prevent 50 % of infections 
[26]. Another study showed a sharp change in protection over a narrow window 
of antibody concentrations with 40 EU/mL estimated to be the best discriminative 
threshold [35].

The role of antibodies targeting other regions of the CS protein has not been 
fully characterized. Intra-subject correlation between the different arms or tar-
gets of the immune response may obscure our ability to independently assess the 
relationship with protection [34]. Altogether, no other effector has been associ-
ated to protection more closely than anti-CS antibodies targeting the repeat 
region.

The avidity of antibodies against the CS repeat region was assessed by measur-
ing the avidity index (AI); the ratio of titers observed with and without chaotropic 
reagent. The AI was evaluated in infants [36], children 5–17 months old [37], and 
malaria-naïve adults [14, 30]. Post-vaccination AI in infants vaccinated with RTS,S/
AS01 according to a 0-, 1-, and 2-month and a 0-, 1-, and 7-month schedule was 
similar. While there was no association between 1 month post dose 3 AI and effi-
cacy, intriguingly the change in AI between post-second and third RTS,S/AS01 
vaccination was associated with a reduced risk of malaria [37]. Another nested 
case-control analysis of 5–17-month-old children found higher AI in children with 
high malaria exposure compared to those with low exposure, but no association 
between AI and protection [38]. In a study of various RTS,S formulations, the 
adjuvant was not found to be a driver of increased antibody avidity [14]. The pos-
sibility to increase qualitative aspects of the humoral response through changes in 
vaccine dose and schedule is currently under evaluation.
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4  �T-Cell Immunity

The induction of T-cell activation following RTS,S vaccination has been shown 
using a variety of methods including proliferation and cytotoxicity assays, analysis 
of cytokine production following in vitro antigen restimulation in culture superna-
tant, short or long ELISPOT assays, or surface and intracellular cytokine staining 
[38]. CD4+ T-cell responses seem to peak after dose 2 in naïve adults [30]. Associations 
between a number of these assays and protection against CHMI have been shown [8, 
9, 36, 39, 40]. In several studies but not all, the frequency on day of challenge of CS 
peptide-reactive CD4+ T cells producing any combination of two or more of the fol-
lowing biomarkers, IL-2, TNF-α or IFN-γ, and CD40L, was significantly higher in 
protected subjects as compared to non-protected subjects [9, 13, 30].

Modeling analysis showed that considering both anti-CS antibodies and poly-
functional CD4+ T cells led to the best estimates of relationship between immuno-
genicity and protection, with no indication of a synergistic effect [18]. The role of 
antibodies is predominant, as shown by the finding that the replacement of one first 
dose of RTS,S/AS01 by a recombinant adenovirus expressing the CS target antigen, 
which promoted the CD4+ T-cell response but led to a reduced anti-CS antibody 
response, resulted in a lower point estimate of VE against CHMI [30].

IL2-dominated CD4+ responses with induction of TNF-α and IFN-γ have also 
been demonstrated in children 18  months to 4  years and 5–17  months living in 
malaria-endemic areas, using intracellular cytokine staining of antigen-stimulated 
whole blood or PBMC samples [41, 42]. In one pediatric efficacy study, peak CD4+ 
T-cell response was associated with protection against malaria [43, 44]. One pediat-
ric study evaluating the role of schedule suggested upon comparison of a 0- and 1-; 
a 0-, 1-, and 2-; or a 0-, 1-, and 7-month regimen that T-cell immunogenicity was 
lower after two doses than after three doses and higher on a 0-, 1-, and 7-month 
schedule than on a 0-, 1-, and 2-month schedule [43]. The exact role of activated 
CS-specific CD4+ T cells remains unclear. While CD4-mediated killing in lymphoid 
tissue or in the liver is a possibility—considering that while hepatocytes don’t 
express MHC Class II, there are numerous other cell types that do—this has not 
been demonstrated. CS-specific CD4+T cells may play a role restricted to a helper 
function, assisting B-cell maturation or activation of other cell types. One study 
suggested a possible role for CD4-derived IL-2-mediated NK cell activation [45].

CD8 responses to RTS,S have been reported in two studies [40, 46], but not in many 
others [8, 9, 30, 47, 48], and AS01-adjuvanted protein vaccines CD8+ effectors in 
circulating blood.

5  �Immune Memory

Several observations indicate that RTS,S/AS01 vaccination induces a response with 
features of immunologic memory and long-term effects. On immunological ground, 
characterization of CD45RO+ and CCR7 expression by CS-specific CD4+ T cells 
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following RTS,S vaccination suggested that both central memory and effector memory 
cells are induced by vaccination and associated to protection [36]. Isotype switching 
to IgG1-dominated responses [8, 9], affinity maturation [37, 38], and the demon-
strated generation of memory B cells detected 12 months after vaccination [42] are 
also classical features of vaccine-induced humoral immunity maturation processes 
and memory generation. On clinical grounds, several studies have demonstrated 
ongoing cumulative clinical benefit upon long follow-up time periods [1, 23]. In chil-
dren 5–17  months old at first vaccination, cross-sectional surveys at several time-
points throughout the phase 3 trial showed a statistically significant reduction of 
prevalent parasitemia up to month 32 in the subjects having received three doses and 
up to the end of study (average 48 months) in children vaccinated with four doses [1].

There is nevertheless a clear indication that vaccine-induced protection wanes 
over time. In one representative CHMI study, about half of the subjects initially 
protected at 3 weeks after vaccination were no longer protected after a second chal-
lenge 6 months later [9]. In the phase 3 trial, analysis of VE in the 5–17-month age 
category by 6-month time periods showed declining VE post dose 3 in successive 
6-month periods from 67.6 % (95 % CI 63.8–71.0) initially to 38.9 % (95 % CI 33.2, 
44.0), 27.9 % (95 % CI 20.2–34.9), 13.9 % (95 % CI 4.7–22.1), and 12.5 % (95 % CI 
1.1–22.6) finally to 0.1 % (95 % CI 9.9–9.1) between 30 months following the first 
three doses and the end of the trial (http://www.who.int/immunization/sage/meet-
ings/2015/october/1_Final_malaria_vaccine_background_paper_v2015_09_30.
pdf). A similar pattern of waning over time was also seen in the younger age cate-
gory, with generally lower point estimates of VE. While these estimates need to be 
interpreted with caution, because after initial randomization the acquisition of 
immunity resulting from natural exposure is increased in the control group relative 
to the malaria vaccine group, and the two groups are therefore no longer strictly 
comparable, it clearly documents the overall waning process.

One of the central characteristics of adaptative immune memory responses is 
boostability. The added benefit of the fourth dose is clearly demonstrated, driving up 
VE estimates over the whole study duration and the late time periods, increasing the 
number of cases averted [1]. Nevertheless, the 42.9 % (95 % CI 36.4–48.7) VE 
against malaria over the first 6 months post dose 4 is lower than the VE estimate over 
6 months following primary immunization [32]. This may be related to the different 
malaria exposure between the vaccinated and control group, but could also be related 
to a lower response to the fourth dose as compared to the primary immunization regi-
men. In line with that hypothesis, the peak antibody response post dose 4 is lower 
than the peak antibody response post dose 3 [32]. Boostability is demonstrated, but 
the data suggest boostability may diminish over time or upon successive doses [26].

The poor immunogenicity of polysaccharidic repeat motives of encapsulated 
bacteria, characterized by poor memory induction, with minimal isotype switching 
and antibody maturation processes that can be overcome by protein conjugation 
methodologies, is well characterized [32]. Current data does not allow to conclude 
as to whether there is anything similar when considering the immune response to 
CS as included in RTS,S/AS01, with its characteristic central repeat region, but this 
can be hypothesized. Modeling analysis suggests that the waning VE mirrors the 
predicted decay of antibodies over time [26, 27]. The transit time of sporozoites 
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through the circulation after natural exposure is likely too short to allow an adapta-
tive immune response to build up to control infection. This may be a key difference 
with classical vaccine responses to bacterial and viral infections which typically 
leads to pathogen replication and prolonged antigen exposure and immune effector 
expansion from the memory pool. Further evaluation of boostability over a higher 
number of doses may provide more insight into the detailed nature of the memory 
immune response to RTS,S/AS01.

6  �Impact of Vaccination on Immunity to the Blood Stage 
of the Parasite Life Cycle

Early in the RTS,S development program, it was hypothesized that the reduction of 
the parasite numbers at the preerythrocytic stage, leading to a lower absolute num-
ber of parasites responsible for the “out-of-the-liver” blood-stage inoculum, docu-
mented by an increase in post-CHMI time to patent blood-stage infection, may give 
the immune system more time to respond to the blood-stage infection and reduce 
the probability of disease progression. This hypothesis has however not been sup-
ported through phase 3 evaluation which showed point estimates of VE against 
severe malaria similar or lower than point estimates of VE against non-severe 
malaria [1]. No study showed lower parasitemia levels in breakthrough malaria 
cases in vaccinated subjects as compared to unvaccinated subjects.

In the absence of CS expression during blood-stage infection, a direct protective 
effect of vaccination on the parasite growth in the blood would not be expected. 
Rather, RTS,S vaccination induces pre-erythrocytic immunity which decreases the 
probability of initiation of blood-stage infection. As repeated natural exposure to 
blood-stage infection leads to immunity targeting the blood stage and a state of 
partial protection limiting the risk of disease progression and severe outcomes upon 
infection, RTS,S/AS01 vaccination reduces the speed of acquisition of blood-stage 
immunity. This has been demonstrated in two pediatric studies where antibodies 
targeting the blood stage were reduced in RTS,S-vaccinated subjects [49, 50].

Partial reduction of the probability of blood-stage infection in the presence of 
pre-erythrocytic vaccine-induced immunity would be expected to induce a delay in 
median age of infection, malaria, and severe malaria, and that has been shown [51]. 
Under continuous follow-up of the vaccinated and non-vaccinated group, this would 
be expected to lead to delayed follow-up time periods where the measured risk of 
severe malaria is increased in vaccinated subjects as compared to non-vaccinated 
subjects, even if the overall cumulative effect on severe malaria is positive or neu-
tral. The only situation where this would result into an increased risk to subjects 
would be if the outcome of infection is worse in older children than in younger 
children. Although the disease presentation pattern may differ according to age, 
with severe anemia being more often observed in younger children, and cerebral 
malaria being more observed in older children, there is no evidence that disease 
outcome is worse in older children [52, 53]. Phase 3 evaluation of RTS,S/AS01 

Immune Responses to the RTS,S/AS01 Malaria Vaccine Candidate…



150

showed, indeed, in children from the 5–17-month age category having received 
three doses of RTS,S upon comparison of incidence of severe malaria during a 
delayed follow-up time period, the point estimate of VE against severe malaria is 
negative—hence, the incidence of malaria is higher in the vaccinated group as com-
pared to the unvaccinated group. In the children not vaccinated with the fourth dose, 
this led to an overall VE against malaria over the whole follow-up period which was 
not statistically significant. This was not observed in the group of children who 
received the fourth dose at study month 20, which showed an overall VE against 
severe malaria of 32 % (95 % CI 14–47) [1].

7  �Vaccine-Induced Immunity and Parasite Genetic Diversity

Even though, as mentioned above, repeated malaria infections under conditions of 
natural exposure do not induce strong anti-CS responses and epidemiological stud-
ies suggested little pre-erythrocytic sterilizing immunity, CS does display some 
sequence diversity, especially within the C-terminal region, suggesting the exis-
tence of selection pressure mechanisms [54]. Early VE studies including a limited 
number of subjects did not suggest any differential efficacy according to CS 
sequence polymorphism [55–57]. In contrast, parasite genetic analysis phase 3 eval-
uation suggested some allelic specificity in vaccine-induced protection. The study 
confirmed the important general genetic diversity of the circulating malaria strains 
in all the settings, with strong regional differences. On a positive note, it was clearly 
demonstrated that VE was detected in all settings, in face of all the genetic diversity. 
The exploratory study also suggested a possible marginal difference in VE levels 
according to the degree of sequence homology with the vaccine parent strain, when 
considering 5–17-month-old children, but not 6–12-week-old infants [58]. Whether 
vaccine implementation may select for vaccine-resistant variants will need to be 
further evaluated. This question may be mostly relevant when considering the con-
tribution of vaccines to the malaria elimination strategy as the induction of partial 
protection in children, who constitute a limited proportion of those contributing to 
transmission, may not be sufficient to impact the overall pool of circulating strains.

8  �Translational Science

High-throughput microarray technology has been used to assess gene expression 
patterns associated to protection against CHMI. In one study, early post-vaccination 
expression of genes in the immunoproteasome pathway and late expression of genes 
associated with programmed cell death were associated with protection against 
CHMI [59]. An exploratory analysis of a pediatric phase 2 study suggested an asso-
ciation between the peripheral blood monocyte-to-lymphocyte ratio at study enroll-
ment and efficacy of RTS,S/AS01 [60]. Many initiatives are ongoing, to further 
characterize immune protective mechanisms. These include further analysis of gene 
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expression using microarray and deep sequencing, detailed evaluation of polyfunc-
tional T cells, characterization of activated T-follicular helper cells, and evaluation 
of early activation of innate immunity. Detailed humoral immunity characterization 
is ongoing, with plasmablast analysis involving deep sequencing of genes coding 
for variable regions of immunoglobulins, assessment of TDR length and affinity 
maturation, evaluation of specific anti-CS candidate monoclonal antibodies in ani-
mal models, as well as characterization of memory B-cell phenotypes.
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1  �Introduction

Parasites of the Plasmodium genus that are the causative agents of malaria are intracel-
lular pathogens. An effective malaria vaccine is likely to require the induction of cell-
mediated immunity, particularly during the liver stages of the parasite. Hence, a successful 
malaria vaccine should stimulate a strong protective CD8+ T-cell response [1].

DNA vaccines, recombinant protein vaccines, and viral vector vaccines all appear 
to be suitable vaccine platforms that could efficiently elicit cell-mediated immunity, 
and, in fact, these vaccines have produced promising results in rodent models. The 
most traditional approach for malaria vaccines is based on recombinant proteins. 
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However, the inoculation of soluble proteins and peptides alone is not sufficient to 
trigger antigen-specific CD8+ T-cell responses. These molecules need to be adminis-
tered together with an adjuvant to efficiently induce cell-mediated immune responses, 
particularly when a Th1-biased immune response is desired. Other methods to 
deliver proteins for efficient induction of T-cell responses include liposomes [2], 
bacterial toxins [3], and virus-like particles (VLPs), such as yeast-derived TyVLPs 
[4]. DNA vaccines also induce potent T-cell-mediated protection in mice [5] but fail 
to induce strong cellular immune responses in humans [6].

In this regard, viral vectors are capable of inducing strong T-cell and antibody 
responses in the absence of an adjuvant [7]. The first reported use of a viral vector 
appeared in 1984, where the authors observed that chimpanzees vaccinated with 
intact recombinant vaccinia viruses (VACVs) were protected against hepatitis B 
following challenge with Hepatitis B virus [8]. Immediately afterward, the same 
group, in collaboration with a group from New York University, showed that vac-
cination of rabbits with a recombinant VACV expressing the circumsporozoite pro-
tein (CSP) of the nonhuman primate malaria parasite, Plasmodium knowlesi, 
produces an antibody response [9].

Viral vectors are known to possess a built-in adjuvant effect by way of activating 
toll-like receptors (TLRs) and inflammasomes upon infecting the target host cells, 
which could ultimately lead to induction of strong innate immune responses. 
Furthermore, viral vectors possess other advantages, such as their consistent and 
inexpensive purification process and their capability to deliver more than one gene, 
thus inducing a broad immune response [10]. Lastly, each vector has specific prop-
erties and induces its own unique immune response.

However, viral vectors also pose problems, which must be considered. One of 
the primary issues regarding the clinical use of viral vectors is the potential pre-
existing immunity against the vectors in the human population [11]. The neutraliz-
ing anti-viral vector antibodies mounted in humans exposed to the vector virus 
could lead to a significant reduction in the efficacy of viral-vectored vaccines. 
However, the most serious problem that needs to be addressed regarding the use of 
viral-vectored vaccines is the potential integration of the vector into the genome of 
host cells, which can result in induction of cancerous cells [12]. In order to avoid 
this issue, investigators genetically modify the viruses, rendering most of them rep-
lication defective, thus reducing or eliminating their pathogenicity.

Poxviruses and adenoviruses (Ad) are the most widely used vectors owing to 
their well-described capacity to induce strong CD8+ T-cell responses. Other viruses 
used in the development of malaria vaccines are alphaviruses, measles virus, yel-
low fever (YF) virus, and vesicular stomatitis virus. Viral-vectored vaccines are 
highly efficacious in human malaria vaccine trials. Currently, the goal is to broaden 
the use of simian Ad and modified VACV Ankara (MVA) vectors for vaccination 
against other diseases such as tuberculosis, human immunodeficiency virus (HIV), 
and Ebola [13].
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2  �Prime and Homologous Prime-Boost Regimen

2.1  �Poxviruses

The Poxviridae family is comprised of double-stranded DNA (dsDNA) viruses. 
Attenuated poxvirus became essential in the development of vaccines after Edward 
Jenner established the first system of human vaccination over 200  years ago. 
Cowpox and horsepox viruses were widely used for the development of vaccines 
until the appearance of VACV, which allowed for the eventual eradication of small-
pox in December 1979. As described above, VACV was the first viral vector to be 
produced and tested as a malaria vaccine [9].

Poxvirus vectors are very stable in lyophilized form and are both easy and cheap 
to manufacture. They can also accommodate large DNA inserts without destabiliz-
ing the viral vector. As mentioned above, however, the major obstacle hindering 
their extensive use as viral vectors is the potential severe clinical side effects. 
Attempts to address this issue include the use of attenuated strains, such as MVA, 
and a highly attenuated VACV, NYVAC [14], to eliminate pathogenic genes and 
reduce their replicative capacity. However, these recombinant poxviruses do not 
induce levels of CD8+ T cells sufficient to guarantee protection against malaria in 
murine models, when used singly or in repeated immunization (homologous boost-
ing) [15, 16]. For instance, immunization with a VACV expressing the CSP of the 
rodent malaria parasite, Plasmodium berghei, reduces parasite load in the liver but 
confers a low degree of sterile protection [17]. Similarly, immunization with MVA 
expressing CSP and thrombospondin-related adhesive protein (TRAP) induces a 
modest level of protection in a P. berghei murine model [15].

Another poxvirus used in Phase 2b clinical trials is the NYVAC-Pf7 virus, an 
attenuated VACV vector expressing seven different recombinant proteins including 
the primary anti-invasive targets, merozoite surface protein-1 (MSP-1), and CSP. 
Vaccination with NYVAC-Pf7 results in a delay in the appearance of malaria symp-
toms, as well as induction of stronger immune responses than a VACV-based vector 
expressing only CSP [18]. However, none of these methods confer complete 
protection.

Similar to MVA, the FP9 strain of fowlpox virus has been used as a viral vector 
in an attenuated form. Murine dendritic cells (DCs), a subset of professional 
antigen-presenting cells, infected with this vector display activated specific CD8+ 
T cells and upregulated major histocompatibility complex (MHC) and co-stimu-
latory molecules [19]. Human DCs express the transgene for up to 20 days, sug-
gesting that FP9 may have less cytopathogenic effects than MVA, and allow for 
longer antigen expression. This FP9 has been used primarily in combination with 
MVA in a prime-boost immunization regimen as a malaria vaccine, as described 
below [20–22].
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2.2  �Adenoviruses

Adenoviridae is a family of dsDNA viruses that can infect both dividing and nondi-
viding cells in a wide range of hosts. To date, they have been the most exploited 
vectors for vaccine development. Similar to poxviruses, Ads can be manufactured 
safely and inexpensively, and, because these vectors possess a tropism for epithelial 
cells, they can be administered in a systemic or mucosal manner. Ads also infect 
DCs, which confers upon the virus the capability to induce strong immune responses. 
Ad-infected DCs upregulate co-stimulatory molecules and increase the production 
of cytokines and chemokines, thus contributing to more effective antigen presenta-
tion to T cells. Ads also have a potent built-in adjuvant effect, mediated by the 
inherent stimulation of the innate and adaptive immune system. This stimulation of 
the innate immune system occurs through both TLR-dependent and TLR-
independent fashions [23]. Although a replication-defective Ads reduces its viru-
lence, the use of Ads as viral vectors in malaria vaccines requires further 
improvements, such as significant reductions in their hepatic toxicity [24] and mod-
ulation of the induced host immune response.

Among the 51 Ad serotypes, the conventional Ad vectors that are most widely 
used, including those for human clinical trials, are constructed based on the sub-
group C Ad serotype 5 (Ad5). The first Ad-based malaria vaccine was based on 
Ad5, and its immunogenicity and protective efficacy was tested in mice [25]. In the 
study, immunization with the recombinant Ad5 expressing the CSP of the rodent 
malaria parasite, Plasmodium yoelii (Ad5PyCSP), confers CSP-specific cytotoxic T 
lymphocyte (CTL)-mediated protection from challenge with P. yoelii parasites [26]. 
The Ad-induced protection is primarily mediated by CD8+ T cells [27] and is inde-
pendent of IFN-γ after a single immunizing dose [28]. The administration of a 
recombinant Ad5 expressing Plasmodium falciparum CSP (Ad5PfCSP) produces 
CSP-specific humoral and cell-mediated immune responses comparable to the adju-
vanted malaria subunit vaccine, RTS,S/AS01B [29].

As described earlier, one of the key drawbacks of using viral vectors is the pres-
ence of pre-existing immunity in humans, and Ad is no exception. Pre-existing 
immunity against Ad, particularly Ad5, reduces the immunogenicity of these 
Ad-vectored vaccines in animal models [11, 30]; pre-existing anti-Ad5 antibodies 
inhibit Ad5 vector-mediated transduction. This constitutes a problem for the practi-
cal use of these vectors, as the seroprevalence of Ad5 in Africa is approximately 
95 %. In order to address this issue, a new Ad vector based on serotype 35 (Ad35) 
has been shown to act as an effective gene delivery vehicle [31, 32]. The seropreva-
lence of Ad35 is significantly lower than that of Ad5 [33], and pre-existing immu-
nity to Ad5 does not inhibit the immunogenicity of Ad35-derived vaccines.

Ad35, the full-length CSP-expressing replication-deficient recombinant human 
Ad3 (Ad35.CS.01), displays high immunogenicity and confers protection in mice 
[34]. Ad35 vectors are very efficient in homologous prime-boost studies in nonhu-
man primates [35]. In addition, in a Phase 1 dose-escalation study conducted with 
Ad35.CS.01 in 2013, healthy adult subjects received three doses intramuscularly at 
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0-, 1-, and 6-month intervals. The Ad35.CS.01 vaccine was more immunogenic at 
the highest dosages [36]. When a single immunization dose with recombinant (r)
Ad35 expressing liver stage antigen 1 (LSA-1) is employed, the Ad35 vaccine 
induces a strong antigen-specific IFN-γ CD8+ T-cell response but no measurable 
antibody response. In contrast, vaccination with a recombinant LSA-1 protein with 
an adjuvant induces an almost negligible level of cellular responses but does illicit 
strong antibody responses [37].

Ad vectors from nonhuman primates have been tested to overcome pre-existing 
immunity against Ad5. These Ads include chimpanzee Ad 6, 7, 9, and 63 vectors 
(AdC6, AdC7, AdC9, AdC63) [38–40]. Most recently, AdC63 successfully induced 
partial protection in humans in Africa, as described in the heterologous immuniza-
tion section below [41].

In addition to using Ads of different serotypes, a few attempts have been made to 
circumvent pre-existing anti-Ad5 immunity by modifying the capsid proteins of a 
recombinant Ad5 vaccine expressing a malaria antigen. In the first study, the hyper-
variable region 1 (HVR 1) of the Ad capsid was replaced by a B-cell epitope derived 
from P. yoelii CSP, while the whole PyCSP was expressed as a transgene [42]. This 
capsid-modified Ad5 vaccine not only circumvents pre-existing anti-Ad5 immunity 
but also improves immunogenicity and protective efficacy. The second group devel-
oped a capsid-modified Ad5 vaccine by replacing HVRs of Ad5 with those of Ad43. 
This capsid-modified Ad5 vaccine was highly immunogenic even in the presence of 
pre-existing anti-Ad5 immunity [43] Lastly, the most recent study showed that a 
recombinant Ad5, which displays a B-cell epitope from P. falciparum CSP on the 
HVR 1 of Ad5, induces a potentially protective humoral response in monkeys [44].

2.3  �Alphaviruses

Viruses in the Alphaviridae family possess positive-sense single-stranded RNA 
genomes. The most commonly used delivery vectors are based on three encapsu-
lated alphaviruses: Semliki Forest virus, Sindbis virus, and Venezuelan equine 
encephalitis virus. Replication-defective alphavirus vectors, also known as replicon 
particles, can induce strong humoral and cellular immune responses. Sindbis virus 
expressing a CD8+ epitope of P. yoelii CSP is also an efficient vector for inducing a 
strong primary CSP-specific response, as well as protective anti-malaria immunity, 
after a single immunizing dose [45].

2.4  �Flaviviruses

Flaviviruses consist of 70 serologically cross-reactive viruses, several of which may 
cause serious illnesses in humans, including Japanese encephalitis virus, YF virus, 
and dengue virus. The prototype flavivirus is YF virus. The YF 17D strain is a 
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licensed, live attenuated vaccine strain used as a vector for the development of 
vaccines against other flaviviruses, as well as other diseases such as malaria, 
Japanese encephalitis, West Nile, and the four serotypes of dengue virus [46].

YF 17D expressing a CTL epitope of P. yoelii reduces parasite load in a rodent 
malaria model [47]. In addition, when the repeat sequence of P. falciparum CSP is 
inserted in the F/G loop of the E protein, the resulting virus is capable of inducing 
anti-CSP antibodies in a rodent model [48].

3  �Heterologous Prime-Boost Regimen

A heterologous prime-boost regimen of immunization consists of the combined use 
of two different vaccines, both encoding the same antigen. In some cases, this strat-
egy is more immunogenic than a single immunization or a homologous prime-boost 
regimen. Furthermore, although homologous prime-boost immunization is very 
effective at generating antibody responses, it is generally inefficient at boosting cel-
lular immunity, which is a key element in protection against intracellular pathogens. 
In contrast, heterologous prime-boost strategies have been successfully used to 
enhance cellular immunity against pathogens such as Mycobacterium tuberculosis, 
HIV, Plasmodium, Schistosoma mansoni, Leishmania, herpes simplex virus, and 
hepatitis B and C viruses.

One of the models used for heterologous prime-boost strategies is comprised of 
a first inoculation with a priming agent, generally by means of a DNA vaccine, fol-
lowed by inoculation of a boosting agent. Among the most commonly used boost-
ing agents are recombinant viral vectors and recombinant proteins. The rationale for 
this strategy is that the initial priming results in elicitation of a primary antigen-
specific T-cell response, some of which subsequently become antigen-specific 
memory T cells. When a boosting agent is given, these memory T cells expand, 
forming a larger pool of immune memory. One of the advantages of using DNA 
vaccines as priming agents is that upon their inoculation (normally intramuscu-
larly), the DNA is internalized by antigen-presenting cells, which present antigen 
encoded by the DNA in the context of both MHC class I and II to T cells. This 
process ultimately allows for DNA vaccines to induce activation of both cytotoxic 
and helper T cells.

Heterologous prime-boost vaccines overcome some issues that may appear in 
other vaccine strategies. One of these issues is the weak immunogenicity of plasmid 
DNA and peptide-based vaccines. Even after homologous prime-boost immuniza-
tion, these vaccines, in most cases, are unable to induce a sufficient immune 
response. As for the recombinant viral vectors that are highly immunogenic, when 
used alone or in homologous prime-boost regimens, much of the immunogenicity 
generated by these recombinant viruses is targeted at vector components instead of 
the desired antigens. In this regard, heterologous prime-boost immunization regi-
mens could be utilized to overcome these issues. However, we must be aware of 
how priming and boosting agents are chosen, for example, some vaccine vectors, 
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such as poxviruses and Ads, which succeed in priming the immune responses, fail 
to boost them [49]. In many cases, this can be explained as simply arising from 
immunodominance-related effects. Thus, the immunogenicity of recombinant pox-
viruses [50] or Ads is substantially greater than that of plasmid DNA or peptide-
based vaccines. Therefore, it seems there is a consensus regarding the use of a weak 
immunogen as a priming agent and a strong immunogen as a boosting agent, when 
heterologous prime-boost immunization regimens are employed.

3.1  �Heterologous Prime-Boost Immunization Studies  
Using DNA Vaccines as the Priming Vehicle Followed 
by Recombinant Viral Vector Boosting

Priming with a single dose of plasmid DNA followed by a single boost with a 
recombinant MVA both expressing P. berghei CSP and TRAP induces complete 
protection in almost 100 % of mice challenged with P. berghei sporozoite not only 
in BALB/c mice but also in highly susceptible C57BL/6 mice. Protection is associ-
ated with very high levels of splenic peptide-specific IFN-γ-secreting CD8+ T cells. 
Interestingly, reversing the order of immunization abrogates this protection [15].

Similarly enhanced T-cell responses resulting in high levels of protection were 
observed by Sedegah et  al. and Gilber et  al. [4, 51]. Immunization with either 
TyVLPs encoding a major CD8+ T-cell epitope or plasmid DNA encoding the entire 
P. berghei CSP, followed by boosting with recombinant MVA carrying the same 
antigen, induces a fivefold to tenfold increase in the level of CSP-specific CD8+ 
T-cell response, as compared to either the DNA or the recombinant MVA vector 
alone in homologous immunization regimens. A greater T-cell response is associated 
with an increase from 0–20 % to 80–100 % in observed efficacy against P. berghei 
sporozoite challenge [4]. However, concurrent immunization with DNA and MVA 
fails to produce this enhancement. As a matter of fact, a minimum interval of 9 days 
between prime and boost immunizations is required to produce a significant increase 
in immunogenicity and protective efficacy. These and other studies underline the 
importance of immunization order, indicating that priming and boosting roles can-
not be interchanged between DNA and MVA vectors, as we described earlier.

Subsequent works have shown that including additional boosting agents does not 
necessarily lead to increased protection. For instance, priming with a novel strain, 
FP9, of an attenuated fowlpox virus expressing P. berghei (Pb) CSP, followed by 
boosting with MVA expressing the same PbCSP, could induce substantial protection 
against P. berghei challenge. However, the sequential triple immunization with a 
DNA vaccine, FP9, and MVA vaccine fails to improve the immunogenicity or protec-
tion over the FP9-MVA heterologous prime-boost immunization regimen [20]. In a 
different line of inquiry, a study published in 1999 [52] found that different routes of 
administration produce the same results. In particular, intradermal and intramuscular 
routes of DNA priming induce a similar level of protective CD8+ T-cell responses 
against P. berghei sporozoite challenge in mice when used in combination with 
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recombinant MVA as a boosting agent. However, the intradermal prime-boost strat-
egy requires very low amounts of DNA, signifying an important reduction in cost, 
which could make DNA vaccination affordable for use in developing countries.

A slightly different approach to improve the efficacy of a malaria vaccine was 
conducted [53] in which a candidate malaria vaccine expressing six pre-erythrocytic 
antigens linked together to produce a 3240-amino acid polyprotein (L3SEPTL) was 
constructed. Immunization with plasmid DNA expressing the polyprotein failed to 
prime a recombinant MVA virus boost. However, priming with DNAs expressing 
the single antigens contained in L3SEPTL, followed by boosting with MVAs, 
induced strong specific CD8+ T-cell responses against TRAP and LSA-1. However, 
a heterologous prime-boost regimen using MVA and FP9 expressing L3SEPTL-
induced IFN-γ-secreting CD8+ T cells against each of the six antigens [53]. This 
approach was taken based on the rationale that the use of polyprotein constructs 
may increase the number of potential target epitopes, which would confer an impor-
tant advantage for their use in immunogenetically diverse human populations. 
However, subsequent studies have highlighted some concerns with this approach. In 
a Phase 1 clinical trial [54, 55], 15 volunteers were immunized with three doses of 
plasmid DNA encoding both P. falciparum CSP and apical membrane antigen 1 
(AMA1). This priming phase was followed 4 months later by a single boost with 
human Ad5 expressing the same antigens (AdPCA). The results of this study 
showed that four volunteers (27 %) developed sterile immunity due to the presence 
of CD8+ T-cell-associated IFN-γ activities against AMA1, but not against CSP. The 
authors of this work hypothesized that vaccine-induced effector memory CD8+ T 
cells recognizing a single MHC-I epitope could confer sterile immunity to P. falci-
parum in humans. The main conclusion of their work is that a better understanding 
of which epitopes within malaria antigens can confer sterile and effective immunity 
is needed [56].

Design of vaccine approaches that elicit responses to effective epitopes will 
increase the potency of next-generation gene-based vaccines. It is noteworthy that 
the Ad5 vaccine alone (AdCA) failed to induce protection despite eliciting cellular 
responses that were often higher than those induced by the heterologous prime-
boost immunization regimen. This work again emphasizes that the induction of 
potent T-cell responses alone may not be a good indicator for the success of heter-
ologous prime-boost immunization strategies.

In some cases, the use of recombinant viruses does not improve the efficacy of 
the vaccine. For example, RTS,S/AS01, the most advanced candidate malaria vac-
cine in late-stage Phase 3 testing in infants and young children in Sub-Saharan 
Africa [57], showed that a heterologous prime-boost immunization regimen com-
prising a first dose of Ad35.CS.01, followed by two doses of RTS,S/AS01, did not 
induce increased protection as compared to three doses of RTS,S/AS01.

There are some studies that have tested recombinant virus malaria vaccines in 
nonhuman primates. For example, rhesus macaques were protected against lethal P. 
knowlesi malaria challenge by immunization with heterologous DNA priming with 
a combination of the cytokines granulocyte-macrophage colony-stimulating factor, 
interleukin-4, and tumor necrosis factor alpha, followed by a boost with a mixture 
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of four recombinant attenuated poxviruses encoding four P. knowlesi. Following a 
challenge with 100 infectious P. knowlesi sporozoites, 2 of 11 immunized monkeys 
were sterilely protected, and seven of the nine infected monkeys resolved their para-
sitemias spontaneously [58–60].

3.2  �Heterologous Prime-Boost Immunization Studies  
Using Recombinant Viral Vectors as Both Priming 
and Boosting Vehicle

We have seen in the previous section that prime-boost heterologous immunization 
using a DNA vector plus a recombinant virus increases the efficacy of malaria vac-
cines. In contrast, the first study employing a heterologous prime-boost immunization 
regimen consisting of a viral vector prime and viral vector boost was reported by Li 
et al. [17], in which DNA priming was substituted by immunization with a recombi-
nant influenza virus expressing an epitope of the P. yoelii CSP. This was followed by 
a boosting immunization using a recombinant VACV expressing the same epitope. In 
addition to a significant increase in the protection of mice against P. yoelii challenge 
[17, 61], this immunization regimen also increased the frequency of CSP-specific 
CD8+ T cells by 20–30 times, compared to immunization with viral vector alone [62].

Following this line of research, Gilbert et al. showed in 2002 that an Ad vector 
can not only be used as an efficient boosting agent but also provide a strong priming 
vaccine vector. In this study, the authors observed effective protection using a 
recombinant Ad5 expressing the CSP of P. berghei for priming and a recombinant 
MVA for boosting. Furthermore, they found no significant difference in efficacy 
between intradermal and intramuscular routes of administration of the viral vaccine. 
A similar study found that an Ad expressing P. yoelii CSP prime, followed by a 
boost with recombinant VACV expressing the same protein, induced complete pro-
tection against P. yoelii challenge in mice [63].

Recombinant FP9 was described as being more immunogenic than DNA during 
the priming phase, inducing a higher level of activated CD8+ T cells and better pro-
tection against P. berghei challenge [20]. Heterologous immunization with recom-
binant FP9 and MVA encoding the same P. berghei CSP succeeded in not only 
inducing a potent CD8+ T-cell response against the PbCSP but also in eliciting sub-
stantial protection against challenge with P. berghei [20]. This heterologous immu-
nization regimen was moved to a Phase I trial in Gambia and induced a high level 
of effector T-cell responses against P. falciparum CSP in vaccines [64]. The same 
group has also constructed an FP9 vector and MVA vector both expressing the 
multi-epitope (ME)-TRAP, as described previously. This heterologous prime-boost 
immunization regimen was shown to induce effector T-cell responses but ultimately 
failed to induce protection among children in Kenya in a Phase 2b trial [23, 65]. As 
for the use of this strategy in humans, several studies using vaccines that induce 
strong T-cell responses are only partially effective in controlling human malaria 
infection [66] and are highly ineffective in field studies [23, 67].
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However, when AdC63 and MVA vectors both expressing ME-TRAP were used 
as a heterologous prime-boost immunization regimen in a Phase I trial conducted in 
Oxford, it induced strong T-cell responses and sterile protection against malaria in 
3 out of 21 vaccinees and delayed the onset of parasitemia in 5 out of 21 vaccinees 
[68]. In addition, a more recent study with 121 healthy adults in Kenya found that 
the same vaccination regimen induced partial protection in 57 % of vaccinees in 
controlled human malaria infection studies [69].

Although the field of a viral-vectored malaria vaccine has advanced substantially 
during the past 3 decades, there is still no vaccine that can exert a significant level 
of protective efficacy in the most important target populations, children and infants, 
living in malaria-endemic areas. In order to improve the viral-vectored malaria vac-
cine, we need to take drastic approaches to make significant progress toward a suc-
cessful malaria vaccine. These approaches should include: (1) identification of a 
more potent viral vector, (2) discovery of a new protective malaria antigen, and (3) 
identification of an effective adjuvant.
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1  �Introduction

The feasibility of a pre-erythrocyticvaccine was clearly established by the demon-
stration that attenuated sporozoites can elicit sterile immunity in experimental 
rodents, primates, and human volunteers (see Chap. “Whole-Sporozoite Malaria 
Vaccines”, R. Sauerwein). The circumsporozoite (CS) protein was the first target of 
protective immunity identified by serum and cells obtained from sporozoite-
immunized hosts [1, 2] (Fig. 1a). The goal of epitopic vaccines based on P. falci-
parum CS minimal T- and B-cell epitopes is to focus the host immune responses on 
biologically relevant targets and circumvent potential immune evasion mechanisms 
developed over thousands of years of coevolution of the parasite, mosquito vector, 
and human host. The P. falciparum epitopic vaccines reviewed in this chapter are 
based on epitopes identified using sera and cells of sporozoite-immunized hosts. 
The first protective immunodominant B-cell epitope was identified in the repeat 
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region of the surface CS protein, which in P. falciparum is comprised of NANP 
tetramer repeats or alternating NANP-NVDP repeats [3–5] (Fig. 1a). Anti-repeat 
antibodies can immobilize the sporozoite in the skin and block invasion of hepatic 
cells [3–6], thereby preventing the development of parasite erythrocytic stages 
responsible for clinical disease. The induction of high levels of sporozoite-
neutralizing antibodies is T cell dependent, requiring CD4+ T-cell cytokines as 
helper factors for B-cell differentiation [7], as well as for the development of CD8+ 
T memory cells [8]. T-cell cytokines such as IFN-γ also function directly in protec-
tive immunity by inhibiting development of intracellular EEF [9]. To ensure 
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Fig. 1  Epitopic vaccines based on P. falciparum circumsporozoite protein. (a) Diagram of P. fal-
ciparum CS protein showing central repeat region containing B-cell epitopes in the major repeat 
region (NANP)n, T1 epitope in the alternating NANP-NVDP minor repeat region, and universal 
T* epitope in the C-terminus aa 326–345. Epitopic vaccines comprised of these epitopes were 
constructed as (b–d) synthetic peptides; (e) flagellin chimeric proteins; (f, g) HBcAg viruslike 
particles (VLP); (h) layer-by-layer (LbL) microparticles; and (i, j) self-assembling macromolecu-
lar scaffolds. Synthetic peptide vaccine candidates: (b) Multiple antigen peptide (MAP) tetra-
branched peptide constructed by stepwise synthesis of T1 and B repeat epitopes. (c) Polyoxime 
peptide comprised of epitopic modules containing T1 and B repeats and T* universal Th epitope 
chemoligated (asterisks) to a tetrabranch core module containing TLR-2 agonist Pam3Cys; (d) 
linear 48mer synthetic peptide containing T1 and B repeats and T* universal Th epitope. 
Recombinant protein vaccine candidates: (e) flagellin (STF2) chimeric proteins containing four 
copies of T1BT* epitopic module or full-length CS; (f) monomers of hepatitis B core protein con-
taining T1B repeats inserted in the loop region (aa 78–82) and T* Th epitope at the truncated 
C-terminus (aa 149); (g) transmission electron microscopy of VLP formed by the CS-HBcAg 
monomers (ICC-1132). Peptide particle vaccine candidates: (h) layer-by-layer (LbL) particles 
formed on CaCO3 core by alternating layers of poly-l-lysine (black) and poly-l-glutamic acid 
(red) with epitopic peptide (green) attached to the outer layer; (i) Nanofibers comprised of self-
assembling (NANP)3-Q11 peptide; (j) self-assembling protein nanoparticles (SAPN) comprised of 
60 protein monomers containing four NANP repeats at the C-terminus and three CD8+ T-cell epi-
topes at the N-terminus which are surface expressed on the assembled SAPN
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immunogenicity in individuals expressing a broad range of class II haplotypes, uni-
versal CD4+ Th cell epitopes in the P. falciparum CS protein have been identified for 
inclusion in epitopic vaccines [10–12].

Due to space limitations, the chapter focuses on studies that provide information 
on functional immunity, obtained in phase I/II clinical trials or using the rodent 
transgenic parasites expressing P. falciparum CS protein. While the P. falciparum 
sporozoite human challenge model is optimal for analysis of vaccine-induced pro-
tective immunity, the number of studies is limited due to the cost of phase II trials. 
A major advance in analysis of functional immunity is the development of trans-
genic rodent parasites that express P. falciparum CS protein which provide a small 
animal model for testing the function of antibodies elicited during phase I trials, as 
well as for preclinical screening of vaccine candidates. The first of these transgenic 
P. berghei parasites termed PfPb, which expresses the P. falciparum CS repeats plus 
the region I cleavage site upstream of the CS repeats, was shown to be useful for 
measuring protective anti-repeat antibodies in  vivo and in  vitro [13, 14]. As the 
majority of CD4+ and CD8+ T-cell epitopes are contained in the C-terminus, trans-
genic P. berghei expressing the P. falciparum C-terminus have recently been devel-
oped to analyze P. falciparum-specific cell-mediated immune responses [15]. 
Transgenic rodent parasites expressing full-length P. falciparum CS have also been 
recently optimized to consistently produce infective sporozoites for i.v. challenge 
studies [16, 17]. More recent studies have shown that P. yoelii parasites expressing 
full-length P. falciparum CS are highly infectious, and as few as five mosquito bites 
can elicit patent infection in mice [18]. The in vitro and in vivo assays based on 
transgenic rodent parasites expressing P. falciparum CS epitopes provide valuable 
reagents for down-selection of vaccine candidates for future clinical trials.

2  �CS Repeat Peptide-Protein Conjugates

The phase I trial in 1987 of a CS repeat peptide-protein conjugate (NANP)3-TT, 
comprised of three copies of the CS repeat NANP conjugated to tetanus toxoid (TT) 
as protein carrier, represented the first clinical trial of a synthetic peptide vaccine 
against an infectious disease [19]. Following three 160 μg doses of (NANP)3-TT 
adsorbed to alum administered I.M. at monthly intervals, the majority of the volun-
teers (71 %) seroconverted. A small number of volunteers with the highest anti-
repeat antibody titer, when challenged by bites of P. falciparum-infected 
mosquitoes, developed either sterile immunity or delayed prepatent periods based 
on Giemsa-stained blood smears,  demonstrating  that a malaria peptide vaccine 
could elicit protective anti-repeat antibody responses.

The peptide-TT conjugate, however, was limited by low peptide density and 
potential toxicity of the TT carrier protein which precluded administration of higher 
vaccine doses. Recent studies in murine and nonhuman primate hosts have explored 
immunogenicity of (NANP)6 repeats conjugated to the outer membrane protein 
complex (OMPC) of Neisseria meningitidis which contains human toll-like receptor 
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2 (TLR2) agonists [20]. OMPC is used as carrier in a licensed pediatric Haemophilus 
influenzae b (Hib) capsular polysaccharide (PS) conjugate vaccine, PedvaxHIB®, 
and thus has an established safety and scale-up record that is attractive for malaria 
vaccines aimed at pediatric populations in endemic areas which bear the major bur-
den of malaria morbidity and mortality. The construction of a P. falciparum 
(NANP)6-OMPC peptide-protein conjugate provided a particle of ~100–200 nm in 
diameter with a high density of repeat peptide on the surface [21]. Mice immunized 
with (NANP)6-OMPC adsorbed to alum developed high levels of anti-repeat anti-
body that inhibited in vitro invasion of human hepatoma cells by PfPb transgenic P. 
berghei sporozoites that express P. falciparum CS repeats. The presence of serum-
neutralizing antibodies detected in vitro correlated with in vivo resistance to chal-
lenge by the bites of PfPb-infected mosquitoes. Challenged mice had >90 % 
reduction of hepatic stage parasites as measured by real-time PCR and either sterile 
immunity, i.e., no detectable blood-stage parasites, or delayed prepatent periods 
which indicate neutralization of a majority, but not all, sporozoites.

Rhesus macaques immunized with two doses of (NANP)6-OMPC/alum formu-
lated with Iscomatrix, a particulate adjuvant comprising cholesterol, phospholipid, 
and saponin, developed anti-repeat antibodies that persisted for ~2 years [21].  
A third dose of (NANP)6-OMPC/MAA/Iscomatrix at 2 years elicited strong anam-
nestic antibody responses. Rhesus immune sera obtained post second and third dose 
of vaccine displayed high levels of sporozoite-neutralizing activity in vitro that cor-
related with the presence of high anti-repeat antibody titers. Of particular relevance 
to human vaccines was the difference in adjuvant dependency noted in the rodent 
versus nonhuman primates. The induction of high levels of long-lived anti-repeat 
antibodies in rhesus required the inclusion of the Iscomatrix co-adjuvant, while 
mice immunized with (NANP)6-OMPC/alum developed high anti-repeat titers with 
or without the addition of Iscomatrix. Differences in TLR expression between spe-
cies and cell subsets are critical factors in the preclinical evaluation of adjuvant 
formulations.

OMPC has also been shown to be an efficient carrier for a transmission-blocking 
vaccine candidate, a recombinant protein Pfs25H [22]. Following adsorption to 
alum, the protein-conjugate vaccine elicited high-titer antibody to rPfs25H in mice, 
rabbits, and rhesus monkeys. In vitro membrane-feeding assays demonstrated high 
levels of transmission-blocking activity in serum of immunized animals. 
Combinations of peptide-protein conjugates, CS repeat-OMPC, and Pfs25H-OMPC 
could provide as a multi-antigen vaccine to target both the mammalian and arthro-
pod transmission stages of the parasite.

A multistage transmission-blocking vaccine has been constructed by conjugat-
ing CS repeats to recombinant Pfs25 protein as carrier [23]. The CS repeat/Pfs25 
bicomponent vaccine, comprised of five NANP copies conjugated to the cross-linked 
Pfs25-AH-Pfs25 protein adsorbed to alum, elicited long-lasting antibodies to both 
CS repeats and Pfs25 protein in mice. Antibodies continued to rise over a period of 
7 months suggesting a strong depot effect of the alum-adjuvanted vaccine and/or the 
cross-linked carrier protein. Critical factors regulating immunogenicity were pep-
tide density and the use of a cross-linked but not monomeric Pfs25 protein as carrier 
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molecule. Functional transmission-blocking antibodies that inhibited oocyst devel-
opment in mosquitoes were demonstrated in an in vitro membrane-feeding assay, 
although the anti-repeat antibodies were not assessed in functional assays.

3  �Branched Synthetic Peptides

In contrast to peptide-protein carrier vaccines, Tam and colleagues demonstrated 
that macromolecular branched synthetic peptides, termed multiple antigen peptide 
(MAP), were immunogenic without protein carriers [24]. Malaria T- and B-cell epi-
topes were synthesized on a branched polylysine core matrix in a stepwise fashion, 
and unlike peptide-carrier protein conjugates, the stoichiometry of T- and B-cell 
epitopes in branched peptides could be precisely controlled to optimize immunoge-
nicity. Preclinical studies in the rodent model demonstrated that MAPs containing 
P. berghei CS repeats and a CS Th cell epitope could elicit high levels of sterile 
immunity following sporozoite challenge.

A P. falciparum MAP termed (T1B)4 was designed to contain the (NANP)3 
B-cell epitope synthesized in tandem with a highly conserved human CD4+ Th cell 
epitope located in the P. falciparum CS minor repeat, termed T1, represented by 
alternating NANP and NVDP repeats [25–27] (Fig. 1b). The (T1B)4 MAP elicited a 
strong anamnestic response in P. falciparum sporozoite-primed mice and monkeys, 
indicating the potential to boost the low anti-sporozoite antibody titers found in 
endemic areas.

A phase I prospective study was carried out in volunteers of HLA class II geno-
types predicted to be responders to CS repeats based on genetic restriction of CD4+ 
T-cell clones from sporozoite-immunized volunteers and in  vitro peptide/HLA-
binding assays [28]. The murine response to the CS repeat peptide was known to be 
genetically restricted to a limited number of murine haplotypes [25, 29]. Volunteers 
of predicted responder or of random HLA class II genotypes were immunized s.c. 
with 500–1000 μg MAP adsorbed to alum, with or without a purified saponin deriv-
ative, QS21, as co-adjuvant. Following three doses of vaccine, a clear responder/
nonresponder phenotype was observed. All of the volunteers with high antibody 
titers expressed predicted responder class II genotypes (DQB1*0603, DRB1*0401 
or *1101). Peak GMT were an order of magnitude higher that those observed in 
individuals of random HLA genotypes. Anti-repeat antibodies were IgG1 and IgG3, 
consistent with detectable of Th1-type IFN-γ-producing CD4+ T cells in individuals 
of responder genotypes. Noteworthy was the fact that even in the high-responder 
genotypes, vaccine immunogenicity was adjuvant dependent with minimal serocon-
version following three doses of (T1B)4 MAP/alum without the co-adjuvant QS21. 
The inclusion of the more potent QS21 adjuvant, however, increased reactogenicity 
as well as immunogenicity [30]. A second cohort of seven volunteers of responder 
genotypes confirmed the correlation of class II genotypes and high-responder phe-
notypes and demonstrated that only two doses of (T1B)4 MAP vaccine was highly 
immunogenic with minimal reactogenicity.
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The high-responder class II genotypes, however, were found in only 25–35 % of 
the population, and efforts were made to identify T-helper cell epitopes capable of 
binding to a broad range of class II molecules. Universal Th cell epitopes have been 
identified in bacterial and viral antigens and artificial constructs such as PADRE, a 
pan-DR-binding epitope [31–34]. In contrast to foreign antigens, CS-derived uni-
versal Th cell epitopes provide the advantage of priming malaria-specific T cells, 
and two such universal epitopes were identified using human T cells and algorithms 
predicting peptide/class II binding, CS.T3 [10] and T* (aka UHC) [11, 12]. 
Empirical studies in mice identified the P. falciparum CS protein T* epitope as the 
most promising Th cell epitope for combination with CS repeats.

The technical challenge of synthesizing a tetrabranched peptide containing a 
48mer T1BT* peptide in each branch was overcome by constructing polyoximes in 
which chemoselective ligation was used to conjugate an aldehyde-modified 48mer 
T1BT* epitopic module to a reciprocal aminooxyactyl-modified tetrabranched core 
lipopeptide containing the TLR2 agonist lipopeptide palmitoyl-S-glyceryl cysteine 
(P3C) as endogenous adjuvant [35, 36] (Fig. 1c). The (T1BT*)4-P3C polyoxime 
was highly immunogenic, without addition of exogenous adjuvant, in three inbred 
strains of mice tested. Antibody titers persisted for over 3 months after the last 
immunizing dose.

A small phase I trial was carried out in ten volunteers of diverse HLA types 
immunized s.c. with 1 mg of (T1BT*)4-P3C polyoxime at 0, 1, and 3 months [37]. 
The majority of the volunteers (8/10) seroconverted following the first dose and 
reached peak titers of 103–104 following three immunizations. Antibodies were pre-
dominately Th1-type IgG1 and IgG3 subtypes and the majority of immunized vol-
unteers had T*-specific Th1-type CD4+ T-cell responses. CD4+ T-cell clones derived 
from PBMC up to 10 months after peptide immunization recognized the T* epitope 
in the context of multiple HLA DR and DQ molecules and secreted high levels of 
IFN-γ and variable levels of TNF-α [38]. Although the T* epitope overlaps a poly-
morphic region of the P. falciparum CS protein, both cross-reactive and strain-
specific T cells could be isolated from individuals at the same time point, suggesting 
a limited role these polymorphisms in parasite immune evasion [11, 38]. Of poten-
tial functional significance, a subset of the human T*-specific CD4+ T-cell clones 
were cytotoxic and directly lysed CS peptide-pulsed target cells, as previously 
observed with a subset of clones derived from P. falciparum sporozoite-immunized 
volunteers [39]. Both peptide- and sporozoite-induced human CD4+ CTLs formed 
typical immunological synapses and induced apoptosis of peptide-pulsed target 
cells, consistent with reports for CD8+ T cells [40, 41].

4  �Epitopic Modules and TLR Agonist Adjuvants

The clinical trials of branched synthetic peptides demonstrated safety and immuno-
genicity in human volunteers, although the ability to synthesize large quantities of 
branched peptide was a technical limitation. Surprisingly, a linear T1BT* peptide 
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adjuvanted with potent oil-in-water adjuvants, Montanide ISA 51 and ISA 720, was 
found to elicit high titers of Th2-type IgG1 anti-repeat antibody in BALB/c and 
C57Bl mice, with GMT 81,920–327,680, respectively [42] (Fig. 1d). The presence 
of the universal T* epitope was critical for immunogenicity of the linear peptide, as 
a linear peptide containing only (T1B) repeats was not immunogenic. The T1BT* 
linear peptide in Montanide ISA 51 was also immunogenic in outbred Aotus mon-
keys and elicited high anti-repeat ELISA and IFA titers (GMT 104). Mice immu-
nized with linear T1BT* peptide in Montanide ISA 720 when challenged by bites 
of PfPb-infected mosquitoes had >90 % reduction in parasite burden in the liver as 
measured by real-time PCR. Protection against sporozoite challenge was antibody 
mediated, as depletion of CD4+ or CD8+ T cells prior to PfPb sporozoite challenge 
did not abrogate immune resistance. The predominance of Th2-type IgG1, a non-
opsonizing antibody subtype, in the vaccinated mice suggests that direct inhibition 
of sporozoites, rather than enhanced clearance and phagocytosis, was functioning in 
immune resistance.

4.1  �TLR7 Agonist Adjuvant

While oil-in-water emulsions are potent adjuvants, their use in phase I trials of 
transmission-blocking and blood-stage vaccines has been associated with unaccept-
able reactogenicity [43, 44]. More precisely targeted TLR agonists can function as 
potent adjuvants for synthetic peptide vaccines which lack pathogen-associated 
molecular patterns (PAMPs) required to stimulate dendritic cells and initiate strong 
adaptive immune responses [45, 46].

 The  TLR-7 agonist imiquimod, an imidazoquinoline contained in an FDA-
approved topical treatment for various dermatologic conditions, has been shown to 
be a potent adjuvant to elicit T cells against intracellular pathogens, tumors and 
model antigens [47–49]. For malaria peptide vaccines, topical imiquimod applied 
to the site of s.c. injected (T1BT*)4 branched peptide or T1BT* linear peptide (Fig. 
1c, d) provided a potent adjuvant for induction of anti-repeat antibodies [50]. Peak 
titers obtained following s.c. injection of peptide followed by topical imiquimod 
reached 104–105 GMT, comparable to the magnitude of response elicited by s.c. 
injected peptide formulated in oil emulsions Montanide ISA 720, ISA 51, or 
Freunds adjuvant. In contrast to predominantly IgG1 antibodies elicited with oil 
adjuvants, a balanced IgG2/IgG1 antibody response was elicited using the topical 
imiquimod adjuvant. Consistent with increased IgG2 antibody response in these 
mice, the numbers of malaria-specific IFN-γ-secreting CD4+ T cells measured in 
ELISPOT were a log higher than those obtained following injection of peptide in 
Montanide oil adjuvant formulations [42]. More importantly, the sporozoite-neu-
tralizing activity in serum of mice immunized with CS peptide followed by topical 
imiquimod correlated with in vivo protection when the mice were challenged by 
exposure to the bites of PfPb-infected mosquitoes [50]. While the skin of mice and 
humans differs in cell composition and structure [51], recent phase I/II trials of i.d. 
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injected seasonal flu vaccine followed by topical imiquimod have demonstrated 
increased seroconversion, prolonged antibody persistence, and reduced flu-associ-
ated pathology in elderly individuals as well as young children [52, 53]. These 
studies support the potential of murine studies for the identification of novel TLR 
agonist adjuvant formulations for human vaccines.

4.2  �TLR-5 Agonist Adjuvant

The TLR-5 agonist flagellin has been shown to be a potent adjuvant for bacterial 
and viral antigens [54, 55], and recombinant flagellin-influenza chimeric vaccines 
are currently in clinical trials [56, 57]. For analysis of epitopic malaria vaccines 
using flagellin as adjuvant, a chimeric recombinant protein containing multiples of 
the T1BT* module or nearly full-length P. falciparum CS protein was expressed in 
tandem with the TLR5 agonist flagellin from Salmonella typhimurium [58] (Fig. 
1e). Mice were immunized s.c. and immunogenicity was compared with intranasal 
(i.n.) immunization as a potential route for needle-free delivery of malaria vaccine. 
Mice immunized s.c. with the flagellin-modified CS constructs containing four 
copies of the T1BT* epitopic module or full-length CS protein developed similar 
levels of anti-repeat IgG1 antibody and IL-5-secreting Th2 cells. Importantly, 
immunization via the intranasal route, but not the subcutaneous route, elicited 
sporozoite-neutralizing antibodies capable of inhibiting >90 % of PfPb sporozoite 
invasion in vitro and in vivo. Confocal microscopy of the nasopharynx-associated 
lymphoid tissue (NALT) in immunized mice demonstrated a predominance of ger-
minal center (GC) B cells and increased numbers of CD11c + DCs localized 
beneath the epithelium and within the GC T-cell area [59]. Microfold cells, with 
similar morphology to those reported in gut-associated lymphoid tissue (GALT), 
were distributed throughout the NALT epithelial cell layer. DC dendrites were 
found extending from the epithelium into the nasal cavity, suggesting a potential 
function in capturing luminal CS antigen. In vitro analysis demonstrated that fla-
gellin-modified CS taken up by DCs was initially localized within intracellular 
vesicles, with increasing cytosolic distribution over time. These findings demon-
strate that functional sporozoite-neutralizing antibody can be elicited by i.n. immu-
nization with a flagellin-modified P. falciparum CS protein and raise the potential 
of a scalable, safe, needle-free vaccine that would reduce cost of immunization in 
resource poor areas of the world.

5  �Viruslike Particle (VLP) Containing CS Epitopes

An  historic milestone was reached in 2015 when the first malaria vaccine was 
licensed by the European Medicines Agency (EMA). The CS-based vaccine, RTS,S, 
is comprised of a hepatitis B virus surface antigen (HBsAg) VLP containing the 
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repeats and C-terminus of P. falciparum CS (see Chap. “Immune Responses to the 
RTS,S/AS01 Malaria Vaccine Candidate: Lessons from Human Immunology and 
Parasitologic and Clinical Evaluations”, J. Vekemans). In initial phase I/IIa studies 
conducted at WRAIR, sterile immunity was elicited in a significant percentage of 
malaria-naïve individuals immunized with RTS,S in an optimal adjuvant formula-
tion [60]. However, the EMA-licensed pediatric RTS,S vaccine protects 30–50 % of 
infants and children against clinical disease, and efforts to improve RTS,S vaccine 
efficacy are ongoing. The mechanism of immunity in children has been shown to be 
mediated by anti-repeat antibodies and CD4+ T cells [61, 62]. CD8+ T cells were 
not elicited by RTS,S immunization, despite the presence of multiple CD8+ T-cell 
epitopes in the C-terminus of the P. falciparum CS contained in the RTS,S VLP.

Additional VLPs based on hepatitis B virus core antigen (HBcAg) have also 
been studied as a delivery vehicle for viral and bacterial antigens [63, 64]. When 
expressed in E. coli, the 183-aa HBcAg assembles to form 27–30 nm particles that 
comprise the virion nucleocapsid [65]. In contrast to HBsAg based RTS,S vaccine, 
which requires a mix of native HBsAg and chimeric CS/HBsAg to form stable VLP, 
the HBcAg allows foreign epitope insertions without loss of capsid-forming ability, 
thereby providing a higher density of peptide epitopes in the assembled VLP.  In 
early studies, HBcAg VLP containing (NANP)4 or the P. berghei (DP4NPN)2 
CS repeats inserted in the HBcAg immunodominant loop (aa 75–81) were shown to 
be highly immunogenic in mice when formulated with alum or Freunds adjuvant 
[66]. High levels of sterile immunity were obtained when BALB/c mice immunized 
with P. berghei CS repeats HBcAg VLP were challenged by i.v. injection of P. ber-
ghei sporozoites.

More recent studies examined HBc VLP containing P. falciparum  T1 and B 
repeat epitopes in combination with the universal T* epitope inserted at the 
C-terminus of the HBc monomer [67] (Fig. 1f, g). The optimal immunogen, termed 
ICC-1132, was highly immunogenic in mice and in Macaca fascicularis (cynomol-
gus) monkeys. Two doses of ICC-1132 in Montanide 720 or Freunds adjuvant in 
mice and monkeys elicited high anti-repeat antibody in ELISA (GMT 106) that cor-
related with high IFA titers with P. falciparum sporozoites (105 titer). Murine anti-
bodies were predominantly Th2-associated IgG1 subtype and responses were T cell 
dependent, as mice lacking class II molecules did not make anti-repeat antibodies. 
The ICC-1132 VLP also elicited potent anamnestic antibody responses in mice 
primed with P. falciparum sporozoites, suggesting potential efficacy in enhancing 
the sporozoite-primed immune responses of individuals living in areas where 
malaria is endemic.

A series of phase I trials of ICC-1132 VLP were carried out to examine safety 
and immunogenicity and to identify an optimal adjuvant formulation. In the first 
phase I trial, 20 healthy adult volunteers received 20 μg or 50 μg of alum-adsorbed 
ICC-1132 administered intramuscularly at 0, 2, and 6 months [68]. The majority of 
volunteers receiving the 50 μg dose developed modest antibodies to CS repeats, as 
well as to HBcAg, and malaria-specific T cells that secreted IFN-γ. A second phase 
I trial confirmed that alum was a suboptimal adjuvant for the HBc VLP [69]. A total 
of 51 malaria-naïve adults were immunized i.m. on days 0, 56, and 168. After two 
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injections, all volunteers receiving the 50μg dose of ICC-1132 developed antibody 
to HBc carrier; however, only 75 % and 63 % of volunteers developed anti-repeat or 
anti-sporozoite antibody, respectively. Functional neutralizing antibody was low, 
with serum of vaccinees giving a mean 54 % reduction in PfPb sporozoite invasion 
of hepatoma cells in vitro.

A subsequent small single-blind, phase I trial examined a single i.m. injection of 
20 or 50μg ICC-1132 formulated in the more potent water-in-oil adjuvant Montanide 
ISA 720 [70]. The ICC-1132 ISA 720 adjuvant formulation was more immuno-
genic, with the majority of volunteers developing Th1-type IgG1 and IgG3 anti-
repeat antibodies after a single immunization; the magnitude of the response was 
comparable to antibody titers obtained following two to three immunizations with 
alum-adsorbed ICC-1132. PBMC stimulated with recombinant P. falciparum CS 
protein proliferated and secreted IL-2 and IFN-γ cytokines. Th1-type CS-specific 
CD4+ T-cell lines could be established from volunteers with high levels of anti-
repeat antibodies. A small phase II trial in 11 volunteers administered a single 50μg 
dose of ICC-1132  in ISA 720, elicited low anti-repeat antibodies in majority of 
volunteers (10/11), and no protection following challenge by bites of P. falciparum-
infected mosquitoes [71].

A VLP based on woodchuck hepatitis core antigen (WHcAg) is also under devel-
opment as a delivery vehicle for P. falciparum CS T- and B-cell epitopes [15, 72]. In 
murine studies, optimal immunogenicity was obtained with a WHc VLP, termed 
Mal-78-3T, containing the P. falciparum CS repeats inserted in the loop region and 
multiple universal T-cell epitopes, including T* (termed UTC) [12], CS.T3 [10], 
and TH.3R [73], attached at the C-terminus of WHc. Mice immunized intraperito-
neally (i.p.) with 100μg Mal-78-3T VLP formulated in alum/QS21 or ISA 720 adju-
vant, developed high levels of anti-repeat antibodies. Sterile immunity was obtained 
in Mal-78-3T immunized mice of three different strains following challenge by Pf/
Pb sporozoites expressing P. falciparum CS repeats. VLP containing only the three 
universal CD4+ T-cell epitopes, T*/UTC, CS.T3, and TH.3R, although eliciting 
IL-2 and IFN-γ-secreting CD4+ T cells, did not protect immunized mice against 
challenge with a transgenic rodent parasite expressing the C-terminus of P. falci-
parum CS protein. WHc VLP containing P. falciparum B-cell epitopes located out-
side the CS repeat region, either in the C-terminus or in an N-terminus sequence that 
overlaps the CS cleavage site [74–76], although eliciting high antibody titers, failed 
to protect mice against challenge with transgenic sporozoites expressing the corre-
sponding regions of the P. falciparum  CS protein.

The high levels of immunogenicity of the WHc VLP were TLR-7 dependent [77, 
78]. The full-length WHc protein (aa 1–184) used in construction of the VLP 
includes the Arg-rich C-terminus that nonspecifically binds ssRNA from E. coli or 
yeast expression systems [77, 76]. In contrast, the ICC-1132 VLP was based on a 
truncated HBc protein (aa 1–149) that removed the protamine-rich C-terminus to 
eliminate nonspecific binding of contaminating nucleic acid [67]. The binding of 
ssRNA was critical for immunogenicity of WHc VLP [77], however, the presence of 
uncharacterized bacterial and eukaryotic ssRNA raises potential regulatory issues 
for clinical trials.
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6  �Microparticle Epitopic Vaccines

Liposomes are spherical vesicles having at least one lipid bilayer which have mul-
tiple applications for delivery of drugs, compounds, and antigens [79]. In one of the 
earliest efforts to enhance immunogenicity of CS repeats, phase I/II trials assessed 
immunogenicity of alum-adsorbed liposomes containing a TLR-4 agonist mono-
phosphoryl lipid A (MPLA) encapsulating a recombinant protein R32NS81 con-
taining 32 copies of the NANP repeats [80]. Three doses of the liposome vaccine 
elicited relatively modest levels of IgG1 (4–33 μg/ml). Moderate local reactogenic-
ity was noted with high doses of the liposomal formulation which contained up 
to 2200μg MPLA/dose. Sera from volunteers receiving the two highest doses of 
liposome vaccine inhibited P. falciparum sporozoite invasion of cultured hepatoma 
cells by an average of 92 %. More recent application of liposome-based adjuvant 
has been in the phase III trials of RTS,S adjuvanted with AS01 comprised of lipo-
some, MPLA, and QS2, which has led to licensing of a pediatric malaria vaccine 
(see Chap. “Immune Responses to the RTS,S/AS01 Malaria Vaccine Candidate: 
Lessons from Human Immunology and Parasitologic and Clinical Evaluations”, 
J. Vekemans).

A variation of liposomes has been provided by virosomes, 150nm semisynthetic 
unilamellar liposomal vesicles reconstituted from influenza virus membranes con-
taining virus-derived influenza A hemagglutinin (HA) and neuraminidase (NA) gly-
coproteins with added cholesterol and other lipids [81]. Virosome-based vaccines 
for influenza and hepatitis A were licensed for human use in the 1990s. Enhanced 
carrier and adjuvant activity is provided by the presence of the influenza HA glyco-
protein on the surface of the virosomes which facilitates receptor-mediated uptake 
and endosomal processing [82, 83].

For construction of a malaria virosome, a structurally constrained peptide con-
taining five CS repeats (NPNA)5 was conjugated to phosphatidylethanolamine and 
integrated into virosomes [84]. Following i.m. injection of the CS virosome into 
influenza-primed BALB/c mice, antibodies reactive with repeat peptide and P. fal-
ciparum sporozoites were obtained. MAB (200 μg/ml) derived from the CS 
virosome-immunized mice inhibited 80–100 % invasion of P. falciparum sporozo-
ites into primary human hepatocytes in vitro. Purified IgG (1 mg/ml) from CS viro-
some-immunized rabbits inhibited 40–70 % of sporozoite invasion in  vitro. 
Immunogenicity depended on the presence of flu-specific T- and B-cells in the 
primed mice, indicating that T help was provided primarily by the viral proteins 
contained in the virosome.

In a phase I trial, three i.m. injections of the CS virosome, comprised of 10μg CS 
repeat peptide incorporated into vesicles containing phospholipids and influenza A 
virus HA and NA glycoproteins, were administered at 0, 2, and 6 months [85, 86]. 
The CS virosome elicited anti-sporozoite antibodies in all volunteers, with peak 
antibody titers of 103. Total IgG (1 mg/ml) from serum of the immunized volun-
teers gave modest inhibition (range 18–74 %) of P. falciparum sporozoite invasion 
into primary human hepatocytes cultures.
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The CS virosome was also tested in phase I/II studies in combination with a viro-
some containing a 49-aa peptide from the semi-conserved region of domain III of 
the AMA1 blood-stage antigen [87, 88]. Preclinical studies demonstrated that 
immunization with a combination of CS and AMA1 virosomes did not alter the 
magnitude of antibody responses to either of the malaria antigens, indicating that 
there was no epitopic competition. Volunteers immunized with CS (10 μg)/AMA1 
(50 μg) virosomes, delivered at 0, 1, and 2 months, all seroconverted to anti-repeat 
antibody following the second immunization. All of the volunteers also developed 
anti-AMA1 peptide antibodies, with positive IFA to blood-stage parasites in 6/24 
vaccines. However, immune serum from the vaccines did not inhibit the growth of 
P. falciparum-infected RBC in  vitro. Following challenge by exposure to P. 
falciparum-infected mosquitoes, the prepatent period in the virosome-immunized 
volunteers  was not significantly different from naïve controls, indicating limited 
efficacy of vaccine-induced anti-repeat antibodies in blocking sporozoite infectiv-
ity. However, significantly lower blood-stage parasite growth was observed in 
immunized volunteers when compared to controls suggesting functional anti-blood-
stage immunity was elicited by virosome vaccination.

Similar results were obtained in a phase 1b trial in Tanzanian adults and children 
aged 5–9 years immunized i.m. with CS/AMA1 virosomes at 0 and 90 days [89]. 
The vaccine formulation utilized a lyophilized preparation of virosomes which 
could potentially provide a significant practical advantage in endemic areas where 
maintenance of cold chains is problematic. In children, the target population for a 
malaria vaccine, there was 87 % seroconversion to repeat peptide after two doses 
with peak geometric mean titers (GMT) 3275, an approximately 60-fold increase 
from day 0 baseline. Similarly, there was a 97 % response to AMA1 peptide with a 
30-fold increase in anti-AMA1 GMT (peak 5572). In exploratory analysis, the num-
ber of clinical episodes in CS/AMA1 virosome-immunized children was half that of 
controls receiving the influenza virosome (Inflexal), a 50 % vaccine efficacy com-
parable to that obtained with RTS,S/AS01 in phase III trials [90].

Liposomes have also been used as models for artificial cells. Microparticles 
formed by layer-by-layer (LbL) assembly of biofilms, which were originally used to 
construct artificial cells for oxygen therapeutics, have recently been applied to vac-
cine development [91, 92]. LbL microparticles were constructed by sequential lay-
ering of positively charged poly-l-lysine and negatively charged poly-l-glutamic 
acid on a CaCO3 core particle with antigenic peptides, modified by a polylysine tail 
(K20Y), attached to the final outer layer (Fig. 1h). In murine studies, LBL particles 
containing an OVA peptide elicited CD8+ CTL that protected against challenge with 
OVA-expressing Listeria monocytogenes [92]. For malaria vaccines, LbL micropar-
ticles containing the P. falciparum CS repeats alone or in combination with the 
CS-derived universal T* epitope were injected via the footpad (f.p.) into C57Bl 
mice on days 0, 21, and 42 [93]. LbL particles containing the T1BT* peptide were 
found to be optimal immunogens and elicited sporozoite-neutralizing antibodies 
that blocked in vitro invasion of transgenic PfPb sporozoites into human hepatoma 
cells. Following challenge by exposure to the bites of PfPb-infected mosquitoes, the 
parasite burden in the livers of T1BT* LbL-immunized mice was reduced to 94 % 
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as measured by qPCR of liver cell extracts obtained 2 days post-challenge. Protection 
was comparable to levels obtained following immunization with T1BT* peptide in 
Freunds adjuvant. The mechanism of immune resistance in vivo was antibody medi-
ated, as depletion of T cells prior to challenge did not abrogate immune protection. 
In constructs containing only CS repeats, the addition of the TLR2 agonist Pam3Cys 
lipopeptide to the outer LbL layer enhanced antibody levels and protection after 
challenge, when compared to LbL containing CS repeats alone. Despite the ability 
of LbL microparticles containing OVA model antigens to elicit functional OVA-
specific CD8+ T-cell responses [92], LbL particles containing the P. berghei CTL 
epitope, although eliciting high levels of peptide-specific cytotoxic CD8+ T cells, 
did not protect mice against sporozoite challenge.

7  �Epitopic Vaccines Based on Self-Assembling Scaffolds

Self-assembling β-sheet peptides developed for tissue engineering and drug deliv-
ery have recently been used as scaffolds for vaccines [94]. The solid-phase synthesis 
of a beta-sheet-rich peptide QQKFQFQFEQQ, termed Q11, containing epitopes of 
model or viral antigens at the N-terminus was shown to self-assemble into long, 
unbranched 15nm-wide fibrils [95] (Fig. 1i). Immunization of mice with Q11 con-
taining a peptide from ovalbumin, OVA 323–329-Q11, in PBS elicited antibody titers 
comparable to OVA peptide in Freunds adjuvant. Immunogenicity of the nanofibrils 
was dependent on tandem synthesis of the OVA peptide and Q11, as a mixture of 
peptide and Q11 did not elicit detectable anti-OVA antibody. The Q11 peptide itself 
was not immunogenic when administered with Freunds adjuvant. Additional murine 
studies with flu peptide-Q11 found that the nanofibrils did not elicit detectable 
inflammatory cytokines [96]. DC and macrophages at the injection site internalized 
the Q11 nanofibrils, but expression of CD80 and CD86 was increased only on 
DC. The flu-Q11 nanofibrils stimulated Tfh and B cells in GC and elicited high-
affinity IgG with peak titers comparable to Freunds that were functional in an influ-
enza HA inhibition assay in vitro.

A particular advantage of the fully synthetic nanofibrils was thermal stability 
[97]. A tuberculosis ESAT651–670-Q11 was strongly immunogenic when stored as a 
dry powder or as aqueous nanofibers, for as long as six months at 45° C. Thermal 
stability would be a particular advantage for vaccines destined for use in tropical 
environments where malaria is endemic.

A malaria nanofibril (NANP)3-Q11, comprised of three NANP repeats synthe-
sized at the N-terminus of the Q11 β-sheet peptide, has been tested for immunoge-
nicity in the rodent model [98]. (NANP)3-Q11 self-assembled into nanofibers 
comparable in appearance to other peptide-Q11 constructs in TEM (Fig. 1i). 
C57BL/6 (H-2b) mice immunized s.c. with two doses of (NANP)3-Q11 nanofibrils 
developed modest anti-repeat antibody that lasted up to 40 weeks post-immunization. 
Importantly, the (NANP)3-Q11 nanofibrils boosted anti-repeat antibody responses 
in mice primed either by bites of PfPb-infected mosquitoes or by s.c. injection of 
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(T1BT*)4-P3C polyoxime peptide. The serum of polyoxime peptide-primed mice 
boosted with (NANP)3-Q11 nanofibrils inhibited 97 % of PfPb sporozoite invasion 
of human hepatoma cells in vitro. Mice immunized with a mixture of (NANP)3-Q11 
and OVA-Q11 had similar magnitude of anti-repeat and anti-OVA antibody titers as 
mice immunized with individual nanofibrils, suggesting that mixtures of nanofibrils 
could be used as multi-antigen vaccines.

The mechanism of adjuvant activity of the (NANP)3-Q11 nanofibrils was inves-
tigated using different murine strains and knockout mice. Balb/c (H-2d) mice, which 
do not recognize the Th epitope within CS repeats (22, 26), did not respond to 
immunization with (NANP)3-Q11 indicating that the anti-repeat antibody response 
was T cell dependent. Studies in KO mice demonstrated that immunogenicity was 
dependent on MyD88, but not NALP3 inflammasomes. While the repetitive mor-
phology of nanofibrils was suggestive of the TLR-5 agonist flagellin and the TLR-2 
agonist curli amyloid fibrils of E. coli [99], there was no loss of immunogenicity in 
TLR-5 KO or TLR-2 KO mice. Additional studies demonstrated normal immune 
responses to peptide-Q11 nanofibers in mice lacking TLR-4 and TLR-9 [94]. In 
addition to defining the mechanism of adjuvant activity, the uncharacterized hetero-
geneity in the lengths of the nanofibrils and relation of this heterogeneity to immu-
nogenicity remain to be addressed.

In addition to self-assembling peptides, vaccines based on self-assembling pro-
teins that form nanoparticles (SAPN) have also been examined in murine studies. The 
SAPN are comprised of 60 monomers of a recombinant linear protein containing tri-
meric and pentameric coiled-coil domains separated by a flexible linker with T- and 
B-cell epitopes expressed at N- or C-terminus. Following expression in E. coli, mono-
mers self-assemble through the interaction of the trimeric and pentameric oligomer-
ization domains creating α-helical rodlike coiled-coils to form spherical SAPN of 
~40 nm in diameter (Fig. 1j). In initial studies, monomers containing tandem repeats 
of the P. berghei CS repeat epitope (DPPPPNPN)2 formed an SAPN that elicited 
CD4+ T cell-dependent, anti-repeat antibodies in H-2b, H-2d, and H-2k mice without 
the addition of adjuvant [100]. SAPN-immunized mice were protected against chal-
lenge with P. berghei sporozoites up to 6 months after the last immunization.

In order to develop a P. falciparum SAPN, the self-assembling linear protein was 
modified to replace sequences corresponding to the human cartilage oligomeric 
matric protein (COMP) to avoid cross-reactivity with the human protein [101, 102]. 
A de novo designed Trp-zipper that forms  a pentameric coiled-coil domain was 
substituted for the COMP sequence; however, the resultant SAPN lost immunoge-
nicity due to removal of a critical CD4+ Th epitope contained in the COMP sequence. 
Immunogenicity was recovered by the insertion of PADRE, an engineered pan-DR-
binding T-cell epitope [34], in the coiled-coil trimer domain. In addition to PADRE, 
the monomer contained four copies of the NANP repeats at the C-terminus (PfCSP-
SAPN) with or without the addition of three previously identified P. falciparum CS 
CD8+ T-cell epitopes (KPKDELDY, MPNDPNRNV, YLNKIQNSL) at the 
N-terminus (PfCSP-KMY-SAPN). The P. falciparum SAPN displayed the NANP 
repeats and the CD8+ T-cell epitopes on the surface of the particle, with the CD4+ 
T-cell epitope PADRE at the core of the particle.
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Mice were immunized either intramuscularly (i.m.) or intraperitoneally (i.p.) 
with SAPN in saline on days 0, 14, and 28. All strains of mice immunized with two 
or three doses of SAPN developed high anti-repeat antibody ELISA titers that per-
sisted over 52 weeks. Mice immunized with PfCSP-KMY-SAPN also developed 
CD8+ T central memory cells secreting IL-2 and IFN-γ. SAPN-immunized mice 
challenged by i.v. injection of transgenic rodent parasites expressing full-length 
P.  falciparum CS protein showed 90–100 % protection, with 50 % of SAPN-
immunized mice still protected against sporozoite challenge at week 52. Protective 
immunity was mediated by both sporozoite-neutralizing anti-repeat antibodies and 
CD8+ T cells, as shown by passive transfer of CD8+ T cells and reduced protection 
in MHC class I KO mice immunized with PfCSP-KMY-SAPN.

8  �Perspectives

Epitopic immunogens have the potential to increase vaccine efficacy by focusing 
the host immune response on known functional T- and B-cell epitopes, thereby 
eliminating immune response to nonfunctional or immunoregulatory epitopes 
potentially present in full-length recombinant proteins or attenuated parasites. 
Iterative studies in recent years have emphasized the need for functional assays for 
evaluation of malaria vaccine candidates. The development of transgenic rodent 
parasites expressing the full-length or defined regions of the P. falciparum CS pro-
tein is a major advance for the analysis of functional immunity in a small rodent 
model. However, multiple strains of transgenic parasites of varying infectivity, as 
well as various in vitro and in vivo assays using these parasites, have been devel-
oped in different laboratories making direct  comparison of results difficult. The 
establishment of standardized functional assays, similar to the GIA run by NIH for 
evaluation of antibody to P. falciparum blood stages, is needed to rationally evaluate 
and down-select vaccine candidates for pre-erythrocytic vaccine development.

The basic components of epitopic vaccines designed to elicit high levels of 
sporozoite-neutralizing antibody include multiple copies of the CS major NANP 
repeat sequence with or without the minor repeat region T1 epitope. A high density 
of B-cell epitopes can increase immunogenicity as shown by studies with synthetic 
MAPs and peptide-protein conjugates. The use of licensed vaccine components as 
delivery vehicles, such as the Neisseria meningitides OMPC carrier and virosomes 
used in influenza and hepatitis A-licensed vaccines, provides the added advantage 
of extensive information on scale-up, regulatory and safety issues obtained with 
these carrier moieties. The addition of a strong malaria-specific universal T-cell 
epitope provides additional enhancement of immunogenicity as shown by studies 
with linear T1BT* peptide and polyoxime branched peptides, as well as HBcAg VLP 

In addition to the design of the epitopic immunogen and the choice of delivery 
vehicle, adjuvant formulation remains a critical factor, as synthetic epitopic vac-
cines containing minimal T- and B-cell epitopes lack the pathogen-associated 
molecular patterns (PAMPS) required to stimulate innate immune cells to initi-
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ate strong, long-lived adaptive immunity. Alum adjuvant, used in the majority of 
licensed vaccines, has been shown to be a poor adjuvant for malaria epitopic vac-
cines in phase I trials. While the use of more potent oil adjuvants such as Montanide 
ISA series, or the saponin derivative QS21, enhanced immunogenicity of malaria 
epitopic vaccines, they were also associated with increased reactogenicity [103].

Adjuvant formulations based on TLR agonists remain attractive alternatives to 
complex adjuvant formulations, as they provide precisely defined moieties that spe-
cifically target TLR of innate immune cells. The fact that the topical TLR-7 agonist 
imiquimod provided a strong adjuvant for CS peptide vaccine in mice and for sea-
sonal flu vaccine in humans is encouraging and supports the use of rodent models to 
identifying TLR adjuvant formulations for human vaccines. High levels of immune 
responses elicited by WHc VLP were also shown to be TLR-7 dependent, with 
bacterial ssRNA bound to the C-terminus of the WHc protein serving as an endog-
enous adjuvant.

Epitopic vaccines modified to contain the TLR-5 agonist flagellin have shown 
that intranasal immunization can elicit immune responses comparable in magnitude 
to parenteral (s.c.) routes as well as eliciting higher levels of sporozoite-neutralizing 
activity [58, 59]. The needle-free IN route is attractive for vaccines designed for 
resource-limited areas where malaria is endemic and may be advantageous for 
reducing potential toxicity of potent TLR agonist adjuvants [104]. An interesting 
advance has been the development of epitopic vaccines that are immunogenic in the 
absence of exogenous adjuvants, as observed with nanofibrils, SAPN, and LbL par-
ticles. While immunogenicity of nanofibrils and SAPN was MyD88 dependent, the 
identification of specific TLR or other innate immune receptors that recognize these 
unique self-assembled molecular structures remains to be identified.

The choice of animal model is an additional critical factor for assessing immu-
nogenicity of adjuvant formulations for epitopic vaccines, as differences in adjuvant 
dependency have been noted in murine versus nonhuman primate studies. The route 
of immunization is  also a variable, as routes of immunization not applicable to 
human vaccines, e.g., footpads or intraperitoneal injections, have been used in 
some preclinical studies. While at the present time there is no method to determine 
which animal model or route of immunization will predict immunogenicity in 
humans, these challenges may be addressed in the future by the humanized mouse 
model. These mice have been used to elicit human CS-specific IgG and CD4+ T-cell 
responses following vaccination with CS vaccines [105] and for assessment of 
protection against P. falciparum sporozoite challenge following passive transfer of 
immune serum [106] or human MAB derived from vaccinated volunteers [62].

The identification of optimal adjuvants and delivery systems for the CS repeat 
immunodominant B-cell epitope will provide the framework for the development of 
epitopic vaccines containing new B-cell epitopes of P. falciparum CS, such as the 
N-terminus CS cleavage site [75, 76], as well as epitopes from new antigens identi-
fied by molecular screening and bioinformatics [107–109]. The lessons learned in 
the development of P. falciparum vaccines will also be directly applicable to P. vivax 
vaccines, which have been neglected due to the lack of an in vitro culture system 
and human challenge model [110, 111]. The recent development of a transgenic 
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P. berghei strain expressing P. vivax CS repeats will facilitate evaluation of P. vivax 
epitopic vaccines [15, 112].

A major requirement for advancing malaria vaccine development, in addition to 
standardized functional assays, is the ability to conduct head-to-head comparisons. 
The licensing of the first malaria vaccine RTS,S, in which antibody to CS repeats 
is associated with protection against clinical disease [61, 62], may provide the stan-
dard for such comparative studies which are essential for down-selection of next-
generation epitopic vaccine candidates designed to elicit optimal levels of 
sporozoite-neutralizing antibodies.
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1  �Introduction

Malaria remains a serious global health burden, with an estimated 214 million cases 
and a malaria-associated death toll of approximately 438,000 in 2015 alone [1]. 
Current control measures against malaria such as insecticide-treated nets, indoor 
residual spraying, and anti-malaria drug therapies have provided some reduction in 
malaria-associated morbidity and mortality; however, insecticide and drug resistance 
continue to impede progress in the control of malaria. Re-emergence of the disease in 
many parts of the world [2, 3] emphasizes the need for a vaccine if the burden of 
malaria is to be significantly reduced.
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Whole-organism vaccines have been successfully developed against many dis-
eases, including tuberculosis, polio, measles, mumps, and rubella (reviewed in [4]). 
Development of a blood-stage malaria vaccine began with the whole-parasite 
approach in the 1940s [5, 6]. However, since the cloning and expression of 
Plasmodium antigens [7, 8], malaria vaccine development has largely focused on a 
limited number of recombinant subunit antigens. Selection of subunit antigens has 
been based on their predicted biological function, as well as immune responses 
showing an association with protection in immuno-epidemiological studies [9–13]. 
Many of these immune targets, such as antigens involved in red blood cell (RBC) 
invasion, are encoded by multiple alleles. Allelic polymorphism is a major stum-
bling block for subunit vaccine candidates aiming to provide sustained vaccine effi-
cacy in endemic settings [14–17].

The limited efficacy of subunit vaccine candidates to date has renewed interest in 
the use of whole parasites. This approach maximizes the number of antigens pre-
sented to the immune system with the natural inclusion of multiple conserved epit-
opes, and as such parasite diversity will have minimal impact on efficacy. An 
enormous body of work has been undertaken to identify suitable target antigens for 
subunit vaccine development; however, the whole-parasite approach does not rely 
on any knowledge of critical antigens. This is an advantage as evidence shows that 
many antigens are likely to play some role in either antibody- or cell-mediated 
immune protection [18–20]. This chapter will focus on immune responses to killed 
and attenuated blood-stage malaria vaccines.

2  �Immune Responses to Blood-Stage Malaria Parasites

The blood stage of the parasite life cycle is associated with the clinical manifesta-
tions of malaria. In highly endemic areas, immunity against severe malaria and 
death is largely established by the age of five [21]. A complex and variable range of 
immune responses are induced during natural malaria infection (Fig. 1), but these 
do not provide sterile protection to individuals. Older children and adults, who are 
considered to be semi-immune or immune, still become infected with Plasmodium 
but remain asymptomatic with low parasite densities in the blood [22]. For these 
individuals, severe malaria is rare, but mild and uncomplicated disease can still 
occur (reviewed in [23]).

The persistence of and suboptimal immunity to Plasmodium infection is thought 
to be largely due to antigenic variation and allelic polymorphism of antigens 
expressed on the surface of parasitized RBCs (pRBCs) and merozoites, respectively 
([25]; reviewed in [26, 27]). Additionally, blood-stage malaria infection can cause 
exhaustion and apoptotic deletion of parasite-specific T cells [28–31]. Suppression 
of cellular immune responses impacts the generation of parasite-specific memory T 
cells that are required for enduring protection.
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3  �Evidence Supporting a Whole Blood-Stage Parasite 
Vaccine Approach

It is well known from both human and animal studies that deliberate infection fol-
lowed by drug-cure can induce immune responses capable of reducing parasite bur-
den following subsequent infections [32–35]. Protection against challenge is seen 
following both patent infections and sub-patent infections [33]. Immunity in both 
humans and rodents was observed following administration of multiple doses of 
blood-stage parasites with each infection treated prior to patency [32, 33].

The evidence that sub-clinical infections induce immunity provides strong sup-
port for a whole parasite vaccine approach as it suggests that only low numbers of 
attenuated parasites will be required for vaccination, thus reducing many logistical 
barriers in vaccine production. In the rodent model, sub-patent infections with 

Fig. 1  Immune responses during blood-stage Plasmodium infection (from [24]). Antigen-
presenting cells (APCs), such as dendritic cells (DCs) and macrophages, present parasite antigens 
and secrete IL-12 to prime CD4+ T cells. DCs also present antigen to CD8+ T cells. IFN-γ produc-
tion by natural killer (NK) cells, CD8+ T cells, and CD4+ T cells induces cytokine production that 
aids DC maturation and macrophage activation. Activated macrophages induce phagocytosis and 
killing of parasites by the production of nitric oxide and reactive oxygen intermediates. CD4+ T 
cells can also engage with B cells to assist with antibody production
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whole blood-stage Plasmodium chabaudi AS parasites followed by drug-cure with 
atovaquone-proguanil induced protection against both homologous and heterolo-
gous parasite strains [33]. Proliferation of T cells in response to homologous and 
heterologous parasites was similar, suggesting that antigenic targets of this cell-
mediated immunity were conserved [33]. Apoptosis of T cells, observed during 
patent infection [31], did not occur during sub-patent infection [33]. Additionally, 
these mice had malaria-specific antibodies to merozoite surface antigens that were 
conserved between P. chabaudi AS and P. chabaudi CB [33].

In humans, cycles of ultra-low infection with 30 viable parasites followed by 
drug treatment with atovaquone-proguanil protected individuals from homologous 
challenge infection [32]. Protection, however, may have been in part due to the lon-
ger than expected anti-malaria activity of atovaquone-proguanil, used to treat the 
study participants [36]. This regimen induced strong cell-mediated immune 
responses in both CD4+ and CD8+ T cell populations, with the production of IFN-γ 
(Fig. 2, [32]). Immune individuals had increased concentrations of nitric oxide syn-
thase in their peripheral blood mononuclear cells, an enzyme responsible for pro-
duction of the anti-parasite molecule, nitric oxide. Interestingly, there were no 
parasite-specific antibodies detected in the study subjects (Fig. 2, [32]).

Other studies have shown that exposure to blood-stage parasites under chloro-
quine cover can induce cross-stage protection against sporozoite challenge [34, 35]. 
Using a rodent model, administration of P. yoelii-infected RBCs under chloroquine 
cover conferred long-lasting protection against blood-stage and liver-stage parasites. 
CD4+ and CD8+ T cells were required to inhibit liver-stage parasites, with their effect 
being mediated by and dependent on nitric oxide and partially mediated through 
production of IFN-γ [34]. Antibodies were induced against both pre-erythrocytic 
and blood-stage parasites and were essential for protection [34].

Administration of multiple cycles of infection and drug treatment is not feasible 
as an effective vaccination approach. However, these studies highlight the potential 
use of whole blood-stage parasites and support the development of this vaccine 
approach.

4  �Killed Blood-Stage Parasite Vaccines

The whole-organism blood-stage malaria vaccine approach was first investigated 
using killed parasites. Administration of formalin-killed and adjuvanted Plasmodium 
lophurae- and Plasmodium knowlesi-infected RBCs protected ducks and monkeys, 
respectively, from challenge infection [5, 6]. Vaccination with killed and adjuvanted 
Plasmodium knowlesi-infected RBCs induced higher titers of complement-fixing 
antibodies than vaccination with killed parasites without adjuvant [6]. The groups 
with higher antibody titers showed protection; however, there was no link between 
antibody titer and protection of individual monkeys [6].

The whole killed blood-stage parasite vaccine approach requires an adjuvant to 
help induce an effective immune response. Many early studies used killed parasites 
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Fig. 2  Immune responses in human volunteers administered ultra-low doses of blood-stage P. fal-
ciparum parasites followed by drug treatment (from [32]). (a) Humoral immune responses assessed 
by ELISA to unfractionated P. falciparum antigens. (b) Cellular immune responses assessed accord-
ing to proliferation of and cytokine production by peripheral blood mononuclear cells
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adjuvanted with complete Freund’s adjuvant; however, this is not suitable for use in 
humans due to safety issues (reviewed in [37]). A recent study used whole, killed 
blood-stage parasites with a strong T cell adjuvant (CpG-ODN) [38]. This study 
used a low-dose parasite approach based on previous findings that low doses of 
parasites induced parasite-specific T cells [33] that are deleted at higher parasite 
doses [31]. Mice were administered low doses (100 and 1000) of frozen and thawed 
infected RBCs firstly adjuvanted with CpG-ODN and alum followed by two booster 
doses without adjuvant [38]. Vaccination protected mice from high parasitemia and 
death following homologous and heterologous blood-stage challenge [38]. Both cel-
lular and antibody responses were induced following vaccination. However, further 
investigations showed that neither vaccine-induced antibodies nor B cells were nec-
essary for protection [38]. Following administration of the adjuvanted vaccine, IFN-
γ, IL-12, TNF-α, and IL-10 were present in serum. Depletion of IFN-γ and IL-12 
resulted in the abrogation of protection, whereas depletion of TNF-α or IL-10 had 
no effect on the survival of vaccinated mice [38]. Additionally, the depletion of 
CD4+ T cells and nitric oxide also abrogated vaccine-induced protection. The low-
dose vaccine was able to induce both central and effector memory CD4+ T cells [38].

These studies show that whole killed blood-stage parasites can induce protective 
cellular immune responses. However, further studies are required to identify adju-
vants that are suitable for use in humans.

5  �Radiation-Attenuated Blood-Stage Parasite Vaccines

Radiation is a well-established method of attenuation [39]. Production of radiation-
attenuated Plasmodium parasite lines was first developed using the lethal P. berghei 
NK65 [40]. After infected blood was exposed to 40 kilorad, irradiated parasites 
were inoculated into athymic nude and immune-competent mice. While infected 
immune-competent mice did not develop parasitemia, one nude mouse developed 
a slow but progressive parasitemia [40]. The isolated parasites, designated P. ber-
ghei NK65 XAT, produced a self-limiting infection of less than 6 % parasitemia in 
immune-competent mice [40]. This avirulent strain was maintained by passage 
through athymic nude mice. There was no reversion to the virulent form following 
more than 50 passages [41]. This attenuated line induced long-lasting strain and 
species-transcending protection [41]. Vaccination induced both parasite-specific 
cellular proliferation and antibodies [41]. However, antibody titers of mice were 
not linked to their survival [41]. Further studies in rodent models showed that vac-
cination with radiation-attenuated blood-stage P. yoelii nigeriensis parasites con-
ferred protection against severe parasitemia and death following challenge 
infections with the original virulent blood-stage or pre-erythrocytic parasites [42]. 
Irradiated P. berghei ANKA blood-stage parasites were also able to protect mice 
from parasitemia and severe disease, including cerebral malaria [43]. Protection 
was associated with the induction of parasite-specific antibodies and an early but 
limited IFN-γ response [43].
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Reversion of radiation-attenuated parasites to their virulent forms is the major 
concern for this vaccine approach, especially when considering their use in immune-
compromised individuals. An early in vitro study of irradiated P. falciparum para-
sites demonstrated that the initial growth rates of surviving parasites were reduced; 
however, sub-inoculation of these attenuated parasites into culture led to a reversion 
to normal parasite growth [44]. Studies that characterize the cellular and molecular 
alteration of parasites following irradiation will further our understanding of the 
mechanism of radiation attenuation and may consequently overcome concerns 
related to the reversion of radiation-attenuated parasites to their virulent forms [45].

6  �Genetically Attenuated Blood-Stage Parasite Vaccines

Genetic attenuation of parasites can be achieved by the disruption or deletion of 
genes that are essential for parasite development and replication. Blood-stage para-
sites lacking proteins involved in the essential purine-salvage pathway, such as 
purine nucleoside phosphorylase (PNP) and parasite nucleoside transporter 1 
(NT1), have been studied.

PNP-deficient P. yoelii parasites demonstrated attenuated growth and virulence 
compared with their parental parasites [46]. The administration of a single dose of 
these PNP-deficient parasites protected mice against homologous and heterologous 
blood-stage challenge [46]. Although growth of these parasites was attenuated com-
pared with the parental parasites, substantial growth of these parasites was recorded 
in mice following vaccination, with parasitemias of up to ~30 % [46]. The immune 
responses to these genetically attenuated P. yoelii parasites were not assessed in this 
study [46]. A PNP-deficient P. falciparum parasite line has also been generated [47]. 
In vitro assessment of this parasite line demonstrated severely retarded growth of 
parasites at physiological concentrations of hypoxanthine [47].

Plasmodium falciparum parasites lacking the NT1 gene are incapable of using 
physiological concentrations of purines and demonstrated attenuated growth [48]. 
Normal growth rates of parasites were only restored when purines were provided at 
supra-physiological concentrations. P. yoelii parasites lacking NT1 also demon-
strated severely attenuated growth when injected into mice, only growing in the 
presence of very high, non-physiological concentrations of purines [49]. A low-
grade transient parasitemia was evident in mice injected with a single dose of 5000 
NT1-deficient parasites; however, when the dose was reduced to 100 or 50, NT1-
deficient parasite mice did not develop parasitemia. Mice that received the reduced 
dose of NT1-deficient parasites were protected against a lethal blood-stage chal-
lenge with P. yoelii YM. Mice vaccinated with a single dose of 100 NT1-deficient 
parasites demonstrated sterile protection following challenge with 25,000 P. yoelii 
YM sporozoites [49]. Alpha-beta-T cell-deficient mice and B cell-deficient mice 
were used to investigate the immune responses required for vaccine-induced pro-
tection. Both αβ-T cell and B cell responses were essential for vaccine-induced 
protection [49].
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Disruption of the gene for plasmepsin-4 can generate virulence-attenuated para-
sites. Plasmepsin-4 contributes to hemoglobin digestion in the digestive vacuole of 
the parasite. Although disruption of the gene in P. berghei had a limited effect on the 
growth rate, these parasites showed significantly reduced virulence and an inability 
to induce experimental cerebral malaria compared to the parental parasite [50]. 
Mice vaccinated with these virulence-attenuated parasites were protected against 
both homologous and heterologous parasite challenge. Following vaccination, anti-
bodies were induced, and transfer of IgG from mice that had cleared attenuated para-
sites resulted in a rapid decrease in the parasitemia and accumulation of parasites in 
the spleen of recipient mice infected with wild-type parasites [50]. Antibodies were 
suggested to enhance the clearance of infected RBCs by splenic macrophages [50].

The genetically attenuated vaccine approach will need to overcome concerns 
regarding reversion of attenuated parasites to their virulent wild type. One approach 
that is currently being utilized is the disruption or deletion of multiple genes. The 
disruption of both plasmepsin-4 and merozoite surface protein-7 genes generated 
double knockout parasites with greater virulence attenuation than either of the sin-
gle knockout strains [51].

7  �Chemically Attenuated Blood-Stage Parasite Vaccines

Chemical attenuation of blood-stage parasites using DNA-binding drugs is an effec-
tive method for generating a whole-parasite blood-stage vaccine in rodent models 
[52]. Originally developed as anti-cancer agents, centanamycin (CM) and tafuramy-
cin-A (TF-A) belong to a family of chemical agents that irreversibly bind to poly-A 
regions of DNA [53]. Simple sequence repeats of adenine are abundant in the A-T-
rich genome of Plasmodium spp. [54]. These drugs were originally investigated as 
anti-malaria drugs and then developed as attenuating agents for Plasmodium spp. 
initially using sporozoites [55–57]. CM and TF-A were used in vitro to attenuate 
blood-stage rodent Plasmodium spp. before injection into mice [52]. Administration 
of these parasites did not lead to patent parasitemia [52]. A single dose of chemically 
attenuated ring-stage P. chabaudi parasites protected mice against homologous and 
heterologous blood-stage parasite challenge. Protection lasted up to 6 months and 
was mediated by CD4+ T cells in the absence of parasite-specific antibodies. 
Following vaccination, chemically attenuated parasites accumulated in the spleen 
and liver and were found inside macrophages and dendritic cells [52]. Data suggest 
that persistence of attenuated parasites or parasite antigens is necessary for induc-
tion of immune responses and protection (Reiman et  al. submitted). Chemically 
attenuated ring-stage P. chabaudi parasites rapidly activated the immune system, 
with activation of both CD4+ and CD8+ T cells observed in the peripheral blood of 
vaccinated mice (Fig.  3, [52]). Strong proliferative responses were demonstrated 
against both homologous and heterologous parasites (Fig. 3, [52]). This chemically 
attenuated blood-stage vaccine approach is being assessed using other rodent mod-
els [59] and in an early-stage clinical trial for P. falciparum.
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8  �Challenges of Developing Whole Blood-Stage Parasite 
Vaccines

The development of a whole blood-stage parasite vaccine presents a number of chal-
lenges, most prominently the use of RBCs in the vaccine formulation and the need for 
culturing to produce the vaccine [58]. Production will require human RBCs, as well 
as other blood components, and large-scale culture of parasites. The use of human 
blood also raises concerns regarding the induction of antibodies against RBC surface 
antigens (ABO and Rh blood group systems). This can be greatly limited by the use 
of universal donor (blood group O Rh negative) RBCs. Antibodies to minor antigens 
may also arise, but their occurrence will be dependent on the dose of red cells in the 
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vaccine. Development of killed blood-stage vaccines also requires the identification of 
adjuvants suitable for use in humans.

Another consideration is the regulation of vaccine-induced immune responses, 
in particular cellular immune responses. The importance of cellular immune 
responses in protection has been demonstrated by a number of studies [38, 52]; 
however, cellular immune responses may also be pathogenic. A whole blood-stage 
vaccine will need to induce a balance of pro- and anti-inflammatory cellular immune 
responses capable of effectively clearing parasites without causing pathology. The 
factors regulating this balance are still not well understood. However, the ability of 
the immune response to contain parasite density quickly will dramatically limit 
pathogenic responses.

9  �Conclusion

The development of a vaccine is essential for the elimination and eventual eradica-
tion of malaria. Despite many years of effort, an efficacious malaria vaccine has not 
yet been achieved. Subunit vaccine candidates that have progressed through to clini-
cal trials in malaria-endemic countries have demonstrated limited efficacy [14–17] 
and have, therefore, renewed interest in the development of a whole blood-stage 
parasite vaccine against malaria.

Killed or attenuated whole blood-stage parasites have been used to develop the 
whole vaccine approach further, with promising results. Many animal vaccine stud-
ies have provided a proof of concept that killed or attenuated parasites can provide 
protection [38, 41, 43, 49, 50, 52]; however, clinical studies are now required to 
determine the protective role of vaccine-induced immune responses in humans.
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1  �Introduction

As has been reviewed in Chap. 3 of this book and elsewhere, malaria infection 
results in immune responses against the parasite’s asexual blood-stage which are 
capable of protecting against clinical disease [1, 2]. In particular, seminal human 
passive transfer studies demonstrated that naturally acquired IgG antibodies are 
capable of clearing blood-stage P. falciparum parasites, independent of other donor 
immune effectors or the action of antibody against other parasite life-cycle stages 
[3, 4]. It has long been considered that the development of an immunogen capable 
of eliciting a response mimicking this effect is one of the most attractive approaches 
to an efficacious malaria vaccine. A further attraction of the approach is the poten-
tial for ‘natural boosting’, i.e. the reinforcement of partial or waning vaccine-
induced immunity by exposure of the individual to sub-clinical blood-stage 
infection. This attraction has been brought into particularly sharp focus by recent 
concerns regarding rapid waning of the immunity of the RTS,S vaccine and age-
shifting of clinical disease by interventions such as RTS,S which may reduce the 
development of blood-stage immunity [5, 6].

Balancing these arguments in favour of the blood-stage vaccine (BSV) approach 
is a series of challenges. BSV developers share a series of problems with those target-
ing other parasite life-cycle stages—notably the difficulties associated with produc-
ing conformationally accurate recombinant Plasmodium spp. antigens and accessing 
immunogenic adjuvants with which to formulate them [7, 8]. There are, however, 
additional challenges which are, perhaps, more prominent in the blood-stage field 
than elsewhere. The principal disadvantage, of course, of attempting to emulate natu-
ral immunity to a parasite which establishes chronic and repeated infection is that the 
parasite has well-evolved immune evasion mechanisms. Antigenic polymorphism 
among the major parasite molecules on the infected RBC (iRBC) surface is of a dif-
ferent order of magnitude from that among other parasite molecules, notably via the 
var multi-gene family encoding Plasmodium falciparum erythrocyte membrane pro-
tein-1 (PfEMP1) proteins [9]. Although the extent of diversity among the merozoite 
antigens which have been the major targets of BSV development is less than that 
among iRBC-surface antigens, antigenic polymorphism has been a critical obstacle 
which has hindered the BSV field to a much greater extent than it has affected pre-
erythrocytic or transmission-blocking vaccines. This problem may have been inad-
vertently exacerbated by the focus of the field upon merozoite surface protein 1 
(MSP1) and apical membrane antigen-1 (AMA1), both of which were originally 
identified via their immunogenicity in the context of exposure of rodents to whole 
Plasmodium spp. parasites [10–12]. It is perhaps unsurprising that the parasite has 
evolved in such a way that the immuno-dominant antigens of its chronically infect-
ing, high biomass stage are challenging targets for vaccine developers.

A second challenge for the blood-stage field (and in particular for approaches 
dependent upon anti-merozoite antibody) arises from the brief window of extra-
cellular exposure of the merozoite and the resulting kinetic constraints upon 
antibody binding to the parasite. Although the duration of this period in vivo is not 
accurately known, in vitro video-microscopy suggests a period of around 60 s [13, 
14]. Given that the rate of binding of antibody to antigen (or, in other terms, the 
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half-life of unbound antigen after exposure to antibody) is determined largely by the 
product of antibody concentration and the antibody–antigen association rate con-
stant, relatively simple biophysical calculations can demonstrate that high antibody 
concentrations are essential in order to complex the majority of antigen within the 
available time [15]. Empirical data suggests that (at least using the immunogens 
studied to date) monoclonal antibody concentrations in excess of 10 μg/mL or poly-
clonal antibody concentrations in excess of 50  μg/mL are needed to neutralise 
>50 % of parasites in the widely used in vitro assay of growth inhibitory activity 
(GIA) [16–19]; concentrations of anti-merozoite antibody required to achieve pro-
tection against P. falciparum in vivo appear to be well in excess of 100 μg/mL [20, 
21]. Although current vaccine technologies can achieve such levels of antigen-
specific antibody in the short term (weeks to a few months), they cannot sustain 
them over a period of years. Success in the blood-stage field therefore appears likely 
to require either a step-change in immunogenicity via advances in adjuvant/formu-
lation technology, the identification of merozoite targets with substantially different 
antibody concentration-effect relationships from those previously studied, or a 
change from anti-merozoite antibody-based approaches to completely different 
strategies such as those targeting the iRBC surface.

Subunit BSV development began more than 35 years ago [12]. Clinical evalua-
tion of various blood-stage candidates has been ongoing for around 25 years [22]. 
Trials of at least five candidates have produced ‘efficacy signals’, typically involv-
ing secondary endpoints and typically not reproduced by follow-up studies [23–28]. 
In contrast, to the author’s knowledge, no BSV has demonstrated reproducible or 
clinically meaningful efficacy as assessed using a pre-specified primary endpoint. 
BSV development is not currently a funding priority for the PATH Malaria Vaccine 
Initiative (which is explicitly focussing upon pre-erythrocytic and transmission-
blocking approaches). Although other funders continue to support the field, BSV 
investigators face a tough financial environment at the same time as they attempt to 
confront thorny scientific challenges. It is striking that the number of publications 
of BSV clinical trials has dwindled in recent years (Fig. 1).

Fig. 1  Number of BSV 
clinical trials by year of 
publication. The number of 
original publications 
reporting clinical trials of 
BSV candidates is shown. 
Data drawn from 
Supplementary Table 1
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At this difficult time for the BSV field, this chapter will attempt to review both 
past and current BSV development efforts, and briefly look forward at the prospects 
for overcoming these challenges.

2  �Mechanisms of BSV-Inducible Protection: Effectors 
and Assessment

For an in-depth review of the immunological response to blood-stage infection, 
readers are referred to the chapter by Cockburn. This section aims to provide a brief 
overview of the variety of vaccine-inducible immune effector mechanisms which 
might confer protection against blood-stage infection or disease, and, linked to this, 
a summary of the experimental systems available for the assessment and prioritisa-
tion of vaccine candidates thought to act via each mechanism.

2.1  �Naturally Acquired Immunity, Non-Natural Immunity, 
Markers and Causes of Protection

Given the lack of BSV candidates with unambiguous clinical efficacy, it is clear that 
there cannot yet be any validated immunological surrogate of BSV protection. 
Instead, possible links between each immunological effector and in vivo protection 
of humans are supported by a variety of sources of evidence, all of them imperfect.

It seems likely that more than one immunological mechanism contributes caus-
ally to naturally acquired immunity (NAI) [1, 2]. It is certainly clear that multiple 
immune responses are associated with NAI—but, given that these responses tend to 
correlate with exposure and each other, it is difficult to unpick which responses are 
markers and which are causes of protection.

Pregnancy provides a natural ‘experiment’ in which it is thought that previously 
acquired anti-PfEMP1 responses become ineffective due to the expression of the 
pregnancy-specific VAR2CSA antigen [29]. This appears to be sufficient for preg-
nant women to become susceptible to placental malaria (these women presumably 
retain something close to their previous level of anti-merozoite immunity, do not 
become susceptible to non-placental malaria, and clear parasitemia rapidly after 
delivery of the placenta) [29]. Along with other strands of evidence, this is a fairly 
strong argument that anti-PfEMP1 immunity is a major contributor—if not the 
major contributor—to NAI [30]. If this is the case, blood-stage vaccine approaches 
directed to targets other than PfEMP1 are attempting to induce a ‘non-natural’ 
immune phenotype, and many of the sero-epidemiological efforts to associate pro-
tection with anti-merozoite responses may be focussed upon non-causal markers of 
NAI or minor contributors to NAI.

Mimicking NAI is just one possible route to a BSV. It seems reasonable to think 
that there may be multiple valid routes via which subunit vaccines might protect, 
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most of them aiming to induce ‘non-natural’ responses which differ in quality or 
quantity from that seen in NAI. If this is the case, it is quite possible that, in time, 
very different responses measured in different assays could each prove to be valid 
surrogates of protection. It is also important to acknowledge that responses which 
are not associated with naturally acquired protection could prove protective if 
induced in greater quantity/quality. Conversely, some responses which do make 
minor causal contributions to NAI may not be sufficient to protect if induced by 
subunit vaccination in the absence of the other contributors to NAI.

Many roads may lead to an effective BSV. At present we do not know which of 
the roads being followed by the community are ‘dead ends’—effector mechanisms 
which might contribute to protection in some settings but cannot be induced by vac-
cination in sufficient quantity or quality to achieve protection. We are far from 
knowing which is the ‘route of least resistance’, i.e. the protective immune response 
which can most readily be induced and maintained in sufficient quantity by avail-
able vaccination platforms.

2.2  �Fc-Receptor-Independent Merozoite Neutralisation 
by Antibody

In vitro assays of the effect of anti-parasite antibodies upon a simple culture com-
prising parasite-infected and uninfected red cells (and lacking complement or 
Fc-receptor-bearing immune effector cells) have been used for many years and 
have recently been reviewed elsewhere [31, 32]. The assay of ‘growth inhibitory 
activity’ (GIA) has been widely used and, importantly, methodology for this assay 
was standardised by Long and colleagues and, for a number of years, made avail-
able to the community via the PATH-MVI GIA reference laboratory [18]. 
Although antibodies against antigens with a variety of subcellular localisations 
and with a variety of modes of action upon the parasite can exert GIA, the assay 
has been used principally to evaluate vaccine candidates which induce antibody 
acting upon antigens on the merozoite surface and involved in the invasion of 
parasites into RBCs.

It is contentious whether the activity measured by the assay of GIA makes a 
significant contribution to naturally acquired protection [33]. Strikingly, however, 
observations that antibodies against the AMA1 and RH5 antigens mediated 
Fc-independent in vitro parasite neutralisation led to the prioritisation of these mol-
ecules as vaccine candidates, and in both cases proved to be predictive of the ability 
of vaccines based upon them to induce in vivo protection in non-human primates 
[10, 20, 34, 35]. Moreover, strong relationships between vaccine-induced GIA and 
protection have been observed in non-human primate studies [20, 36]. Efforts are 
currently under way to ascertain whether in vitro GIA is also predictive of the pro-
tective capacity of passively transferred monoclonal antibodies in the Aotus model 
(the author’s unpublished work).
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On current evidence, it seems at least plausible that a sufficient level of parasite 
neutralising activity could be protective in vivo; there is considerably greater doubt 
about the quantitative relationship between GIA and protection. It seems naïve to 
expect that 50 % GIA under a given set of in vitro conditions would predict a 50 % 
reduction in the in vivo parasite multiplication rate. Indeed, recent controlled human 
malaria infection (CHMI) trials suggest that induction of antibody responses capa-
ble of achieving 50 % in vitro GIA at a physiological antibody concentration has no 
detectable effect upon in vivo PMR [21, 25]. Vaccinologists targeting other patho-
gens are familiar with the idea that protection is often attained when the in vivo 
antibody concentration is many-fold higher than that which achieves a prescribed 
level of activity in an in vitro assay: for example, protection is known to correlate 
with a serum neutralisation titer of 1/4 to 1/8 for polio, or a hemagglutination inhibi-
tion titer of 1/40 for influenza [37]. The situation may well be similar for the rela-
tionship between GIA and protection: the ability of antibody to achieve 50 % GIA 
at 1/5 of the in vivo concentration was found to be predictive of efficacy of an RH5 
vaccine in Aotus [20]. One might speculate that this could readily arise from differ-
ences in the speed of invasion in vitro and in vivo, altering the kinetic constraints 
upon antibody–antigen binding (see above).

Although a certain level of GIA-inducing antibody is naturally acquired, it seems 
that protection which is largely dependent upon GIA will require the induction by 
vaccines of a level of this activity substantially higher than that observed in most 
naturally exposed- and NAI-protected- individuals. It remains unclear what ‘GIA50’ 
titer would predict protection in humans—or whether levels of antibody sufficient 
to achieve this can be attained with current vaccine/adjuvant technology.

2.3  �Fc-Receptor-Dependent Activity of Anti-Merozoite 
Antibodies

The relative ease of measurement and conceptual simplicity of direct parasite neu-
tralisation by antibody contrasts with the considerably more complex field of inves-
tigation around Fc-receptor (FcR) dependent anti-merozoite antibody activity. A 
variety of in  vitro assays have been developed, measuring a variety of effector 
mechanisms induced by the ligation of FcR by antibody-merozoite complexes 
(Table 1).

Activity in all of these assays has been associated with natural immunity to 
malaria [38, 40, 42, 43]. It is less clear whether this association arises because these 
activities are simply readily measured markers of a broad and strong anti-malaria 
antibody response, or whether they play a substantial causal role in protection, inde-
pendent of other immune effectors. It is worth noting that the ADRB and phagocy-
tosis assays do not measure effects upon parasite multiplication, but instead use the 
parasites almost as ‘antigen beads’. The ADCI assay is conceptually attractive but 
has proven challenging for many laboratories to implement in a robust and repro-
ducible fashion, hindering its widespread adoption [32].
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A further Fc-dependent (though FcR-independent) effector mechanism which 
has recently attracted increasing interest is the fixation of complement by merozoite-
binding antibody [44]; once again, such activity has been associated with NAI but 
convincing evidence of complement-dependent in vivo vaccine efficacy has not yet 
been presented.

It seems possible that the various assays outlined above are measuring multiple 
downstream effects of similar upstream events (namely the binding of non-
neutralising antibody to the merozoite). Clear demonstration that such non-
neutralising antibody can achieve protection in vivo—in the absence of GIA-inducing 
antibody or other effectors—would seem to be of considerable importance for those 
involved in this area of BSV research.

2.4  �Antibody Against iRBC-Surface Antigens

iRBC-surface antigens, including the PfEMP1, Rifin, and Stevor families, may well 
be the principal targets of naturally acquired immunity to malaria [45, 46], as has 
been particularly clearly shown in the case of pregnancy-associated malaria [47]. 
Antibodies recognising these antigens may act by a variety of mechanisms including 
blockade of cyto-adherence and opsonisation resulting in phagocytosis, and differ-
ent assays capable of measuring these activities in vitro have been reported [48, 49].

Unlike the brief window of exposure of merozoite antigens, iRBC surface anti-
gens are exposed to circulating antibody for several hours during the trophozoite and 
schizont stages of each intra-erythrocytic parasite multiplication cycle. As a result, 
antibodies binding these antigens have plentiful time in which to reach equilibrium, 
and hence relatively low concentrations of antibody will achieve high levels of anti-
gen saturation; 50 % antigen saturation will be achieved by a typical antibody with 
an equilibrium monovalent binding constant of 10 nM at a concentration of only 
1.5 μg/mL (or less, in the event of bivalent binding). Such concentrations are readily 

Table 1  Assays of FcR-dependent activity of anti-merozoite antibody

Assay Conditions Effector mechanism
Typical 
readout

Antibody dependent 
cellular inhibition 
(ADCI) [38]

Culture of parasites, 
red cells, antibody and 
human monocytes

Soluble mediators, e.g. TNFα 
released by monocytes upon 
FcR engagement with 
antibody-bound merozoite [39]

Parasite 
growth

Antibody dependent 
respiratory burst 
(ADRB) [40]

Mixture of frozen 
parasites, antibody 
and human neutrophils

Reactive oxygen species 
(ROS) produced by neutrophils 
upon FcR engagement with 
antibody-bound merozoite

Magnitude of 
ROS 
production

Merozoite 
opsonisation/
phagocytosis assays 
[41, 42]

Mixture of purified 
merozoites with 
antibody and human 
monocytes or PBMCs

Phagocytosis of antibody-
bound merozoites

Percentage of 
phagocytes 
containing 
merozoites
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attained—and maintained for several years—by modern subunit vaccine/adjuvant 
approaches.

While the potential for efficacy at relatively low antibody concentrations is an 
attraction of the iRBC-surface targeting approach, the major challenge it faces is the 
extreme variability of these antigens. This will be discussed further in the section 
covering specific PfEMP1-targeting approaches.

2.5  �T Cell Responses Against the Blood-Stage

For any antibody-mediated mechanism of protection, it is quite likely that CD4+ 
T cells will play a role in the causal chain leading to protection (via help for B cell 
responses). Given that the first generation of asexual merozoites are produced in 
the liver (and the fact that many ‘blood-stage’ antigens are in fact also expressed 
by sporozoites [50]), it is also quite possible that CD8+ T cells reacting to anti-
gens generally considered to be ‘blood-stage’ could contribute to pre-erythrocytic 
protection [51].

The possibility that T cell responses themselves may be proximate causes of 
protection against blood-stage parasite multiplication, independent of antibody, has 
also attracted the interest of BSV developers. With the exception of the results of a 
controlled human infection study which was later found to be seriously compro-
mised by persistent anti-malarial drug [52, 53], data to support this possibility has 
come largely from rodent malaria models of infection. The elegant work of 
Langhorne and colleagues in the P. chabaudi model has demonstrated that infection-
induced immunity is contributed to by cytokines including IFNγ, IL-10 and IL-22 
which are produced by CD4+ and CD8+ T cells [54–56]. A role for cytotoxic CD8+ 
T-cell killing of P. yoelii-infected MHC-I-expressing erythroblasts via Fas ligation 
has also been demonstrated, although it is doubtful this mechanism could contribute 
to control of P. falciparum in non-MHC-I-expressing mature RBCs [57].

It remains unclear whether the induction by a subunit vaccine of a T cell response 
against a blood-stage antigen, in the absence of a protective antibody response, 
could mediate clinically meaningful protection against P. falciparum in humans. 
The principal subunit vaccine approach which has been explored as a possible 
means of achieving such an effect has been the use of DNA and viral vector vac-
cines expressing MSP1 and AMA1 antigens. Depletion and adoptive transfer exper-
iments suggested a statistically significant but relatively modest role for 
vaccine-induced CD4+ cells in protecting against P. chabaudi after vaccination with 
viral vectors expressing PcAMA1 [58]. Clinical trials with adenovirus and poxvirus 
vectors have not demonstrated significant efficacy against the blood stage, despite 
the induction of robust T cell responses as assessed using ELISPOT and flow cyto-
metric assays [59]. Sterile protection of a small number of volunteers after immuni-
sation with a DNA prime-adenovirus boost regime combining CSP and AMA1 has 
been reported: although this was reported to be associated with cellular responses to 
the AMA1 component, this observation arose from an exploratory analysis which 
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has not been reproduced, and it is unclear whether the observed protection was 
mediated at the liver or blood stage [60]. To the author’s knowledge, no new sub-
unit vaccines designed to act primarily via direct T cell effects against the blood-
stage have entered clinical trials or advanced pre-clinical development in recent 
years or are projected to do so in the near future.

3  �Assessing and Prioritising BSVs In Vivo

3.1  �Mouse Models

Candidate BSVs have been extensively evaluated in rodent malaria models. The 
commonly used model species—P. yoelii, P. chabaudi, and P. berghei—were orig-
inally isolated from African thicket rats (i.e. the mouse, Mus musculus, is not their 
natural host). They differ from each other and from P. falciparum in important 
respects relevant to BSV development, notably differing patterns of cytoadherence, 
erythrocyte invasion receptor-ligand usage and circulation of viable extra-cellular 
‘latent merozoites’ [61, 62]. Some BSV concepts simply cannot be tested in rodent 
malaria models due to the absence of direct rodent malaria homologues of the target 
antigens (notably PfRH5 and PfEMP1).

Where homologues do exist, testing of BSV candidates in these models is com-
monly undertaken, but it is not clear how the results should be interpreted. In short, 
a large number of MSP1 and AMA1 formulations have been shown to be protective 
against P. yoelii and P. chabaudi—yet wherever equivalent P. falciparum formula-
tions have been evaluated in Phase IIa/b clinical trials, they have failed to achieve 
clinically meaningful protection. It has therefore been argued that these models are 
not particularly stringent tests of the protective potential of a candidate formulation 
[63]. The P. berghei blood-stage model, in contrast, is highly stringent—to the point 
that there are very limited numbers of reports of formulations achieving protection 
in this model, none of which have, to the author’s knowledge, been replicated out-
side the original laboratory [63].

‘Humanised mouse’ models of the P. falciparum blood-stage are now available, 
offering a variety of ways to bring together P. falciparum infected human RBCs 
(provided either by infusion of human RBCs or produced by transferred human 
haematopoietic stem cells [hHSCs]) and vaccine-induced immune effectors (pro-
vided either by passive transfer of antibodies, or in situ active responses derived 
from hHSCs) [64]. Although rapid development continues, these models do not yet 
fully recapitulate the interaction of the parasite with a normal host (i.e. with normal 
immunity, erythropoiesis and human RBC haematocrit). As a result of this (coupled 
with the relative ease of studying the P. falciparum blood-stage in vitro as com-
pared to the liver-stage) humanised mice have yet to find quite as central a role in 
BSV development as they now occupy in the liver-stage field. One might speculate 
that they may play a valuable future role in modelling the P. vivax blood-stage, 
which remains challenging to study in vitro.
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3.2  �Non-Human Primate (NHP) Models

A series of elegant studies—notably by the late Bill Collins—established New 
World monkeys (Aotus and Saimiri spp.) as models of the P. falciparum and P. 
vivax blood stages [65, 66]. Unlike humanised mice, NHPs offer the opportunity to 
study the pathogen in the context of a fully immunocompetent host. Largely because 
‘clinical-grade’ (cGMP) vaccine material is not needed, such studies can be per-
formed considerably more rapidly and with lesser resources than clinical trials, 
although there are only a few centres globally with access to these models. There is 
clearly a substantial ethical responsibility upon investigators to design NHP studies 
with care, and a commensurate regulatory burden upon the use of the model. It is 
also important to note that some aspects of human–pathogen interaction are proba-
bly not fully recapitulated in these models.

The potential role of these models in making go/no-go decisions on the path of a 
BSV candidate towards clinical trial has previously been debated in depth [67, 68]. 
In the case of GIA-inducing vaccines (principally targeting AMA1 and MSP1), the 
negative predictive value of the model seems reasonable: vaccine formulations 
which failed to protect in the Aotus model have failed to protect in clinical trials. 
The positive predictive value is less clear: to the author’s knowledge, only one 
human-compatible BSV formulation has demonstrated statistically significant pro-
tection in non-human primates, and has not yet reached clinical efficacy trials [20]. 
Where GIA is thought likely to be the primary mechanism of a candidate’s action, 
it could be argued that outperformance of the current leading candidate in this 
model (and in vitro studies) is a reasonable pre-requisite for clinical progression.

Fewer NHP studies have been performed for vaccines thought to act via mecha-
nisms other than GIA.  It is, perhaps, worth noting that NHPs provide particular 
opportunities to dissect the contribution of different immune effectors to protec-
tion—including the ability to perform antibody passive transfer, depletion of cellu-
lar subsets, and cytokine blockade within the context of an otherwise normal 
immune system—which are difficult to replicate in human or humanised mouse 
studies. This opportunity for mechanistic studies has yet to be fully exploited by the 
field and may be of particular value in building the case for vaccines acting via less 
widely accepted effector mechanisms.

3.3  �Controlled Human Malaria Infection (CHMI)

Mosquito-bite CHMI has long enjoyed a pivotal role in the evaluation of pre-
erythrocytic vaccine candidates [69, 70]: in contrast to field trials, CHMI studies 
typically involve <50 participants and are completed within 6 months, allowing the 
safe, cost-effective and rapid discrimination of promising candidates from those 
with insufficient efficacy. There has, however, been a degree of doubt about the 
value of CHMI studies for the evaluation of BSV candidates, leading several candi-
dates to advance to field studies without demonstrating efficacy in CHMI.
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One strand of this argument has related to the belief that BSV immunity may be 
detectable only at high levels of parasitemia which cannot be studied in CHMI stud-
ies (in which participants receive anti-malarial treatment as soon as parasitemia is 
microscopically patent). In particular, it has been proposed that ADCI may provide 
a parasite ‘density-dependent’ mechanism of parasite control, which would not be 
detected in CHMI [71]. Measurement of sub-patent parasite growth in naturally 
immune adults suggests that NAI, at least, is active in the sub-patent period [72]. 
Moreover, there is no obvious reason to suppose that GIA should be density depen-
dent, and NHP data is suggestive that GIA-inducing BSVs are efficacious in the 
pre-patent period [20].

A second problem relating to the use of CHMI for BSV evaluation relates to the 
lesser ability of mosquito-bite CHMI studies to detect partial BSV effects than to 
detect partial pre-erythrocytic effects. Although blood-stage parasite multiplication 
rate (PMR) after mosquito-bite challenge can be quantified by combining quantita-
tive polymerase chain reaction (qPCR) data with simple curve-fitting techniques, 
there are large uncertainties in such estimates, arising from the fact that the liver-to-
blood inoculum is not accurately known and the duration of blood-stage replication 
is typically only two to three blood-stage cycles [73]. Blood-stage CHMI—in which 
a small and known number of iRBCs from an infected donor are injected IV into 
vaccinated challengees—largely overcomes this problem, providing accurate esti-
mation of PMRs and greatly enhanced statistical power to detect partial BSV-
induced immunity [21, 74, 75]. The power provided by such a study including 15 
vaccinees and 15 controls is sufficient to detect PMR reductions of around 30 % 
[21]; it is doubtful that PMR reductions of less than this magnitude would be clini-
cally meaningful.

A recent blood-stage CHMI study has considerably clarified the discussion 
around the potential efficacy of a BSV candidate which had produced ambiguous 
efficacy signals in mosquito-bite CHMI and field trials [21, 24, 25]. The author’s 
view is that field efficacy trials of BSV are now hard to justify without prior dem-
onstration of efficacy against CHMI.

4  �Antigens Which Have Entered Clinical Trials

Supplementary Table 1 sets out all clinical trials of subunit vaccines including BSV 
components of which the author is aware. Antigens which have entered clinical tri-
als are each briefly considered in the following section.

4.1  �Apical Membrane Antigen 1 (AMA1)

AMA1 is implicated in erythrocyte invasion, and is among the best studied targets 
of Fc-independent antibody neutralisation (i.e. GIA-inducing vaccine approaches). 
A wide variety of AMA1 formulations have been evaluated in rodent, NHP, Phase 
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I, Phase IIa and Phase IIb clinical studies [34, 76, 77] (see also Supplementary 
Table 1). Of the AMA1 candidates which have reached clinical trial, the one which 
has appeared most promising has been FMP2.1, a mono-allelic E. coli-produced 
protein formulated with GlaxoSmithKline’s AS01 or AS02 adjuvants [25, 78]. The 
immunogenicity of the formulation is excellent, attaining AMA1 specific IgG con-
centrations well in excess of 100  μg/mL in many volunteers [21, 25]. Efficacy 
against vaccine-homologous parasites was reported in a Phase IIb field study, but 
this was a secondary analysis and the result was of relatively weak statistical signifi-
cance (p = 0.03) [24]. A subsequent blood-stage CHMI study showed no trend 
towards a PMR reduction in vaccinees as compared to controls, although antibody 
responses in this study (conducted in UK adults) were lower than previously seen in 
US adults or Malian children, possibly explaining the discrepancy with the Phase 
IIb results [21].

Ongoing development of AMA1-based vaccines appears to face twin difficul-
ties: a quantitative challenge, relating to the exceptionally high AMA1 concentra-
tion which seems to be necessary to achieve protection even against 
vaccine-homologous parasites, and a qualitative challenge, relating to overcom-
ing the antigen’s high level of polymorphism among parasite strains. The most 
promising recent effort to tackle the former has involved a structure-based 
approach in which an AMA1—RON2-peptide complex is used as an immunogen: 
this appears to reduce the concentration of induced antibody needed to attain a 
given level of GIA [79]. A variety of approaches to tackle AMA1 antigenic diver-
sity are also being explored, including multi-allelic immunisation, the generation 
of ‘immunodampening’ antigens in which polymorphic residues are mutated to 
glycine, alanine or serine, and the design of ‘diversity covering’ (DiCo) protein 
combinations consisting of chimeric proteins which together include the majority 
of variants at each locus present in circulating parasites [17, 80, 81]. A Phase I 
trial of the DiCo approach is currently in progress (clinicaltrials.gov identifier 
NCT02014727).

Prospects for the future success of AMA1 vaccines depend upon bringing 
together solutions for both of the challenges discussed above. If this can be achieved, 
the protein’s high immunogenicity in the context of natural infection—which led to 
its initial identification, and probably also to one of its main weaknesses, i.e. prob-
lematic polymorphism—may become an asset in that there is clear evidence for 
infection-induced boosting of vaccine-induced anti-AMA1 responses, potentially 
aiding in the maintenance of efficacy [20].

4.2  �Merozoite Surface Protein 1 (MSP1)

Like AMA1, MSP1 has been a leading BSV candidate antigen since the early 1980s, 
primarily as a result of the fact that anti-MSP1 responses are readily induced by 
infection in rodent models of infection. Most attention has focussed upon the 
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relatively conserved C-terminal MSP142 and MSP119 fragments, which have been 
studied mostly as targets of Fc-independent merozoite neutralisation (GIA). Similar 
to AMA1, MSP1 candidates have proven protective in NHP models, but only when 
formulated with Freund’s adjuvant and only against vaccine-homologous para-
sites—in other words, MSP1 and AMA1 share a need to reach extreme antibody 
titers to achieve protection, and a problem of antigenic variability (though the latter 
is perhaps a lesser issue for the MSP1 C-terminus) [82].

Excluding combination vaccines (see below) two MSP142 formulations have 
reached Phase II trial, with neither proving efficacious (one of these, a viral-vectored 
formulation, had yielded results suggesting efficacy in a pilot study which were not 
replicated in a subsequent larger Phase IIa trial) [28, 59, 83].

Although MSP1 has been investigated mostly as a GIA-inducing candidate, it is 
a major constituent of the surface coat of the merozoite and hence a tempting target 
for FcR-dependent antibody activity; this approach, and the use of the full-length 
MSP1 ectodomain (which is polymorphic, but can now be expressed in heterolo-
gous protein production systems) are relatively unexplored [84, 85].

4.3  �Merozoite Surface Protein 3 (MSP3)

MSP3 has been investigated principally as a target of ADCI. In the absence of 
MSP3 homologues in rodent malarias, much of the evidence in support of its candi-
dacy comes from sero-epidemiological studies of NAI [86]. As discussed above, 
many laboratories have found the ADCI assay difficult to implement in reproduc-
ible form. The P. falciparum—SCID mouse—human erythrocyte infusion model 
has provided further support for the antigen, but like ADCI, is technically challeng-
ing and has not been adopted widely [87].

In NHP challenge studies, full-length MSP3 formulated with Freund’s adjuvant 
has demonstrated a degree of protection against vaccine-homologous parasites [88, 
89]. It is, however, worth noting that, unlike similar studies with a number of other 
leading candidates, no MSP3 vaccinated NHPs were able to self-cure parasitemia 
(all ‘protected’ animals required treatment for anaemia).

Two MSP3-based candidates have entered clinical trials. MSP3 ‘long synthetic 
peptide’ is, as the name suggests, a chemically synthesised 96 amino acid fragment 
of the antigen, which has been tested in formulation with aluminium hydroxide 
adjuvant in Phase Ia and Phase Ib studies (Supplementary Table 1). A secondary 
analysis of a small Phase Ib study, presented in a single-page follow-up article, sug-
gested efficacy of the candidate against clinical malaria [26]. Given the nature of 
this analysis and the lack of supporting NHP, CHMI or external-laboratory pre-
clinical data for this candidate, it is difficult to interpret this result without replica-
tion in a further study with efficacy as the primary endpoint.
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A region of MSP3 also forms part of the ‘GMZ2’ BSV candidate, which is a 
fusion protein expressed in Lactococcus and also including part of the gluta-
mate rich protein (GLURP). GMZ2 has entered Phase I trials formulated with 
alum, again with a rationale founded mostly upon sero-epidemiological data 
and ADCI.

4.4  �Serine Repeat Antigen 5 (SERA5/SE36)

SE36 is an immunogen derived from the N-terminal P47 fragment of the SERA5 
protein [90]. SERA5 is secreted into the parasitophorous vacuole in late blood-stage 
development, followed by proteolytic processing around the time of parasite egress, 
leaving the P47 fragment associated with the merozoite surface [91]. Antigenic 
polymorphism in the regions included in SE36 appears modest (12 SNPs across 445 
isolates in one report) [92]. There are multiple reports that antibodies against it can 
mediate GIA in vitro and protection against parasite challenge in vivo in NHPs [90]. 
In prospectively specified follow-up analysis of a Phase Ib trial in Uganda, SE36 
formulated with alum appeared to mediate efficacy against clinical malaria [27]. As 
others have recently commented, this result deserves further study in a Phase II trial, 
or possibly blood-stage CHMI [32]. Given the relatively modest potency of alum, 
there is likely to be considerable scope for improvement upon the immunogenicity 
of SE36 by formulation with other adjuvants.

4.5  �Combination Vaccines

A number of clinical trials of multi-antigen malaria vaccines have included one or 
more blood-stage immunogen (Supplementary Table 1). Of these, the early candi-
date SPf66 is now generally regarded to have been ineffective [22]. The NMRC-
M3V-D/Ad-PfCA candidate displayed possible efficacy in a Phase IIa study which 
has not subsequently been replicated, and which may have been directed against the 
pre-erythrocytic stage [60].

The most extensively evaluated combination BSV candidate was ‘Combination 
B’, comprising MSP1, MSP2 and RESA antigens formulated in Montanide ISA720 
adjuvant. In a Phase IIb study, a reduction in parasite density was observed in one 
group of the study, along with a reduction in prevalence of parasites expressing the 
3D7 (vaccine-homologous) MSP2 allele [23]. The relatively complex design of 
the study and the multiple analyses conducted make the interpretation of these 
results challenging, and the study has not been replicated. The effect observed was 
not of sufficient magnitude to be clinically meaningful, and indeed there was a 
trend towards higher incidence of clinical malaria in vaccinees as compared to 
controls [23].
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4.6  �Other Antigens Which Have Entered Clinical Trials

There has been intense interest in recent years in the erythrocyte binding antigen 
(EBA) and reticulocyte binding protein homolog (RH) antigen families, stemming 
largely from investigation of the ligand–receptor interactions implicated in 
merozoite-erythrocyte invasion [93, 94]. EBA-175 was the first member of these 
families to attract substantial interest as a vaccine candidate, reaching NHP studies 
(in which it appeared to achieve modest efficacy) and a Phase Ia clinical trial [95, 
96]. Enthusiasm for EBA-175 as a mono-valent vaccine candidate has, however, 
been dampened by the realisation that it is non-essential in some parasite strains due 
to invasion ligand redundancy [97].

More recently, RH5 was identified an apparently essential member of the RH 
family, followed soon after by the demonstrations that it mediates an essential 
ligand–receptor interaction with the host protein basigin and is susceptible to 
vaccine-inducible strain-transcending neutralising antibody [35, 98, 99]. 
Interestingly, the RH proteins are homologs of the P. yoelii Py235 protein family, 
which were among the earliest identified BSV candidates (along with MSP1 and 
AMA1) [12]. RH5, however, differs from these other candidates in important 
respects: it does not appear to be particularly immunogenic in the context of natural 
infection, and it is highly antigenically conserved [19, 35]. Unlike other BSV can-
didates, RH5 has been shown to protect NHPs against challenge with a vaccine-
heterologous parasite, including in a human-compatible vaccine formulation [20]. 
Clinical trials of viral-vector and protein-adjuvant RH5 vaccine formulations are 
under way (ClinicalTrials.gov identifiers NCT02181088 and NCT02927145).

Despite the apparent advantages of RH5 over previous candidates, substantial 
difficulties remain. The concentrations of anti-RH5 antibody required to neutralise 
parasites in vitro and for protection in NHPs appear somewhat lower than with anti-
AMA1 but remain substantial [19, 20]. Achieving these in humans—let alone main-
taining them for the duration of one or more malaria transmission seasons—will be 
a considerable challenge unless there are major advances in adjuvant/formulation 
technology. Efforts are therefore underway to achieve protection via the induction 
and maintenance of more manageable antibody concentrations, by focusing the 
response onto protective epitopes and by seeking synergistic parasite neutralisation 
assisted by antibodies against other antigens [19].

Trophozoite exported protein 1 (Tex1) was identified on the basis of in silico 
predictions that it would adopt an alpha-helical coiled coil structure, which it was 
argued was a desirable characteristic in a vaccine candidate [100]. P27A, a frag-
ment of Tex1, has been noted to induce ADCI [101], and has recently entered Phase 
I trials (Clinicaltrials.gov identifier NCT01949909). As far as the author is aware, it 
has not been shown to induce protection in any in vivo challenge model.

Finally, a viral-vector vaccine targeting Plasmodium vivax Duffy-binding pro-
tein (DBP) has recently entered a Phase I trial (Clinicaltrials.gov identifier 
NCT01816113). The development of P. vivax BSVs is discussed in Box 1.
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5  �Future Prospects: A Personal View

As outlined above, no BSV candidate has yet achieved unambiguous and reproduc-
ible efficacy in a clinical trial. Even in NHP models, extreme antibody titers are 
needed to attain protection, and only RH5 has demonstrated efficacy against a 
vaccine-heterologous challenge [20]. Recent experience with the RTS,S vaccine’s 

Box 1: P. vivax BSVs
There is increasing interest in the development of vaccines targeting P. vivax, 
which is both more geographically widespread than P. falciparum and—due 
to differing vector ecology and the existence of the dormant hypnozoite 
stage—more difficult to control using existing techniques [102]. Despite this, 
P. vivax has attracted only a small fraction of the research effort and expendi-
ture devoted to P. falciparum.

P. vivax BSV developers face further obstacles in addition to those familiar 
from the P. falciparum field. In vitro culture of the P. vivax blood-stage is dif-
ficult, largely due to the parasite’s preference for immature RBCs. Strenuous 
efforts have been made to develop in  vitro culture systems, typically via 
approaches which enrich reticulocytes in the culture [8]. Nonetheless, P. vivax 
growth/invasion inhibition assays remain challenging and can only be per-
formed by a few laboratories [103]. NHP studies are slightly more challeng-
ing than for P. falciparum, as splenectomy is usually necessary in order to 
achieve consistent parasitemia in Aotus or Saimiri [104] (it is worth noting, 
though, that the closely related parasite P. cynomolgi, which infects macaques, 
provides an alternative NHP model [105]). Finally, mosquito-bite CHMI with 
P. vivax is complicated by the need to avoid hypnozoite-driven relapses and 
the fact that it is not currently possible to obtain mosquitoes carrying P. vivax 
of a known genotype [106, 107]. There is an opportunity to circumvent these 
problems—and allow more accurate assessment of P. vivax BSV efficacy—by 
the development of an inoculum suitable for P. vivax blood-stage CHMI 
studies.

The most advanced P. vivax BSV candidate—and indeed the only candi-
date to enter clinical trials to date—is the region II (RII) fragment of the 
Duffy-binding protein (DBP). This antigen, which is structurally related to 
the P. falciparum EBA family, mediates an interaction with the Duffy-antigen 
Receptor for Chemokines (DARC) host protein. Individuals and populations 
who are Duffy-antigen-negative (such as the majority of Africans) are resis-
tant to P. vivax [108]. Antibodies to DBP inhibit erythrocyte invasion, and 
DBP-RII formulated in Freund’s antigen is protective against P. vivax chal-
lenge of Aotus [109, 110]. The formulation which has entered Phase Ia clini-
cal trial consists of adenovirus and poxvirus vectors expressing DBP-RII 
(Clinicaltrials.gov identifier NCT01816113) [111].
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rapidly waning efficacy and immunogenicity (antibody titers fall by around 90 % in 
the first year after vaccination [112]) suggests that even candidates which do achieve 
protection against challenges conducted a few weeks after vaccination but are 
dependent upon extreme antibody titers may face disappointment in field trials.

Difficulties for the field can be divided into those specific to the biology of the 
Plasmodium blood-stage (relating to antigenic polymorphism and the rapid kinetics 
of merozoite invasion) and those shared with other targets (relating to the expres-
sion of antigens in compliance with GMP, and formulation of protein immunogens 
with appropriate immunostimulating adjuvants). Prospects for tackling each of 
these obstacles are discussed in the following section.

5.1  �Blood-Stage Antigens Which Are More ‘Antibody 
Sensitive’

The antigens for which the relationship between antibody concentration, in vitro 
effects and in vivo protection have been most closely studied are probably AMA1 
and RH5. Both appear to require antigen-specific antibody concentrations substan-
tially in excess of 100 μg/mL to achieve protection (based upon evidence from 
CHMI and NHP trials, respectively) [20, 21]. There is no known vaccine technol-
ogy which has been shown to maintain such concentrations in humans over periods 
of many months. There is therefore a need to identify antigens—or antigen combi-
nations—which can achieve protection with substantially lower total vaccine-
induced antibody concentrations, such that those concentrations can realistically be 
maintained in the medium-to-long-term in human vaccinees.

The sections relating to AMA1 and RH5 above alluded to a number of strategies 
which are being adopted to try to meet this goal: synergistic antigen combinations, 
structure-guided focussing of responses upon neutralising epitopes, and structure-
guided design of multi-protein complexes which may present more ‘native-like’ 
epitopes. In parallel with this, efforts are ongoing to identify other merozoite anti-
gens which may have more favourable antibody concentration—clinical response 
relationships. Such screens have been greatly facilitated by recent improvements in 
recombinant protein expression technology [85, 113], but unless it is possible for 
antigen to ‘kill’ a merozoite with a very low level of antigen occupancy, kinetic 
constraints arising from the speed of merozoite invasion seem likely to impose a 
limit upon the success of this strategy.

An alternative to the identification or improvement of merozoite antigens is to 
target iRBC-surface antigens. Unlike merozoite antigens, these should be largely 
free from kinetic constraints and could be protective with very low antibody con-
centrations (see Sect. 2.4). Understanding of PfEMP1 proteins is steadily advanc-
ing—including knowledge about which variants are associated with severe 
disease, and which features are shared among proteins which were previously seen 
as intractably variable [30, 114]. A number of PfEMP1-targeting approaches have 
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been explored pre-clinically [49, 115, 116]; this is a complex area but one with 
potential for transformative developments in coming years. At present, the leading 
PfEMP1-targeting approach is focussed upon pregnancy-associated malaria 
(PAM; see Box 2).

Whether targeting merozoite or iRBC surface antigens, a key principle in try-
ing to overcome antigenic variability is to identify an epitope or set of epitopes 
which are functionally critical (hence vulnerable to blockade by antibody and pos-
sibly constrained in their ability to evolve diversity). Typically, such epitopes will 
not be immuno-dominant in natural infection—otherwise the parasite would be 
unable to achieve chronic infection. The vaccine developer therefore faces the 
task of skewing the response in a non-natural way. At the simplest level, of course, 
this is accomplished by any subunit vaccine. A more challenging task is to skew 
the response to a particular conserved epitope within a protein with a high overall 
level of variability. This demands a high degree of knowledge of the structure of 
antigen-neutralising antibody complexes, as well as antigen engineering 
approaches (for example, using glycans to mask undesirable epitopes, or display-
ing the immunogen in a particular orientation on a virus-like particle). Initial 
attempts to employ such approaches in the BSV field have yielded interesting 
results [114, 117].

Box 2: Vaccines Against Pregnancy-Associated Malaria (PAM)
As has been reviewed elsewhere, PAM is believed to result from the fact that 
a woman’s first pregnancy makes a new host molecule, chondroitin sulphate 
A (CSA), available on the placental endothelium [29, 30]. Among its reper-
toire of PfEMP1 proteins, P. falciparum has one (‘Var2CSA’) which is capa-
ble of mediating adhesion to CSA and hence cytoadherence in the placenta. 
Men and nulligravid women lack anti-Var2CSA responses (probably because 
the lack of CSA selects strongly against Var2CSA-expressing parasites in 
non-pregnant hosts), but a protective response is typically acquired by multi-
gravidae [30]. Var2CSA-targeting vaccines aim to protect specifically against 
PAM by blocking cytoadherence in the placenta, and would therefore be tar-
geted at adolescent girls [118]. They would not be predicted to have any effect 
against malaria in other contexts.

Challenges for this approach include the lack of an in vivo model of PAM, 
the large size of the Var2CSA molecule, and antigenic variability within it 
[118]. As for other PfEMP1-targeting approaches, there is interest in under-
standing conserved epitopes that may contribute to the design of immunogens 
capable of inducing strain-transcending responses [119]. The first Var2CSA-
targetting vaccines are likely to enter Phase I clinical trials within the coming 
year (Clinicaltrials.gov identifiers NCT02647489 and NCT02658253).
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5.2  �New Vaccine Technologies of Relevance to BSV 
Development

A comprehensive review of vaccine platform technologies which may prove useful 
in BSV research is clearly beyond the scope of this chapter. It is, however, worth 
highlighting a few developments which may be of broad interest.

Firstly, protein expression has been a major bottleneck for malaria vaccine 
developers, particularly when entering GMP antigen production: among other 
issues P. falciparum’s AT-rich genome and the presence of (often numerous) disul-
phide bonds in its proteins have proven problematic for protein expression in E. coli 
and yeast. Recent work by Gavin Wright and colleagues has demonstrated that tran-
sient transfection of mammalian cells is a powerful tool for the production of P. 
falciparum proteins [85]. There is no reason why this approach could not be trans-
lated to GMP for proof-of-concept clinical trials.

Secondly, a number of new virus-like particle platforms have been developed 
recently, some of which have the capacity to display large, folded, conformationally 
accurate antigens in a chosen orientation—and hence to favour antibody responses 
to chosen conformational epitopes [120].

Thirdly—and of relevance to the need to induce and maintain extremely high 
antibody concentrations—it is possible that existing adjuvant platforms may become 
more widely accessible in future, as GSK’s ‘adjuvant system’ (AS) family begin to 
come ‘off-patent’. Clearly this will depend upon other manufacturers taking the 
initiative to produce high-quality biosimilar products. In parallel, some interesting 
novel immunostimulators and antigen-delivery platforms have entered pre-clinical 
studies: the inter-bilayer cross-linked multi-lamellar vesicle strategy, for example, 
appears to improve antibody maintenance as compared to other approaches [121].

Finally, vectored immunoprophylaxis (VIP, in which an adeno-associated virus 
vector is used to drive expression of a chosen monoclonal antibody from within the 
‘vaccinees’ own cells) has the potential to revolutionise vaccine development if it 
can be proven to be safe, cost-effective and ethically acceptable [122]. VIP has the 
potential to largely overcome problems of antigenic variability by allowing the 
expression of a carefully chosen strain-transcending antibody. The approach will, 
perhaps, be most attractive where the concentration of antibody needed is low, and 
therefore in the BSV field, it may find a niche in PfEMP1 and PAM approaches.

5.3  �Candidate Prioritisation

In a time of scarce resources for BSV development, it is more important than ever 
to make the correct decisions regarding which candidates should progress to succes-
sive stages of development—and which should not.

Section 2 has already discussed the varying levels of evidence that each of the 
in vitro assays in use for BSV assessment is predictive of vaccine efficacy. At present, 
it is striking that some candidates have advanced to field efficacy trials on the basis of 
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activity in an in vitro assay without either the immunogen itself demonstrating pro-
tection in any in vivo model, or a clear causal relationship between the measured 
in vitro activity and in vivo protection being demonstrated (as distinct from studies of 
NAI—including passive transfer of naturally acquired IgG, in which causation of 
protection by a particular effector cannot be unpicked from unmeasured covariates).

With NHP studies possible to conduct for <USD 150,000, CHMI studies costing 
c. USD 3 million (including GMP antigen production), and field studies usually 
considerably more expensive, it is clear that clinical trials of inappropriate candi-
dates come at substantial cost. The author’s view is that vaccine developers hoping 
to advance a candidate into clinical trials should carefully consider:

	1.	 Demonstration in a rigorously quantitative, externally replicable assay that the 
candidate induces responses superior to those against previously trialled candi-
dates thought to act via the same mechanism.

	2.	 Demonstration that the candidate can achieve protection in an in vivo model—at 
present, although imperfect, Aotus seems most suitable.

	3.	 Prioritising efforts to establish the validity of their chosen in vitro assay as a sur-
rogate of protection in the context of vaccination—this requires in vivo efficacy 
studies of multiple candidates to demonstrate a fixed relationship between the 
measured activity and protection, and possibly also passive transfer studies.

For candidates that enter clinical trials, the incremental cost of blood-stage 
CHMI as compared to a Phase I trial is modest. There is a strong financial, practical 
and ethical case for the broader use of the blood-stage CHMI model to demon-
strate—or rule out—efficacy prior to field trials: it would be highly surprising if a 
vaccine failed to achieve a detectable effect in this model (i.e. a 30 % PMR reduc-
tion at the peak of the immune response) and yet went on to demonstrate clinically 
meaningful efficacy in a field efficacy study. The model could be readily extended 
to assess efficacy against vaccine-heterologous parasites, the relationship of effi-
cacy with time after vaccination, and the impact of vaccination of subjects with 
pre-existing NAI. Armed with such in-depth understanding of a candidate’s effi-
cacy profile, the field might not have to confront again the difficulty of interpreting 
ambiguous results of an unrepeatable field trial.

In some ways analogous to the desire to advance studies rapidly to field trials, 
there is often a strong drive to test antigens in combination. The author’s view is 
that such studies should be driven by careful examination of the effects of such 
combinations in pre-clinical models, looking for true synergy [19]; merely additive 
or sub-additive effects are common, and outright antagonism via antigenic competi-
tion is a frequent problem.

6  �Concluding Remarks

Our understanding of parasite biology and immunology is constantly improving, as 
are the tools at the disposal of BSV developers to produce and test novel candidates. 
On the other hand, BSVs are currently facing a tougher scientific and funding 
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environment than for many years. Resolving this impasse—if it is possible—is 
likely to require careful critical thought regarding the substantial obstacles facing 
the field. Is it possible to overcome the kinetic constraints upon antibody binding to 
the merozoite? Is it possible to overcome the antigenic variability of antigens which 
do not suffer these kinetic constraints? And, finally, how should the community 
compare and prioritise candidates as objectively as possible?
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The concept that malaria might be attacked by targeting Plasmodium as they pass 
from the human host into the vector was first mooted by Eyles [1], developed by 
Huff et al. [2] and elegantly endorsed by Gwadz [3] and Carter and Chen [4] whilst 
working at the NIH Washington. This pioneering work on gametocyte/gamete-
based vaccines was then expanded at the London School of Hygiene and Tropical 
Medicine [5]. Thereafter work at the University of Nijmegen, the NIH and Imperial 
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College London developed the concept yet further to include other parasite stages 
found in the mosquito gut, notably the ookinete [6–10]. The most recent develop-
ment has been the identification of targets in the mosquito vector that can be dis-
rupted by vaccination [11–15]. In retrospect it was unfortunate that the early pivotal 
studies were published at a time when the direction of malaria research was moving 
away from eradication, to control of disease. A priority target of this new direction 
was the development of the first protective vaccine targeting the circumsporozoite 
protein—with the objective of preventing development of disease in the infected/
bitten host. Perhaps as a consequence, and despite the undoubted efficacy of sexual-
stage antigens demonstrated in the early studies, TBVs were damned by the faint 
accolade of being ‘altruistic’ vaccines. This substantially delayed their onward 
development. A facet of TBVs that has only recently been recognised is that the 
population targeted is markedly smaller (106–109-fold lower) than that of asexual 
blood-stage vaccines, and similar to that of Pre-Erythrocytic Vaccines (PEV) [16], 
thus either of a TBV or a PEV, would delay the selection of resistant mutations, and 
their use in combination would be ideal. It is surprising that to date there have been 
relatively few studies evaluating such a combined vaccine design (e.g. [17]).

In retrospect, it is interesting to note how well the key attributes of TBVs meet 
the criteria now set out by the WHO for any antiparasitic vaccine, criteria which 
make clear the central concepts of ‘prevention of infection’, herd immunity and 
source-drying (http://www.who.int/bulletin/volumes/86/2/07-040089/en/). In this 
time of renewed endeavour to eliminate and eradicate these formidable parasites, 
there are now renewed and exciting efforts to develop effective TBVs. The current 
understanding of the purpose, regulatory parameters, and PDPs of TBVs has 
recently been excellently reviewed [18] and will therefore not be revisited here.

1  �Biology of Transmission to the Human Host

1.1  �The Parasite

Transmission of Plasmodium from the human host to the vector is uniquely medi-
ated by the intraerythrocytic gametocytes. These, during their maturation, express 
stage-specific immunogens on the erythrocyte surface (notably Surfins, Rifins, 
STEVOR and GEXP5). Whilst lacking the adhesive ‘knobs’ of the asexual para-
sites, these surface-expressed proteins include moieties suspected of mediating the 
sequestration of immature/noninfectious P. falciparum gametocytes in the deep tis-
sues of the host [19, 20]. Some have suggested these proteins might represent useful 
vaccine targets [21, 22]—indeed some naturally occurring antibodies are believed 
to inhibit the development of immature gametocytes [23]. Recognising that the vast 
majority of the dimorphic gametocytes are destined to die in the human host, it is 
inevitable that all their constituent antigens irrespective of their location will be 
presented to the hosts’ immune system. Should the antibodies induced significantly 
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prejudice onward transmission/survival of the parasite, it might be anticipated that 
the parasites would have evolved effective escape pathways, such as multigene anti-
genic switching and polymorphism—mechanisms that have hindered the design of 
useful broad-spectrum asexual blood-stage vaccines. Ample evidence has been 
gathered demonstrating that natural transmission-blocking antibodies are gener-
ated, notably focussing on those against P230 and P48/45 proteins expressed in the 
parasitophorous vacuole of the gametocyte-infected red blood cell (giRBC) [24–
34]. Consistent with the evidence that P230 and P48/45 are transcribed only in the 
more mature gametocytes [35–37], but in contrast to the analysis of Tongwong et al. 
[23], evidence suggests that only stage V gametocytes are recognised by these anti-
bodies [21]. It is widely appreciated that natural responses to gametocyte infection 
might boost vaccine-induced immunity to those TBV antigens synthesised in the 
human host [38].

Within minutes of entering the blood meal of the female mosquito, the mature 
gametocytes increase in volume and simultaneously secrete new surface proteins 
including six members of the pCCP/LAP family [39–42], Pfg377 [43] and proteo-
lytic enzymes [44], e.g. PPLP2 [45] and MDV-1 [46, 47]. The latter weaken the 
mechanically stressed red cell which then ruptures. Members of the CCP/LAP fam-
ily demonstrate codependent expression in female gametocytes [42, 48] and are 
later trafficked through the ookinete crystalloid to become functional in the oocyst 
[49]. Reports variously suggest these proteins are incorporated into a multimolecu-
lar surface complex on both the female and male gametes [50, 51] allegedly 
anchored via P48/45 (a male-specific protein [52]) to the plasma-membrane [52]. 
PCCPs1-4 reportedly complexes with Pfs230 where they are susceptible to 
complement-mediated inhibition of gamete emergence [50, 53, 54]. This disparate 
data may result from associations formed during promiscuous gamete-gamete bind-
ing [35, 36].

The extracellular parasites form motile flagellate male and sessile female gam-
etes. Both the survival and function of the gametes clearly represent aspects of para-
site biology vulnerable to attack by immune effectors ingested in the blood meal. 
Two identified TBV candidates have been shown to be responsible for gamete-
gamete recognition (P48/45 and P47) [52, 55]. And one HAP2/CSC1 unquestion-
ably mediates fusion of the gamete membranes at fertilisation [56–58]. Fertilisation 
occurs within an hour, and the resultant zygote dispenses with the surface com-
plexes essential to fertilisation and adopts a new protein coat [59–61] including the 
major coat proteins P25 and P28 that will provide defence against digestion by the 
vector [62]. P25 and P28 show mutual functional redundancy and are encoded by 
tandemly linked genes, and the P. falciparum proteins are reportedly synergistic 
immunogens [63], although others have failed to demonstrate this synergy in P. 
vivax [62, 64]. The zygote transforms into a motile ookinete that migrates to the 
periphery of the blood meal. Some 24–36 h later, the ookinete not so much invades, 
but more ‘smashes’ the midgut epithelium by the secretion of hydrolase (e.g. chitin-
ase) and protease (e.g. PPLP 3,5) enzymes [65–67]. Recognising that all these 
stages in the blood meal are extracellular, it is obvious that surface and/or secreted 
antigens will be fully exposed to potentially deleterious components of the ingested 
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blood meal—including immune effectors of both the host and the vector and the 
digestive enzymes of the vector. Zygote/ookinete surface and secreted antigens (e.g. 
P25, P28) are potentially exposed to sustained attack for the 24–36 h sojourn in the 
blood meal, and this may account for the efficacy of vaccines targeting these 
proteins.

The contrasting strategies required of the mature gametocyte in the vertebrate 
and insect hosts may have driven their elegant, yet elaborate, patterns of protein 
expression. In the human host, the infectious gametocyte ideally circulates ‘unrec-
ognised’ for extended periods in the peripheral circulation (to optimise the probabil-
ity of ingestion by the vector), for which ‘stealth physiology’ would be ideal. Major 
proteins (e.g. tubulin) required for gamete assembly are pre-synthesised and stored, 
and then protein synthesis is massively down-regulated, in the male, even the trans-
lation machinery itself (ribosomes) is finally dispensed with, whereas in the female 
the ribosomes are retained (for later rapid zygote development), but here translation 
is suppressed by sequestration of mRNA in DOZI/CITH/PUF complexes [68–70].

By contrast, in the mosquito, the extracellular gametocytes are highly active and 
must complete fertilisation and formation of the ookinete rapidly to avoid being 
digested in the blood meal. We might anticipate that to avoid the induction of 
transmission-blocking responses, prejudicially immunogenic ‘early’ zygote/ooki-
nete surface proteins are amongst those under translation control—a search of the 
relevant transcriptomic and proteomic libraries [48, 71–74] may help select and 
prioritise new TBV targets. Despite the hypothesis above, male gamete surface moi-
eties, e.g. P230 and P48/45, are synthesised in the gametocyte, and natural antibod-
ies are formed. Are they simply difficult to target, or are they, as evidence suggests, 
amongst the transient population of proteins rapidly shed from the gamete/zygote 
surface [60, 61, 75]? This still requires conclusive characterisation.

The search for invariant immunogens has plagued the development of protective 
blood-stage vaccines. Plasmodium has evolved two powerful mechanisms to over-
come the host’s adaptive immune defences, namely, antigenic variation and anti-
genic polymorphism. Antigens expressed on the surface of the gametocyte-infected 
RBC (giRBC), similarly include multigene families [24, 76]. Conversely, many of 
the zygote/ookinete surface antigens are never expressed in the human host and 
therefore not exposed to an adaptive immune response; thus, it might be anticipated 
that they are more conserved, and current data on P25 gene structure supports this 
conclusion, and it has been demonstrated that vaccine-induced immunity transcends 
known variants [77–85]. It will be interesting to understand whether proteins syn-
thesised in the gametocyte, but only exposed to the immune response in the blood 
meal (e.g. P230, P48/45, HAP2) are more diverse than those synthesised following 
ingestion by the vector [86–96] (see below).

Recognising that many TBV candidates will be secreted/surface parasite pro-
teins, we might anticipate that immunogenicity may highly constrained by post-
translational modifications, both conventional, e.g. myristoylation, palmitoylation 
or protein folding [97, 98], and unconventional, e.g. the absence of N-glycosylation 
mechanisms [99, 100], and the addition of Plasmodium-specific GPI anchors [101]. 
Addition of GPI anchors, whether from Plasmodium or an insect cell, significantly 
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enhanced the immunogenicity of recombinant P28 from P. berghei [102–105], as 
did addition of a mammalian GPI anchor to Pfs230 [106]. Despite significant prog-
ress in the refolding of proteins expressed in heterologous systems, which has 
improved the immunogenicity of Pfs25 [100, 107], it is unlikely that any one heter-
ologous expression system in use today will be universally applicable to all pro-
spective candidates [108–111] (see Sect. 4).

1.2  �The Vector

Mosquitoes derive significant energy from plant-derived sugar feeds [112], but the 
fertilised females at each gonotrophic cycle take and digest a blood meal to support 
egg production. Following ingestion, the blood meal is rapidly degraded by proteo-
lytic enzymes, e.g. trypsins [113] and carboxy- and amino-peptidases [114–117], 
and the undigested residue excreted within 96 h. The malarial ookinete is suscepti-
ble to these proteases [118, 119]. It has been suggested that one function of the 
surface proteins P25 and P28, which form tiles on the ookinete surface [120–123], 
is to provide protection against this proteolytic attack [62]. Within 24 h, many mos-
quitoes envelope the blood meal in a chitinous peritrophic matrix as a defence 
against ingested [124–128] or resident microbial pathogens [129–132]. The latter 
may be responsible for the significant death of blood-fed mosquitoes ~4 days post-
feed [133].

The blood-fed mosquito mounts a significant innate immune response to patho-
gens in the blood meal [134]. Pathways currently identified include the thioester 
protein (complement-like) protein TEP1 [135], defensins [136], serpins [137], NOS 
[138] and insulin-like receptors [139]. It has been hypothesised that manipulation of 
these inhibitory pathways, by ingested antibodies that inactivate regulatory serpins, 
may offer new routes to block malaria transmission [140]. Intriguingly, recent work 
has suggested that the malarial gamete surface protein P47 confers resistance to the 
NOS-mediated response [141, 142] and exhibits global polymorphisms which cor-
relate with local transmission efficiencies [143].

Essential parasite-vector interactions, accessible to ingested antibody, might 
include recognition and invasion by the ookinete of the midgut peritrophic matrix 
(e.g. chitinase [144, 145]), of the tubular network [146] or of the midgut epithelium 
[147, 148] and the recognition and invasion of the salivary gland by the sporozoite 
[149]. Ookinete-midgut interactions include both carbohydrate [149, 150] and pro-
tein moieties [15]. In the view of the authors, parasite-salivary gland interactions are 
not accessible to controlled delivery of antibody and therefore excluded from fur-
ther consideration as TBV targets (listed in Table 1). Problems in the production of 
mosquito-derived surface ligands for vaccine formulation despite their significant 
anticipated glycosylation may not hinder their production simply because diverse 
insect cell lines with the appropriate synthetic pathways are available for 
transformation.
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1.3  �The Vertebrate Immune System

A vaccine targeting the giRBC in either the host or vector can bring to bear all rel-
evant effector arms, but this is not the case for vaccines targeting ‘downstream’ 
extracellular parasite stages in the vector. Antibodies and immune cells ingested in 
the blood meal are digested and inactivated at different rates: Complement survives 
less than 5 h [151, 152]; interestingly the parasites are initially complement resistant 
[153], and this has recently been shown to be due to the recruitment of human 
Factor H onto the parasite surface [154]. Phagocytes ingest as much as 66 % of 
extracellular gametocytes within 2 h in vitro but only 7–14 % in vivo [155]. Whilst 
these observations were supported by later studies, it was concluded that phagocy-
tosis played no significant role in the transmission-blocking activity of natural sera 
[155, 156]. Antibody is active for the entire lifetime of the ookinete, albeit at ever 
decreasing titre, and can enter the haemocoele possibly due to the destruction of the 
epithelium), where it can reduce sporozoite infection of the salivary glands [157]. 
Whilst cytokines are known to inhibit parasite development in the midgut [158–
160], there is no published data as to the persistence of this activity. Interestingly it 
was shown that monocytes and polymorphonuclear leucocytes are positively che-
motactic to extracellular gametes, but not to intracellular gametocytes, and killed 
exflagellating male gametocytes when 5–15 μm distant [155]. Thus whilst recognis-
ing that loss of all the immune activities is progressive and continuous, simply 
stated any vaccine target expressed more than 12 h after blood feeding (e.g. ooki-
nete ‘invasins’) will primarily be attacked by antibody, which must directly/indi-
rectly inhibit an essential function. By contrast, those antigens expressed 
immediately (e.g. gamete surface proteins) can be attacked by all effector mecha-
nisms, and the antibody may act simply to identify the parasite for killing by other 
routes. Observations to date suggest anti-P230 antibodies reduce transmission by 
the agglutination of the male gametes [161] and by complement-mediated [162, 
163], isotype-dependent [164] lysis of the gametes, whereas antibodies to the ooki-
nete protein P28 (Pbs21) almost exclusively reduce transmission in a complement-
independent manner (i.e. Fab fragments), cell-mediated mechanisms play only a 
minor role [165–167].

2  �Discovery of Targets

Whilst ‘rediscovered’ in the 1970s the true value of transmission-blocking immu-
nity as a tool to control malaria has only been appreciated in the last decade. It is 
therefore unsurprising that the discovery of potential targets for transmission-block-
ing vaccines has not yet benefitted from concerted ‘omics’ screens. Nonetheless the 
serendipitous observations of scientists fascinated by the biology of parasite trans-
mission discovered the majority of the moieties considered priority targets today. 
The prime route to antigen identification stemmed from work where often crudely 
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fractionated parasites were used to immunise mice for the development of monoclo-
nal antibodies which were in turn evaluated by Western blot and laborious mem-
brane-feeding assays [5, 8, 60, 168–171]. In retrospect, we should not forget these 
endeavours are likely to have identified the most immunogenic of the natural anti-
gens present in complex whole-cell preparations. More recently, a concerted effort 
by one laboratory has made use of genomic data to look for individual recombinant 
immunogens in the gametocytes of P. falciparum [111, 172].

Here we have attempted to compile the data known to us on the antigens (irre-
spective of species) both proven and hypothesised to be targets of transmission-
blocking immunity from both the parasite (see Table 1) and the mosquito (see 
Table 2). Parasite antigens are divided by the principle phase of the life cycle in 
which they are expressed/functional (pre-, post-fertilisation), such that probable 
effector arms of immunity might be inferred. In drawing up these tables, we are 
acutely aware (see below) that there is no value in ranking the candidates based upon 
fine but meaningless discrimination between the reported transmission-blocking 

Table 2  Mosquito molecules considered to be potential candidate transmission-blocking vaccines. 
Those tested and found to be effective are in green boxes, those showing lower efficacy in yellow 
boxes, and those with no effect in red boxes. Those in clear boxes have not yet been tested 
appropriately

Mosquito
Tested Antigen

APN1

Dodecapeptide (discontinuous glycotype Manalpha1-6 proximal to 
Galbeta1-4GlcNAcalpha-O-R glycans)

Serpin-2

~100kD (Mab25C)

~7kD (Mab24C)

Gut

Aminopeptidase N

Haemolymph

Trypsin

Chondroitin sulphate

A.culicifaces A 62 Kda

A.culicifaces B 97,94,58 Kda

A.culicifaces C 23 Kda

Carboxypeptidase B1

~30kD Mab4B)

AgSGU

Honourable mentions

Carbohydrates

GPI anchored protein

Sugar epitopes/glycans
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efficacies generated by different laboratories using ill-defined protocols (see cri-
tique of Churcher et al. [173]). Antigens are simply given the attribute ‘strong inhib-
itor’ if supported by more than one study.

In looking for new and improved vaccine candidates, we can exploit the ‘omics’ 
data generated by numerous studies. Transcriptomic and proteomic libraries now 
exist from both the parasite and vector, including the gametocyte [48, 71, 174–176], 
gamete [73] and ookinete [177, 178] and the mosquito midgut brush border [146, 
148, 179]. It is time that these were subject to concerted investigation as to the 
potential utility of the relevant molecules. However recognising the key property 
required is the induction of a potent transmission-blocking response and the diffi-
culty in predicting this from genomic data, perhaps we should also consider revisit-
ing/regenerating new comprehensive monoclonal antibody libraries to the 
gametocyte and ookinete, screening/identifying the ligands by mass spectrometry 
and determining the comparative transmission-blocking potential of the functional 
immunogens revealed. For the latter, we still lack a high-throughput screen.

3  �Vaccine Development

3.1  �Antigens Currently Under Clinical Consideration

Antibodies against the surface antigens of the sexual stages of the malaria parasite 
have been identified as the mediators of TBV efficacy mainly using the ex vivo 
Standard Membrane-Feeding assay (SMFA). The ideal TBV would induce sus-
tained high-titre functional antibody response against target antigens [166, 167, 
180]. These surface antigens are categorised into either pre-fertilisation targets, 
which are expressed in the human host, or post-fertilisation targets expressed exclu-
sively when the parasite is in the mosquito vector. Both kinds of antigens have 
advantages and disadvantages as TBV candidate antigens. Antibodies against the 
pre-fertilisation targets could in theory be boosted by natural exposure as malaria-
exposed individuals do develop antibodies against some of these targets like 
Pfs48/45 and Pfs230C [28, 31, 34]. The expression of these antigens in the human 
host also puts them under immune pressure, and there is sequence polymorphism 
reported in these antigens in field isolates [81, 95]. On the other hand, post-fertilisa-
tion targets do not benefit from natural boosting as they are not expressed in the 
human host and hence not under immune pressure. It is important to note that the 
level of antibody responses in endemic areas to pre-fertilisation sexual-stage anti-
gens are much lower than blood-stage antigens, such as AMA1 resulting in a lower 
incidence of antigenic polymorphism [81, 95].

Pfs48/45 and Pfs230 remain the most studied and advanced pre-fertilisation tar-
gets, as they were the earliest identified TBV candidate antigens. Antibodies against 
both these antigens produced in recombinant expression systems have shown sig-
nificant transmission-blocking activity in SMFA and DMFA [181, 182]. Antibodies 
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against the pre-fertilisation candidate HAP2 expressed in E. coli and wheat-germ 
cell-free system have also exhibited convincing transmission-blocking activity in 
preclinical studies [183, 184]. HAP2 is a male-specific protein first identified in 
plants and shown to be essential for membrane fusion of the male and female game-
tocyte during fertilisation [58]. The most extensively studied post-fertilisation can-
didates are Pfs25 and Pfs28 which are paralogous proteins expressed on the surface 
of zygotes and ookinetes [185]. Pfs25 is the most advanced TBV candidate in terms 
of clinical development. There has also been an interest in exploring mosquito pro-
teins that are essential for the parasite to colonise the midgut as potential TBV 
candidate antigen (See Table 2). The most advanced of these antigens is Anopheles 
gambiae alanyl aminopeptidase 1 (AgAPN1) which is thought to be an attachment 
ligand for the ookinete to penetrate the midgut epithelium. Antibodies against 
AgAPN1 have been shown to inhibit the development of P. berghei, P. falciparum 
and P. vivax in multiple Anopheline species [186].

3.2  �Delivery Platforms

3.2.1  �Recombinant Protein Vaccines

Subunit vaccines comprised of a protein antigen delivered with adjuvant have been 
most widely used to generate a robust antibody response in humans, with some suc-
cess in certain diseases. This has proven more challenging for a malaria vaccine due 
to the requirement of durable high-titre functional antibodies against target anti-
gens. The production of conformational antigens has also been difficult to achieve 
in recombinant protein expression systems [110]. In order to achieve high antibody 
titres in humans, vaccine candidates are likely to be administered with strong chem-
ical adjuvants and/or highly immunogenic delivery platforms. The most potent 
adjuvants can lead to unacceptable levels of reactogenicity, as reported in the Phase 
Ia clinical trial of a soluble Pfs25-montanide ISA51 formulation [187]. Future trials 
of vaccine candidates with leading adjuvants in clinical development, such as 
AS01B (GlaxoSmithKline) and SE-GLA and MF59 (Novartis), will hopefully show 
acceptable reactogenicity profiles.

Pfs25 has been successfully produced as a soluble protein in a variety of expres-
sion systems, such as E. coli after codon harmonisation, the wheat-germ cell-free 
system, mammalian HEK293 cells (Nikolaeva et  al. in preparation), plant-based  
N. benthamiana and Chlamydomonas reinhardtii, and in yeast (P. pastoris and S. 
cerevisiae). To date, the protein produced in yeast is the best characterised and the 
one tested in human clinical trials. Anti-Pfs25 antibodies correlate with TBA in 
animal models and humans the absolute concentration of anti-Pfs25 specific IgG 
required to achieve significant blocking in humans is high (86 μg/mL IC50 in the 
SMFA).

The cysteine-rich pre-fertilisation targets (Pfs48/45 and Pfs230 region C) have 
been more difficult to produce in heterologous expression systems. This has been 
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reviewed in detail in a few recent review articles. The production of Pfs230C has 
been hampered by its size (approximately 310 kDa), but several groups have worked 
on dissecting the regions that confer TBA and identified region C to contain TB 
epitopes. Recently, an even smaller fragment of region C, C0 (443–730 residues), 
has been produced in P. pastoris to GMP was shown to elicit high TBA.

Antibodies against properly folded recombinant Pfs48/45 have been shown to 
elicit TBA, but the production of conformational immunogen has been challenging. 
After various failed attempts at producing the recombinant protein in E. coli, S. 
cerevisiae, P. pastoris and recombinant viral vectors, recently a smaller fragment of 
the antigen has been produced in E. coli after co-expression of periplasmic folding 
catalyst. This protein was shown to be conformational and elicited functional anti-
bodies. Harmonising the Pfs48/45 codons to those used in E. coli and treating the 
cell lysate with ionic detergent to maintain it in a soluble state also resulted in the 
generation of protein that was of natural conformation and elicited strong TBA. The 
production of the carboxy-terminal 10C-fragment of Pfs48/45 (containing three 
known epitopes for transmission-blocking antibodies) as a chimaera with the 
N-terminal R0 region of PfGLURP in Lactococcus lactis is a promising approach. 
The protein has been shown to be correctly folded and has elicited broadly inhibit-
ing antibodies against both asexual and transmission stages of P. falciparum. More 
recently, some TBV antigens have been expressed in the human embryonic kidney 
cell platform and the Drosophila S2 insect cell line (Nikolaeva et al. unpublished; 
Dabbs et al. unpublished).

3.2.2  �Viral-Vectored TBVs

Viral vectors have been shown to reliably induce functional antibodies against a 
range of malaria antigens in both preclinical and clinical studies in addition to being 
the best means to induce cellular immunity. ChAd63 (chimpanzee adenovirus 63) 
and MVA (modified vaccinia virus Ankara) viral vectors have been used to express 
Pfs25, and when administered in a heterologous prime-boost regime elicited anti-
Pfs25 antibodies capable of blocking transmission in membrane-feeding assays 
[188]. Subsequently, this vaccination regime was used to directly compare the abili-
ties of four leading sexual-stage antigens (Pfs25, Pfs230C, Pfs48/45 and AgAPN1) 
to induce transmission-blocking antibodies. In this study, Pfs25 was the most potent 
immunogen followed by a fragment of Pfs230 (region C). Anti-Pfs25 antibodies 
completely blocked the development of P. falciparum in the mosquito in the ex vivo 
SMFA [189]. The antibodies also blocked the development of field isolates (from 
gametocyte donors in Burkina Faso) of P. falciparum. The antibody response 
induced by these vectors can be further improved by fusing Pfs25 to IMX313, a new 
heptamerisation technology, leading to the expression of a heptamer from viral vec-
tors (ChAd63 and MVA) [190]. Immunisation with human AdHu5 vector express-
ing Pvs25 elicits antibodies which significantly reduce the average oocyst numbers 
per mosquito when tested against gametocytes from P. vivax infected volunteers 
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[191]. Baculovirus vectors (baculovirus dual-expression system) expressing both 
Pvs25 and PvsCSP have also been used to successfully elicit antibodies that result 
in significant transmission-blocking activity [17, 192].

3.2.3  �Conjugates and VLPs

There has been substantial interest in developing improved delivery platforms for 
TBVs due to the limited availability of safe and potent adjuvants. Most of this work 
has been done targeting Pfs25 either by conjugating Pfs25 to carrier proteins or dis-
playing Pfs25 on VLPs (virus-like particles). Pfs25 has been conjugated to itself 
[193], NANP repeats of the PfCSP [194], or to carrier proteins. Pfs25 and Pvs25 have 
been covalently conjugated to outer membrane protein complex (OMPC) of Neisseria 
meningitidis [195] and the nontoxic cholera toxin subunit B [196] which are used in 
licensed vaccines and also to Pseudomonas aeruginosa detoxified toxin exoprotein A 
(EPA) which has been tested extensively in humans [197]. Conjugations of Pfs25 to 
these carrier proteins have led to the production of naturally folded  antigens and 
significant increase in anti-Pfs25 antibody titre and TBA. In the study where Pfs25 
was conjugated to OMPC, the persistence of the antibody response in macaques over 
18 months was very encouraging [195] as multiseasonal activity is a highly desirable 
attribute for any TBV. Pfs25-EPA has been manufactured to GMP and subsequently 
Pfs28, and a region of Pfs230C has also been conjugated to EPA obtaining similar 
results. The Fraunhofer Institute generated a VLP by fusion of Pfs25 to the Alfalfa 
mosaic virus coat protein, expressed in N. benthamiana [198]. Mice receiving one or 
two administration of this VLP with Alhydrogel generated functional antibodies 
which were sustained over a 6-month period. Similar to the construct in viral vectors 
mentioned above, the Pfs25-IMX313 fusion has also been expressed as a protein-
nanoparticle in P. pastoris with significant improvement in antibody titre, quality and 
TBA. This is currently being manufactured to GMP at the Jenner Institute in Oxford. 
Recently in an exciting programme of work, ‘bacterial superglue’ has been used to 
establish a platform for irreversibly decorating VLPs simply by mixing with protein 
antigen. The bacteriophage AP205 genetically fused to SpyCatcher was produced in 
E. coli and mixed with its peptide-partner SpyTag fused to Pfs25 [199]. This sponta-
neously forms a covalent bond, and the VLPs generated displaying Pfs25 are signifi-
cantly more immunogenic than soluble Pfs25 protein.

3.3  �Clinical Development

Until recently, the only TBV candidate listed on the WHO malaria vaccine rainbow 
table was Pfs25, which is currently the most developed TBV candidate in the prod-
uct pipeline [200]. In 1996 volunteers were primed with a highly attenuated vac-
cinia viral vector expressing seven genes from P. falciparum (denoted NYVAC-Pf7), 
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including Pfs25, followed by a boost of Pfs25 recombinant protein. Pfs25 formu-
lated in aluminium hydroxide was tested in humans along with its ortholog Pvs25 
from P. vivax, but the trial was halted due to hypersensitivity reactions [187]. In a 
later trial when the same Pfs25 vaccine was used to boost responses primed with a 
viral vector (NYVAC-Pf7), a few volunteers developed functional antibodies. Anti-
Pfs25 antibodies induced in humans after vaccination with soluble Pfs25 protein in 
montanide ISA51 are also functional in the ex vivo membrane-feeding assays and 
significantly block the development of both laboratory strain and field isolates (from 
gametocyte donors) of P. falciparum [187]. The Pfs25-EPA conjugate formulated 
with Alhydrogel has been tested in malaria-naïve adult volunteers in the USA, with 
extension to Phase Ib field trials in Mali underway. Most recently, a clinical study 
has been completed in the USA to assess a combination of this vaccine with another 
consisting of EPA conjugated to a region of the gametocyte antigen Pfs230 
(Clinicaltrials.gov NCT02334462). The Pfs25 VLP developed by the Fraunhofer 
Institute formulated in aluminium hydroxide is also currently being tested in 
humans. The results of these most recent clinical trials of Pfs25-based conjugates 
are eagerly awaited. A Phase Ia human clinical trial is currently being conducted in 
Oxford to test viral-vectored vaccines expressing Pfs25-IMX313 as part of an EU 
funded project (MultiMalVax).

The REDMAL project funded by the European Commission is supporting the 
GMP production of a chimeric protein called R0-PF10C, comprising of a region of 
Pfs48/45 (Pfs48/4510C) fused to a portion of glutamate-rich protein (GLURP.R0).

3.4  �Future Developments

The future assessment of the merits of the approaches described above in humans 
will be a key focus of research in the next few years. There are a number of improved 
protein delivery platforms (carriers and VLPs) that are currently being pursued for 
the leading antigens (mainly Pfs25), and it will be important to test these in humans 
to determine their potential. In future, it is likely there will be a range of new plat-
forms designed to improve antibody immunogenicity in humans, and more candi-
date antigens could be tested in humans using these platforms. Structural studies in 
humans will also enable us to design improved second-generation immunogens by 
dissecting the human immune response to these antigens and focussing on blocking 
epitopes. There is still a need to establish the amount of antibody required against a 
particular antigen to achieve significant TBA and work towards developing delivery 
platforms and adjuvants that can achieve these levels in humans. Amongst the can-
didates currently being investigated, there is a scope of combining antigens 
expressed at the different stages of sexual development to test if these antibodies are 
additive or synergistic keeping in mind that some of these antigens might compete 
with each other and lead to decreased potency of the individual antigens. Potential 
new vaccine candidates are likely to emerge from ‘-omic’ datasets. To evaluate 
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rationally the efficacy of vaccines developed in different laboratories it is important 
to standardise the assays that we use to screen these new antigens and establish the 
suitability of these assays to progress antigens forward.

4  �Evaluation and Potential Impact of TBVs

Assessment of the impact of transmission-blocking vaccines is conceptually chal-
lenging. The successful use of a TBV should logically result in a reduced number of 
malaria-infected humans within an endemic population [18]. Quantifying this key 
output, by assessing variables such as parasite rate (PR), infectiousness, force of 
infection (FOI), molecular force of infection (mFOI), multiplicity of infection 
(MOI) and annual parasite index (API), the basic productive number (Ro) [201] or 
slide positivity rate (SPR) is mostly impossible within a lab-derived situation and 
can be technically difficult within a field context.

The relationship between these clinically relevant metrics and changes in malar-
ial transmission are complex and difficult to quantify [202]. Transmission in the 
wild is exceptionally variable due to changes in a series of underlying factors, com-
prising, but not limited to, fluctuations in gametocyte density, seasonality, variation 
in naturally acquired host immunity to malaria infection, genetic variation within 
mosquito populations, climate-induced changes in the interactions between parasite 
and host and the geospatial variability of any host/parasite samples examined. Due 
to this ‘standard’ variability in transmission, the conclusive assignment of any 
change in malarial burden due to impact of TBV implementation within an exam-
ined region is likely to be difficult and open to varied interpretation. Allied to this, 
the collection of these relevant metrics currently lack standardised methodology, 
need specialised training to analyse, require large sample sizes, and have multiple 
considerations regarding cost, precision and accuracy [16, 67, 202, 203].

As a result of these issues, a wide range of other ‘correlate’ assays examining 
earlier convenient (preclinical) points within the parasite lifecycle have been devel-
oped and adapted over the years. The use of multiple assays in combination is com-
mon to examine the impact of individual TBV candidates throughout the vaccine 
development pipeline in both the lab and the field. Within the lab, a wide range of 
assays to examine the impact of TBVs are available. These assays are typically cost-
effective and high throughput when compared to their field counterparts, and com-
bination of these assays can often enable identification of the mode of action of an 
individual TBV. Most importantly, the ability of researchers to perform these stud-
ies within a controlled environment gives lab experiments a potential advantage 
over field studies, where numerous experimental parameters are simultaneously 
uncontrollable, variable and often undetectable when assessing the effectiveness of 
a vaccine; however, care must be taken when considering the extrapolation of lab-
derived results to a field context.
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4.1  �Transmission-Blocking Assays with Immunological Outputs

A successful TBV induces antibodies that target surface antigens on the sexual 
stages of Plasmodium, or targets located on the mosquito midgut. These antibodies 
can inhibit parasite fertilisation through agglutination, steric hindrance or comple-
ment-mediated lysis of gametes, e.g. [151], whereas ookinete development can be 
inhibited or fully prevented by melanisation, antibody-dependent phagocytosis or 
by blocking recognition of midgut epithelial cells [10, 166]. Probably the simplest, 
high-throughput and lowest-cost method of assessing the potential impact of a TBV 
is to perform a relevant immunological assay to measure the ability of (post-immun-
isation) derived antibody to bind to parasitic/insect immunogens. At the simplest 
level, performance of a simple Western blot or IFA can be used to confirm ability of 
induced antibody to recognise an appropriate immunogen; however, this only gives 
a semi-quantitative (and subjective) readout. To achieve more quantitative data for 
the triage of antibodies induced by TBVs, enzyme-linked immunosorbant assays 
(ELISAs) are often utilised. Previous studies have conclusively identified a link 
between antibody titre identified by ELISA and efficacy in mosquito feeding assays 
for many (but not all) of the current lead transmission-blocking immunogens (e.g. 
anti-Pfs25 [184, 204, 205], Pvs25 [205], Pfs230 [184] and Pfs48/45 antibodies). It 
is still unclear if titre of an antibody response is always reflective of its ability to 
inhibit transmission, with additional qualitative changes (e.g. isotype and affinity 
maturation) potentially impacting on the ability of an antibody to block transmis-
sion to the mosquito with some antigens. The utility of the ELISA technique is 
largely dependent on the properties of the protein to be used to coat plates—folding 
of recombinant protein in native conformation gives more accurate prediction of 
in vivo efficacy. Alternatively, gametocyte, gamete, ookinete or mosquito midgut 
lysate can be used in some cases to coat plates and examine the ability of antibody 
to recognise native parasite protein, avoiding the use of recombinant protein [206]. 
Despite these robust and cheap immunological assays, there is still a real lack of a 
relevant and convenient immunological correlate that can predict the field efficacy 
of an induced anti-TBV response. Generation of such a predictive and standardised 
method, that is, immunogen, strain and parasite species independent, would be an 
exceptionally attractive advance and would greatly facilitate the process of acceler-
ated legal and ethical approval for TBV usage in the field [18].

4.2  �Pre-oocyst Transmission-Blocking Assays Examining  
Cell Biology

In terms of pre-fertilisation in vitro assays to assess the impact of a transmission-
blocking intervention, multiple techniques have been developed to assess the impact 
of antimalarial drugs (e.g. early- to late-stage gametocyte assays [203], gamete acti-
vation assays measuring intracellular calcium [207]); however, only a limited num-
ber of these assays have demonstrated suitability to assess the impact of antibodies 
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derived from TBVs. The process of exflagellation (the production of motile-free 
swimming male gametes) has previously been used in a standardised low-through-
put assay to assess the ability of antibody to bind to exflagellation centres [208]; 
however, concerns persist regarding the low power and reproducibility of this assay. 
The narrow and variable observation window (minutes) for this process, allied to the 
fact that the relationship between motile microgametes, ookinetes, oocysts and sub-
sequent infection remains largely unquantified, means that assays of this type have 
only a limited predictive power to assess impact on transmission [203].

Post-fertilisation, the tractable and robust ookinete conversion assay can be used 
to examine the ability of TBV-induced antibodies to inhibit transmission. The appli-
cation of this assay to multiple plasmodial species is constrained by the species-
specific differences in the ability to culture ookinetes in vitro. Attempts to culture 
ookinetes multiple of  rodent malaria species and P. vivax have been successful, 
but P. falciparum ookinete culture currently remains impractical for routine applica-
tion [209–211], although fully in vivo derivatives of this assay may provide valuable 
to examine P. falciparum fertilisation events (Marques unpublished). The use of P. 
berghei in this assay is by far the most advanced, where ookinete conversion can be 
examined quickly and easily (in medium to high throughput) in simple 24 h cul-
tures. Ookinete conversion rates can be calculated, which express the number of 
ookinetes (successful fertilisation events) relative to the original/total number of 
macrogametocytes (unfertilised females), thus indicating the efficiency of fertilisa-
tion and/or the progression of the zygote to ookinete stage of the lifecycle. By sup-
plementing these cultures with potentially transmission-blocking antibodies, TB 
efficacy at the pre-ookinete stage can be assayed exceptionally quickly. Blockade is 
assessed by comparing conversion rates between cultures containing test antibody 
in comparison with conversion in feeds supplemented with a negative control exhib-
iting no specific transmission-blocking activity (e.g. purified IgG2a from murine 
myeloma, clone UPC10 [183]).

4.3  �Oocyst-Based Transmission-Blocking Assays

By far the most widely used assay to assess antimalarial transmission-blocking 
interventions (both vaccines and drugs) is the standard membrane-feeding assay 
(SMFA), considered by many  to be the ‘gold standard’ of transmission-blocking 
assays. To examine the efficacy of potentially transmission-blocking antibodies, 
sexually mature cultured gametocytes are typically mixed with antibody or serum 
and fed through an artificial membrane to uninfected Anopheles mosquitoes. 
Subsequently, parasite load within the mosquito is quantified by examining oocysts 
to assess levels of transmission from vertebrate to insect host. Both infection inten-
sity (mean number of oocysts per mosquito midgut) and prevalence (percentage of 
infected mosquitoes) are recorded and blockade assessed by comparison with a rep-
licate feed performed using an appropriate negative control antibody/serum. The 
concept of enumerating oocysts has been the mainstay of evaluating transmission to 
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the mosquito since the initial studies of Ross in 1897 [212]. Mature oocysts can be 
easily identified by classical bright-field or phase microscopy or mecurochrome 
staining of infected midguts. Observation of fixed (robust) and stained mosquito 
guts can result in a longer counting window [213]. Within the past decade, multiple 
technological advances have been made to enhance the utility of the SMFA. The use 
of automated computer-aided imaging/quantitation methods [214] can improve 
throughput and reduces significant  inter-operator variation. Use of fluorescent-
tagged parasites (e.g. GFP under the regulation of the EIF1α promoter [215]) has 
further enhanced the utility and throughput of this assay. More recently, lumines-
cence-based approaches that use P. falciparum strains that express firefly luciferase 
protein within a SMFA platform [216] have been developed. Within these studies, 
reduction in oocyst intensity and prevalence is closely related to a robust, observ-
able and reproducible reduction in luciferase activity, potentially  increasing the 
throughput and reproducibility of the traditional SMFA.

A wide range of studies describing the utility and limitations of the SMFA have 
been published previously [173, 184, 217], with extensive discussion based on the 
relative accuracy of the assay. Briefly, the majority of SMFAs are performed with 
comparatively high densities of gametocytes, resulting in high oocyst numbers 
[173, 218]. These high densities are considered unrepresentative of natural-based 
infections, making it challenging to directly translate SMFA outputs to predicted 
field impact. The well-described but complex saturating relationship between reduc-
tion in oocyst intensity and reduction in oocyst prevalence can also make interpreta-
tion of results challenging [173]. Although prevalence and intensity are positively 
correlated, significant reductions in intensity are often required to obtain measur-
able reductions in prevalence. This can also have significant impact on the number 
of dissected mosquitoes that must be examined to achieve precise estimates of sig-
nificant reductions in oocyst prevalence. However the SMFA is performed, it is a 
good practice to record the results in terms of both the reduction in oocyst intensity 
and the prevalence, and the control (no intervention) oocyst intensity and prevalence 
should be reported. It is additionally highly advantageous to perform the SMFA at a 
wide range of control gametocyte/oocyst densities to maximise the utility of any 
resulting data [173, 184].

It should be noted that there are also multiple alternative SMFA-derivative assays 
available to examine transmission blockade that examine reductions in oocyst inten-
sity and prevalence, with different formats. The direct feeding assay (DFA) 
requires direct feeding of uninfected mosquitoes on a host, and the direct membrane-
feeding assay (DMFA) involves the withdrawal of blood from infected, gametocyte 
positive individuals, followed by membrane feeding. Previous studies have reported 
that the DMFA is the most sensitive reporter of reductions in transmission, whereas 
the SMFA has greater utility [219]. Despite the multiple advantages and disadvan-
tages of each assay, the SMFA, DFA and SMFA all offer valuable high-biological-
content options to assess the efficacy of TBVs. All of these assays additionally have 
extensive utility when testing TBVs within clinical trials. The SMFA or DMFA has 
previously been used within Phase I trials to assess the efficacy of serum harvested 
post-vaccination in endemic or non-endemic settings (e.g. both have been used pre-
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viously to assess the efficacy of anti-Pfs25 vaccines) (e.g. [187, 189]), whereas the 
DFA, despite exhibiting conditions that more naturally reflect natural feeding, has 
traditionally been used less due to ethical issues, limiting the number of mosquito 
exposures and precluding the use of younger trial subjects [184].

4.4  �Sporozoite Assays

Rather than examining oocyst  load within the mosquito midgut, comparatively 
rarely, the presence/density of sporozoites in the salivary glands is sometimes exam-
ined to assess the impact of a TBV. This option is technically more challenging 
than the examination of oocyst intensity/prevalence, however, its location within the 
lifecycle (resulting in the measurement of the directly infectious form of the para-
site), can arguably result in a more predictive and clinically relevant output. Simple 
dissection of mosquito salivary glands, followed by scoring (typically on a log 
scale), is quick, MTP, cheap and robust; however, it is relatively crude and can result 
in a low level of sensitivity [220]. An enzyme-linked immunosorbent assay [221, 
222] and an immunoradiometric assay [223, 224] have been developed previously 
to assess sporozoite load, along with more recent studies that utilise GFP-/lucifer-
ase-expressing salivary gland sporozoites to allow quantitation of within insect 
lysates [225]. Although undoubtedly advances on previous low-tech options, the 
threshold of detection of many of these methods is relatively low (~1000 sporozo-
ites). To increase practical utility, and given the fact that low numbers of sporozoites 
can successfully establish a blood-stage infection post-bite, increased sensitivity is 
required [203].

4.5  �Population Assays

The ultimate objective of a successful TBV is to reduce the number of blood-stage 
infections within a human population. The methods described above are incapable 
of measuring this vital output and instead (sensibly) measure convenient pre-clinical 
correlates to assess the potential efficacy of a TBV. A resulting issue is that the links 
between these lab-based surrogates and subsequent malarial infection are largely 
uncharacterised [203], not linearly correlated, and are likely to be variable depend-
ing on differences in transmission intensities in multiple field settings. This hinders 
the field translatability of resulting data and prevents the assignment of informed 
go/no-go efficacy requirements for the clinical development of novel TBVs. 
Historically, studies have suggested that an >80 % reduction in oocyst intensity 
might be required to take an antigen/adjuvant combination to clinical trials [226]. 
More recently, an early-stage population transmission model using a rodent malaria 
parasite (P. berghei) has been used to examine the effects of transmission-blocking 
interventions over multiple transmission cycles in multiple and distinct parasite 
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populations that reflect varied levels of transmission intensity [220, 227]. This 
model indicates that the required efficacy for a TBV to be considered effective will 
be heavily dependent on local transmission levels that prevail. Resulting data also 
suggests that the current efficacy threshold of >80 % reduction in oocyst intensity 
may be too stringent and that a TBV with lower efficacy could potentially, when 
utilised over multiple transmission cycles, achieve elimination in areas with a lower 
transmission intensity [220]. As a result, vaccine candidates with appropriate 
TBA that are capable of inducing long-lasting circulating antibody titres should be 
priotitised. It would be advantageous for future related studies to examine the effect 
of variable vaccine duration on elimination across multiple transmission settings 
and the minimum requirements for vaccine coverage and how these metrics link to 
vaccine efficacy.
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