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Abstract
Malaria is a mosquito-borne disease caused by protozoan parasites of the genus Plasmodium. Despite significant declines 
in malaria-attributable morbidity and mortality over the last two decades, it remains a major public health burden in many 
countries. This underscores the critical need for improved strategies to prevent, treat and control malaria if we are to ulti-
mately progress towards the eradication of this disease. Ideally, this will include the development and deployment of a highly 
effective malaria vaccine that is able to induce long-lasting protective immunity. There are many malaria vaccine candidates 
in development, with more than a dozen of these in clinical development. RTS,S/AS01 (also known as Mosquirix) is the 
most advanced malaria vaccine and was shown to have modest efficacy against clinical malaria in phase III trials in 5- to 
17-month-old infants. Following pilot implementation trials, the World Health Organisation has recommended it for use in 
Africa in young children who are most at risk of infection with P. falciparum, the deadliest of the human malaria parasites. 
It is well recognised that more effective malaria vaccines are needed. In this review, we discuss malaria vaccine candidates 
that have progressed into clinical evaluation and highlight the most advanced candidates: Sanaria’s irradiated sporozoite vac-
cine (PfSPZ Vaccine), the chemoattenuated sporozoite vaccine (PfSPZ-CVac), RTS,S/AS01 and the novel malaria vaccine 
candidate, R21, which displayed promising, high-level efficacy in a recent small phase IIb trial in Africa.

Key Points 

Malaria is a mosquito-borne disease caused by Plasmo-
dium parasites and it causes significant morbidity and 
mortality.

Improved strategies are needed to prevent and control 
malaria, including the deployment of a highly effective 
malaria vaccine that is able to induce long-lasting protec-
tive immunity.

RTS,S/AS01 (Mosquirix), a moderately efficacious vac-
cine targeting the pre-erythrocytic stage of the parasite, 
has now been recommended for the prevention of P. 
falciparum malaria in children living in regions with 
moderate-high malaria transmission.

More effective malaria vaccines will be required to 
eradicate malaria; there are many candidates in the 
malaria vaccine development pipeline, with a number of 
these currently being evaluated in clinical trials.

1  Introduction

Plasmodium parasites, the causative agents of malaria, are 
endemic in 84 countries and resulted in 247 million cases 
of malaria and 619,000 deaths in 2021, mostly in children 
< 5 years of age [1]. Malaria disproportionately affects the 
world’s poorest populations and is transmitted by female 
mosquitoes of the Anopheles genus. There are eight dif-
ferent Plasmodium spp. that can cause malaria in humans, 
including the most common species, P. falciparum and 
P. vivax. P. falciparum is responsible for the majority of 
morbidity and mortality [1]. It is most commonly found 
in Africa, which remains the continent with the greatest 
burden of malaria cases and deaths in the world.

The P. falciparum parasite has a complex life-cycle, 
requiring both an invertebrate definitive host and a mam-
malian host. The P. falciparum sporozoite is injected by 
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the mosquito into the human host during a blood meal 
and travels via the blood to the liver where it invades 
hepatocytes. Once inside the hepatocyte, the sporozoite 
undergoes exoerythrocytic schizogony which results in the 
production of tens of thousands of merozoites. When the 
hepatocyte ruptures, the merozoites are released into the 
bloodstream where they invade red blood cells (RBCs). 
Here, the parasites undergo further development, culmi-
nating in erythrocytic schizogony and the production of 
16–32 merozoites which are released upon cell rupture and 
invade new RBCs. Parasites that are sexually committed, 
develop within the RBCs into male and female gameto-
cytes that are infectious to the mosquito host and can be 
taken up during a blood meal. The parasite undergoes sex-
ual development in the mosquito, and this concludes with 
the production of sporozoites that invade the mosquito’s 
salivary glands and are transmissible to the human host.

The pre-erythrocytic stage of the parasite life-cycle is 
clinically silent. It is the blood stage that is responsible 
for the signs and symptoms of malaria, which can include 
fever, chills, muscle aches, headache, altered conscious-
ness, nausea, vomiting, diarrhea, fatigue, and respiratory 
distress. Malaria is typically classified as asymptomatic, 
uncomplicated symptomatic or severe and can rapidly pro-
gress to severe disease if it is not diagnosed and treated 
promptly. Severe malarial disease can manifest as cer-
ebral malaria, severe anaemia, acute respiratory distress 
syndrome, multi-organ failure and may result in death. 
It is individuals with limited or no prior exposure to the 
malaria parasite who are most at risk of severe disease and 
naturally acquired host immunity is inextricably linked 
with parasite exposure in malaria endemic regions. In 
areas of high malaria endemicity, it is young children that 
are most impacted by symptomatic and severe disease. 
By the time they are adults, and as a result of repeated 
exposure to the parasite, they develop partially protec-
tive immunity, also known as clinical immunity, which 
manifests as asymptomatic infection and lower parasite 
burdens [2].

Existing control strategies for the mosquito vector (insec-
ticides) [3] and the parasite (anti-malarial drugs) [4] are 
becoming less effective due to the development of resist-
ance. Artemisinin-combination therapies (ACTs) are the 
frontline treatment for P. falciparum malaria. The emergence 
and spread of artemisinin resistance as well as partner drug 
resistance, has contributed to a decline in ACT efficacy [5, 6] 
in the Greater Mekong Subregion. Resistance to artemisinin 
has also now been documented in parts of Africa [7]. To 
progress towards the ambitious goal of malaria eradication, 
additional control measures will be required. A highly effec-
tive malaria vaccine that can induce long-lasting protective 
immunity will contribute to a reduction in malaria-attribut-
able clinical disease and death and will have a significant 

positive impact on global public health. In this review we 
discuss some of the P. falciparum vaccine candidates that 
have progressed into clinical evaluation, with a focus on the 
most advanced vaccine candidates.

2 � Strategies for Malaria Vaccine 
Development

Despite a century of research, we still do not have a highly 
effective malaria vaccine that is able to induce long-lasting 
protective immunity. This can be attributed to a number 
of parasite-specific factors including the complexity of 
the malaria parasite’s life-cycle, the predominantly stage-
specific expression of targets of the immune response and 
the parasite’s ability to evade and modulate the human 
immune response [8]. The majority of vaccines in develop-
ment target a single life-cycle stage. The revised Malaria 
Vaccine Technology Roadmap calls for the development of 
malaria vaccines by 2030 with at least 75% protective effi-
cacy against P. falciparum clinical malaria, with this level of 
immunity maintained for at least 2 years [9]. More recently, 
the WHO’s preferred product characteristics (PPC) docu-
ment for malaria vaccines outlines three strategic goals: (i) 
malaria vaccines that prevent human blood-stage infection at 
the individual level, (ii) malaria vaccines that reduce malaria 
morbidity and mortality in individuals at risk in malaria-
endemic areas and (iii) malaria vaccines that reduce trans-
mission of the parasite and thereby substantially reduce the 
incidence of human infection in the community [10]. Here, 
the suggested target levels of efficacy associated with goals 
(i) and (ii) are more ambitious, that is, a 90% reduction in the 
incidence of blood-stage infection and clinical malaria over 
12 months of follow-up with the acknowledgement that vac-
cines with lower efficacy against clinical malaria also have 
the potential for significant public health impact [10]. The 
realisation of these goals will likely require a multi-pronged 
approach including further optimisation of current vaccine 
candidates that have not yet achieved this level of protective 
efficacy in the field, developing and evaluating other diverse 
and novel vaccine approaches and combining parasite anti-
gens or sub-optimal vaccine candidates that target different 
life-cycle stages. Vaccines targeting the pre-erythrocytic 
stage of the life-cycle do not so far appear to induce protec-
tive immune responses that also target blood-stage parasites 
(for example [11]); thus, if these pre-erythrocytic-stage vac-
cines are ‘leaky’ and parasites escape the vaccine-induced 
response, they will exit the liver, develop within the blood 
and allow transmission. A vaccine approach targeting mul-
tiple stages of the life-cycle may enable synergistic activity 
to induce superior protection.

The majority of vaccine candidates in clinical devel-
opment can be broadly categorised as whole-parasite or 
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sub-unit vaccines. The rationale for including the whole 
parasite in the vaccine is to maximise the number of pro-
teins (some of which are conserved between parasite strains) 
available to the immune system and ensures immunisation 
with a broad protein repertoire. Such an approach is thought 
to limit the impact of variation in any single parasite protein 
[12], which has been seen to negatively affect the efficacy 
of sub-unit vaccine candidates [13, 14]. The majority of 
malaria vaccines in development are sub-unit vaccines that 
contain a single parasite protein to stimulate an antibody 
response. These individual proteins can vary between differ-
ent P. falciparum strains [12] and this may impact on vaccine 
efficacy, manifesting as narrow protection against parasite 
strains that match the vaccine. Ideally, this sub-unit vaccine 
approach requires the identification of invariant (conserved), 
biologically relevant proteins and the induction of persisting, 
high titre functional antibodies. Sub-unit vaccines generally 
require inclusion of an adjuvant to ensure adequate immu-
nogenicity; identification of safe and potent human-com-
patible adjuvants has been a significant hurdle. A number 
of sub-unit vaccine candidates have progressed from pre-
clinical evaluation into clinical trials, but the majority have 
had limited efficacy when tested in malaria endemic areas. 
Only a single vaccine candidate, RTS,S/AS01 (Mosquirix), 
has completed evaluation in phase III trials and although it 
only has moderate efficacy against clinical malaria, it was 
recently recommended for use in children who are at high 
risk of P. falciparum infection in sub-Saharan Africa [15].

3 � Clinical Evaluation of Malaria Vaccines

A malaria vaccine’s efficacy can be evaluated in both con-
trolled human malaria infection (CHMI) challenge stud-
ies and field trials. Following the demonstration of safety 
and immunogenicity in a phase I trial, the use of CHMI 
enables a controlled assessment of the vaccine’s protective 
efficacy in a relatively small number of individuals prior to 
embarking on larger, more expensive field trials. In CHMI 
studies, following vaccination, individuals are deliberately 
exposed to the malaria parasite either by mosquito bite or 
by direct injection of sporozoites or parasitised red blood 
cells (pRBCs) (reviewed in [16]) to assess vaccine efficacy. 
For pre-erythrocytic vaccine candidates, the study endpoint 
is generally blood-stage infection, detected by microscopy 
or qPCR. For blood-stage vaccine candidates, detection of 
a sub-patent blood-stage infection or the parasite multipli-
cation rate are used. Although CHMI studies have histori-
cally involved malaria-naïve adults, more recently they have 
also been undertaken in malaria-exposed adults in malaria 
endemic areas. The latter enables a preliminary assessment 
of how the vaccine will perform in the presence of pre-exist-
ing anti-malarial immunity.

In field trials, protection against natural infection is 
assessed in residents of malaria endemic areas. For vac-
cines targeting pre-erythrocytic or asexual blood-stage 
parasites, efficacy can be measured against different end-
points, including blood-stage infection (e.g., time to first 
infection; incidence of infections of a defined parasite den-
sity), clinical disease (e.g., time to first or only episode of 
clinical malaria), severe malaria and death. In field trials, 
for an accurate assessment of efficacy against blood-stage 
infection, drug treatment should be administered prior to the 
start of the follow-up period.

A recent CHMI study suggests that it may also be nec-
essary to administer drug treatment during the vaccination 
period as blood-stage parasitemia was shown to negatively 
impact on the efficacy of a pre-erythrocytic malaria vac-
cine [17]. While the precise mechanism for this is unknown, 
asymptomatic P. falciparum infections are known to be 
associated with immunosuppression [18]. Based on these 
observations, it is possible that vaccine efficacy has been 
underestimated in studies where drug treatment has not been 
used to clear blood-stage parasitemias prior to vaccination.

4 � Asexual Blood‑Stage Vaccines

Vaccines targeting the asexual blood-stage of the malaria 
parasite aim to reduce parasite burden and prevent clini-
cal disease. The majority of vaccine candidates endeavour 
to achieve this by inducing antibodies that prevent inva-
sion of the merozoite into new RBCs, prevent adhesion of 
the pRBCs to the vasculature in critical organs and pro-
mote phagocytosis of pRBCs. Many of the challenges that 
researchers have faced developing blood-stage vaccines are 
related to the selection of the vaccine antigen, for example, 
difficulties with antigen production, polymorphic vaccine 
antigens that are immunologically distinct, and redundancy 
in merozoite invasion ligands which can result in the parasite 
switching invasion pathways to evade an immune response. 
It should be noted that some of these challenges are also 
relevant to the development of pre-erythrocytic-stage and 
transmission-blocking vaccines. Additionally, from a bio-
logical perspective, antibodies targeting merozoite antigens 
have a very limited timeframe in which to neutralise the 
parasite prior to invasion of the RBC.

4.1 � Whole‑Parasite Blood‑Stage Vaccines

Few whole-parasite blood-stage vaccine candidates have 
progressed beyond pre-clinical evaluation (reviewed in 
[19]). A single dose of a chemically attenuated P. falciparum 
whole-parasite blood-stage vaccine candidate was shown to 
induce species and strain-transcending parasite-specific cel-
lular responses in malaria-naïve adults [20]; further clinical 
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studies are required to assess its efficacy. Unlike the majority 
of vaccine candidates targeting blood-stage parasites, pre-
clinical studies demonstrated that this chemically attenuated 
vaccine approach may induce antibody-independent protec-
tion [21]. A genetically attenuated P. falciparum whole-
parasite blood-stage vaccine (with the knob-associated 
histidine-rich protein (KAHRP) gene deleted) was also eval-
uated in malaria-naïve adults [22]. Parasite-specific immune 
responses were detected in individuals who developed para-
sitemia following vaccination, however, drug treatment was 
required to terminate these infections. For both approaches, 
as the parasites were administered within intact RBCs from 
a universal blood donor, the risk of alloimmunisation was 
considered minimal. However, the induction of antibodies 
against RBC antigens was observed in a small proportion 
of volunteers [20, 22]. Further refinement of whole-parasite 
vaccine candidates containing RBC material will be required 
to address this risk of alloimmunisation.

4.2 � Sub‑Unit Blood‑Stage Vaccines

CHMI challenge studies and field trials in malaria endemic 
areas have generally yielded disappointing results for sub-
unit blood-stage vaccine candidates. No blood-stage vaccine 
candidate has progressed into phase III trials. Falciparum 
malaria protein 1 (FMP1), the 42kDa C-terminal fragment 
of merozoite surface protein-1 (MSP-1) formulated with the 
adjuvant AS02, was shown to have limited efficacy against 
clinical malaria in Kenyan children [23]. P falciparum api-
cal membrane antigen-1 (AMA-1) was tested in different 
vaccine formulations in malaria endemic areas. When tested 
in Malian children, the AMA-C1/Alhydrogel [24] and the 
FMP2.1/AS02A vaccines [25] did not provide significant 
protection against clinical malaria. In the latter study there 
was, however, evidence of allele-specific vaccine efficacy 
(64%) against clinical malaria in a secondary analysis [25]. 
More recently, it was shown that FMP2.1/AS01 was not pro-
tective against CHMI in malaria-naïve adults [26]. Although 
the trial was not designed to evaluate vaccine efficacy, there 
was some evidence of short-lived protection against clinical 
malaria in Burkinabe children following vaccination with a 
merozoite surface protein-3 (MSP3) long-synthetic peptide 
adjuvanted with aluminium hydroxide [27]. P. falciparum 
serine repeat antigen-5 formulated with aluminium hydrox-
ide (BK-SE36) was evaluated in Ugandan children and 
adults; there was some evidence of protection against high 
density parasitemia infections and symptomatic episodes 
[28]. Vaccination of malaria-naïve adults with the more con-
served P. falciparum antigen, reticulocyte-binding protein 
homolog 5 (Rh5) formulated with AS01B (Rh5.1/AS01B), 
resulted in a significant reduction in parasite growth rates in 
vaccinees following challenge with CHMI [29].

A number of vaccine candidates containing multiple 
blood-stage antigens have also been evaluated. Vaccina-
tion with the ‘Combination B’ vaccine comprising P. fal-
ciparum ring-infected erythrocyte surface antigen (RESA) 
and two merozoite surface proteins (MSP1 and MSP2) for-
mulated in the adjuvant, montanide ISA720, resulted in a 
62% reduction in parasite densities in a phase I/IIb trial in 
Papua New Guinean children [14]. There was also evidence 
of vaccine-induced selection of infecting parasites in this 
study, attributable to the MSP2 component of the vaccine. 
A vaccine containing GMZ (a fusion protein of fragments of 
P. falciparum MSP3 and glutamate-rich protein) formulated 
with aluminium hydroxide was 14 and 27% effective against 
episodes of malaria and severe malaria, respectively, in Afri-
can children [30]. Vaccines containing GMZ that were for-
mulated with the adjuvants CAF01 or alhydrogel were not 
protective however, when assessed in malaria-exposed adults 
following challenge with sporozoite CHMI [31].

Strategies including (i) further identification of invariant, 
biologically relevant proteins with non-redundant functions, 
(ii) using a multi-allelic/multi-protein vaccine approach and 
(iii) identifying and utilising new adjuvants to maximise the 
induction and persistence of high titre antibodies with rel-
evant functionality, will be needed to maximise chances of 
developing an effective sub-unit malaria vaccine targeting 
the asexual blood-stage of the malaria parasite.

4.3 � Placental Malaria Vaccines

Despite pre-existing naturally acquired anti-malarial immu-
nity, pregnant women living in malaria endemic areas 
have an increased susceptibility to malaria infection. This 
can result in severe outcomes for both mother and foe-
tus including maternal anaemia, hypertension, low birth-
weight, stillbirth, and spontaneous abortion. This suscep-
tibility decreases over successive pregnancies, indicating 
that women do eventually develop immunity against this 
pregnancy-associated malaria [32, 33]. Malaria during preg-
nancy is associated with the accumulation of P. falciparum 
pRBCs in the placenta; this is mediated by the P. falciparum 
variant surface antigen, VAR2CSA, binding to chondroi-
tin sulfate A in the intervillous spaces of the placenta [34]. 
Placental malaria vaccines are focused on preventing the 
sequestration of the pRBCs in the placenta. Two sub-unit 
vaccine candidates (PRIMVAC and PAMVAC) containing 
different recombinant N-terminal fragments of VAR2CSA 
adjuvanted with alhydrogel or glucopyranosyl lipid adjuvant 
in stable emulsion (GLA-SE) (PRIMVAC and PAMVAC) or 
in a liposomal formulation with QS21 (GLA-LSQ) (PAM-
VAC) were recently evaluated in phase I trials to assess 
safety and immunogenicity [35, 36]. Anti-adhesion antibod-
ies were induced against homologous parasites, but further 
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optimisation may be needed to improve the functional activ-
ity of antibodies against heterologous parasites.

5 � Transmission‑Blocking Vaccines

Transmission-blocking vaccines typically contain surface 
antigens from the parasite’s sexual/mosquito stages and aim 
to induce antibodies that prevent the parasite from develop-
ing within the mosquito, thereby disrupting its transmission. 
These vaccines do not provide a direct benefit to the vac-
cinee, instead with sufficient vaccine coverage they aim to 
induce community-based immunity. The main challenges 
with this vaccine approach have been in relation to antigen 
production, sub-optimal immunogenicity of vaccine candi-
dates and the rapid waning of antibodies following vaccina-
tion. Only results from clinical studies involving the sub-unit 
vaccine candidates Pfs230 (gametocyte/gamete antigen) and 
Pfs25 (a post-fertilisation antigen expressed in the mosquito) 
have been reported.

Various Pfs25 vaccine formulations have been evaluated 
in clinical studies. A Pfs25 virus-like particle (VLP) vaccine 
was evaluated in malaria-naïve humans and although immu-
nogenic, the induced antibodies had only weak functional 
activity [37]. To increase immunogenicity, Pfs25 was conju-
gated to the Pseudomonas aeruginosa ExoProtein A (EPA) 
and formulated with alhydrogel. In malaria-naïve adults, the 
functional antibodies induced by the vaccine blocked P. fal-
ciparum transmission to mosquitoes in vitro [38]. When this 
formulation was tested in adults in a malaria endemic area it 
also induced antibodies with significant functional activity 
in vitro; however, four doses were required, and the anti-
bodies waned rapidly [39]. In a further study, Pfs25-EPA or 
Pfs230D1-EPA were formulated with alhydrogel and admin-
istered as two doses to malaria-naïve adults. Only serum 
from Pfs230D1/alhydrogel vaccinees had substantial levels 
of functional activity, which was complement-dependent 
[40].

6 � Pre‑erythrocytic‑Stage Vaccines

Vaccines targeting the pre-erythrocytic stage of the malaria 
parasite aim to prevent the sporozoite from invading and 
completing development within the hepatocyte. Once the 
human host is infected, sporozoites are thought to invade 
hepatocytes within 30 minutes; this is a narrow window in 
which antibodies need to neutralise the sporozoite to pre-
vent invasion of hepatocytes in the liver. Following suc-
cessful sporozoite invasion, CD8+ T cells can recognise 
parasite antigens on the surface of hepatocytes and kill 
these parasitised cells. If a pre-erythrocytic vaccine is able 

to completely block infection, it induces sterile protective 
immunity.

6.1 � Whole‑Parasite Pre‑erythrocytic‑Stage Vaccines

Substantial work has been undertaken to develop a whole-
parasite pre-erythrocytic-stage vaccine. Early studies in mice 
and humans confirmed that immunising humans via the bites 
of irradiated mosquitoes infected with P. berghei and P. fal-
ciparum, respectively, could protect against challenge with 
infectious sporozoites [41–44]. This strategy was further 
refined [45] and has progressed as Sanaria’s live attenuated 
PfSPZ Vaccine which consists of aseptic, purified, radiation-
attenuated sporozoites which have been harvested from mos-
quitoes and administered predominantly via direct venous 
injection (DVI). Vaccine efficacy against infection has been 
evaluated in numerous CHMI trials in both malaria-naïve 
and malaria-exposed adults and in field trials (Tables 1, 2). 
For this vaccine, the route of immunisation was shown to 
be critical, with intradermal and subcutaneous vaccination 
being sub-optimally protective [46]. In malaria-naïve adults, 
a dose-dependent immunological threshold for high-level 
protection was proposed, with five doses of 1.35 ×  105 
sporozoites providing complete protection using homolo-
gous CHMI [47]. Recent studies in malaria endemic areas 
demonstrated 52 and 51% efficacy against infection in adults 
following five doses of 2.7 × 105 PfSPZ Vaccine [48] or 
three doses of 1.8 × 106 PfSPZ Vaccine [49], respectively, 
with drug treatment administered during the vaccination 
period to eliminate pre-existing parasites. No significant 
efficacy against infection was observed in Kenyan infants at 
6 months, the primary statistical endpoint of the study [50]; 
here, drug treatment was not administered during the vac-
cination period. An age-dependent lack of PfSPZ vaccine-
specific T-cell responses, including the infrequent detection 
of Vδ2+Vγ9+ T cells at the time of immunisation, was also 
proposed as a possible explanation for the poor vaccine effi-
cacy in these infants. Further optimisation of the vaccine 
regimen was undertaken in malaria-naïve adults, culminat-
ing in an accelerated 4-week, three-dose vaccine regimen 
with 9 × 105 PfSPZ that provided similar protection against 
homologous and heterologous CHMI (overall vaccine effi-
cacy of 77 and 79%, respectively) for 9–10 weeks [51]. 
When this regimen was tested in malaria-exposed adults 
using challenge with homologous CHMI, a vaccine efficacy 
of 51% was observed [52], with drug treatment administered 
prior to vaccination to clear pre-existing parasites.

A chemoattenuated, whole-parasite pre-erythrocytic-
stage vaccine has also been pursued. This encompasses 
sporozoite immunisation combined with an anti-malarial 
drug, which controls the infection while still enabling suf-
ficient parasite exposure to induce a protective immune 
response. For this vaccine approach, sporozoites have been 
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Table 1   Efficacy of the PfSPZ Vaccine and PfSPZ-CVac vaccines in adults in CHMI trials

Time period of 
study

Malaria status 
of participants

Vaccine Dose of sporozo-
ites and route of 
administration

Time of challenge/s Protection against 
challenge
Vaccine efficacy 
(%) (protected/
total participants)

References

2009–2010 Malaria naïve PfSPZ Vaccine 7.5 × 103 ID or 
SC

0, 4, 8, 12/15 weeks 0% (0/11) [46]

3 × 104 ID or SC 0, 4, 8, 12/15 weeks 12.5% (2/16); one 
ID and one SC

1.35 × 105 ID 
or SC

0, 4, 8, 12, 24, 28/31 weeks 0% (0/17)

2011–2013 Malaria naïve PfSPZ Vaccine 7.5 × 103 IV 0, 4, 8, 12/15 weeks 0% (0/3) [47]
7.5 × 103 IV 0, 4, 16, 20, 24, 28/31 weeks 0% (0/3)
3 × 104 IV 0, 4, 8, 12/15 weeks 11% (1/9)
3 × 104 IV 0, 4, 8, 12, 16, 20/23 weeks 0% (2/2)
1.35 × 105 IV 0, 4, 8, 12/15 weeks 60% (6/9)
1.35 × 105 IV 0, 4, 8, 12, 19/21 weeks 100% (6/6)

2013–2016 Malaria naïve PfSPZ Vaccine 9 × 105 IV 0, 8, 
16 weeks/35 weeks/49 weeks

64% (9/14)/83% 
(5/6)a,b

[121]

2013–2016 Malaria naïve PfSPZ Vaccine 2.7 × 105 IV 0, 4, 20/23/45 weeks 24% (3/9)/ 67% 
(2/3)

[122]

2.2 × 106 IM 0, 4, 8, 20/23/45 weeks 29% (3/8)/ 0% 
(0/3)

D1 1.35 × 105 IV 0, 4, 8, 12, 20/23/45 weeks 62% (8/12)/ 57% 
(4/7)

D2 1.35 × 105 IV
D3 1.35 × 105 IV
D4 1.35 × 105 IV
D5 4.5 × 105 IV
2.7 × 105 IV 0, 4, 8, 20/23/44/79 weeks 73% (7/9)/ 75% 

(3/4)/ 100% 
(1/1)

2.7 × 105 IV 0, 4, 8, 20/41/79 weeks 55% (6/11)/ 100% 
(4/4)

2014–2015 Malaria naïve PfSPZ Vaccine 2.7 × 105 DVI 0, 4, 8, 12,20/23/44 weeks 92.3% (12/13)/ 
70% (7/10)

[123]

2.7 × 105 DVI 0, 4, 8, 12, 20/23/44 weeks 80% (4/5)a/ 10% 
(1/10)a

4.5 × 105 DVI 0, 8, 16/19/40 weeks 86.7% (13/15)/ 
57.1% (8/14)

2014–2015 Malaria exposed PfSPZ Vaccine 1.35 × 105 DVI 0, 4, 8, 12, 20/23 weeks 6% (1/18) [124]
2.7 × 105 DVI 0, 4, 8, 12, 20/23/44 weeks 20% (4/20)/100% 

(3/3)
2.7 × 105 DVI 0, 4, 8, 12, 20/44 weeks 0% (0/5)

2015–2017 Malaria exposed PfSPZ Vaccine 9 × 105 DVI 0, 56, 112/135/398 days 100% (3/3)/ 0% 
(0/3)

[125]

9 × 105 DVI 0, 56, 112/191/398 days 100% (2/2)/ 0% 
(0/3)

1.8 × 106 DVI 0, 56, 112/164/371 days 33% (2/6)/ 17% 
(1/6)

2015–2018 Malaria exposed PfSPZ Vaccine 1.8 × 106 DVI 0, 8, 16/21 weeks 100% (29/29) [49]
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Table 1   (continued)

Time period of 
study

Malaria status 
of participants

Vaccine Dose of sporozo-
ites and route of 
administration

Time of challenge/s Protection against 
challenge
Vaccine efficacy 
(%) (protected/
total participants)

References

2016–2017 Malaria naïve PfSPZ Vaccine 4.5 × 105 DVI 0, 2, 4, 6 days, 16 weeks, 
37 weeksc/28 weeks/40 weeks

40% (6/15)a/ P 
25% (1/4); NP 
50% (3/6)a,d

[126]

9 × 105 DVI 0, 8, 16, 
37 weeksc/28 weeks/40 weeks

20% (3/15)a/ P 
33% (1/3); NP 
75% (6/8)a,d

1.8 × 106 DVI 0, 8, 16 weeks/40 weeks 23% (3/13)a

D1 2.7 × 106 DVI 0, 8, 16 weeks/40 weeks 21% (3/14)a

D2 9 × 105 DVI

D3 9 × 105 DVI
2016–2018 Malaria exposed PfSPZ Vaccine 2.7 × 106 DVI 0, 8, 16/30 weeks 27% (5/15) [56]
2016–2018 Malaria naïve PfSPZ Vaccine 9 × 105 DVI 0, 7, 28/49 days 100% (5/5) [51]

1.35 × 106 DVI 0, 7/28 days 67% (4/6)
2.7 × 106 DVI 0, 7/28 days 50% (3/6)
9 × 105 DVI 0, 7, 28/49/91–98 dayse 67% (4/6); 83% 

(5/6)a/75% 
(5/6); 83% 
(5/6)a

2018–2019 Malaria exposed PfSPZ Vaccine 9 × 105 DVI 0, 2, 4, 6, 112/157 days 39.8% (10/17) [52]
0, 2, 4, 6/52 days 30.4% (11/21)
0, 2, 4, 6, 28/70 days 10.7% (7/18)
0, 7, 28/77 days 51.3% (14/21)

2012–2014 Malaria naïve PfSPZ-CVac 
(CQ)

7.5 × 104 ID 0, 28, 56/116 days 0% (0/10) [127]
7.5 × 104 ID 0, 28, 56, 224/361 days 0% (0/4)

2014–2016 Malaria naïve PfSPZ-CVac 
(CQ)

3.2 × 103 DVI 0, 4, 8/16–18 weeks 33% (3/9) [128]
1.28 × 104 DVI 0, 4, 8/16–18 weeks 67% (6/9)
5.12 × 104 DVI 0, 4, 8/16–18 weeks 100% (9/9)
5.12 × 104 DVI 0, 5, 10 days/80 days 63% (5/8)
5.12 × 104 DVI 0, 14, 28 days/98 days 67% (6/9)

2015–2019 Malaria naïve PfSPZ-CVac 
(CQ)

5.12 × 104 DVI 0, 4, 8/20 weeks 80% (4/5) [55]
2 × 105 DVI 0, 4, 8/21 weeks 100% (6/6)a

PfSPZ-CVac 
(PYR)

5.12 × 104 DVI 0, 4, 8/20 weeks 22.2% (2/9)
2 × 105 DVI 0, 4, 8/21 weeks 87.5% (7/8); 

77.8% (7/9)a

2016–2018 Malaria naïve PfSPZ-CVac 
(CQ)

5.12 × 104 DVI 0, 7, 14/84 days 0% (0/7) [17]
1.024 × 105 DVI 0, 5, 10/80 days 75% (6/8)

2016–2018 Malaria exposed PfSPZ-CVac 
(CQ)

1.0 × 105 DVI 0, 4, 8/23 weeks 55% (8/13) [56]

2019 Malaria naïve PfSPZ-CVac 
(CQ)

1.1 × 105 DVI 0, 5, 28 days/16 weeks 77% (10/13)a [58]

CHMI controlled human malaria infection, CQ chloroquine, D vaccine dose, DVI direct venous injection, ID intradermal, IM intramuscular, 
IV intravenous administration through a catheter, PfSPZ-CVac Plasmodium falciparum sporozoite chemoprophylaxis vaccine, PfSPZ Vaccine 
radiation-attenuated Plasmodium falciparum sporozoite vaccine, PYR pyrimethamine, SC subcutaneous
a Heterologous challenge (i.e., challenged with a different P. falciparum strain than contained in the vaccine)
b A sub-set of participants who were protected against the first CHMI were rechallenged
c Administered to vaccinated participants who were not protected against the CHMI at 28 weeks
d P: volunteers who were protected against first CHMI and did not receive the boost at 37 weeks; NP: volunteers who were not protected against 
first CHMI and received a boost at 37 weeks
e Challenge was a double cross-over design. In the first CHMI, participants were challenged with either the homologous or heterologous P. falci-
parum strain and in the second CHMI they were challenged with the alternative P. falciparum strain



744	 D. I. Stanisic, M. F. Good 

administered via either the bites of laboratory-reared P. fal-
ciparum infected mosquitoes (chemoprophylaxis with P. fal-
ciparum sporozoites [CPS]) or by DVI (P. falciparum sporo-
zoite chemoprophylaxis vaccine [PfSPZ-CVac]). Vaccine 
regimens incorporating different anti-malarial drugs have 
been examined and this has been reviewed comprehensively 
elsewhere [53]; chloroquine (CQ) has been most frequently 
used. An early study evaluating three immunisations with 
P. falciparum sporozoites administered via 12–15 mos-
quito bites + CQ reported 100% sterile protection against 
sporozoite CHMI [54]. More recently the focus has been 
on immunisation via DVI of purified sporozoites, PfSPZ-
CVac, which enables the administration of a precise dose 
of sporozoites as well as being more feasible for a mass 
vaccination programme. A number of studies in malaria-
naïve adults (Table 1) have focused on optimising the vac-
cination regimen to maximise protective efficacy, eventually 

culminating in 100% protection against heterologous CHMI 
following three doses of 2 × 105 sporozoites + CQ, with 
the sporozoites administered at monthly intervals [55]. In 
malaria-exposed adults, vaccine efficacy was 55% follow-
ing three doses of 1 × 105 sporozoites + CQ and challenge 
with homologous CHMI [56]. However, when evaluated in 
adults in a high transmission setting, no significant protec-
tion against infection or clinical malaria was observed fol-
lowing three doses of 2.048 × 105 sporozoites administered 
with CQ [57] (Table 2). This lack of efficacy was attributed 
to vaccine hyporesponsiveness. Three factors were proposed 
to contribute to this: pre-existing immune responses reduc-
ing the number of sporozoites that were able to effectively 
invade and develop within the liver and induce protective 
immune responses, immune dysregulation as a result of life-
long exposure to P. falciparum and the lack of drug treat-
ment prior to vaccination to clear pre-existing parasites. 

Table 2   Efficacy of PfSPZ and PfSPZ-CVac in field trials

CQ chloroquine, DVI direct venous injection, NR not reported, PfSPZ Vaccine radiation-attenuated Plasmodium falciparum sporozoite vaccine, 
PfSPZ-CVac Plasmodium falciparum sporozoite chemoprophylaxis vaccine
a Proportional analysis (1 minus risk ratio)
b Time-to-infection analysis (1 minus hazard ratio)

Location and 
time period 
of study

Age of par-
ticipants

Vaccine Regimen 
Dose of 
sporozoites
Route of 
administra-
tion

Follow-up 
period

Vaccine efficacy according to protocol analysis References

Infection First or only 
clinical 
episode

All 
clinical 
episodes

Severe 
malaria

Mali
2013–2015

18–35 years PfSPZ Vac-
cine

0, 28, 56, 84, 
140 days

2.7 × 105 
DVI

24 weeks 28.5%a/52.1%b NR NR NR [48]

Mali
2015–2018

18–50 years PfSPZ Vac-
cine

0, 12, 
18 weeks

1.8 × 106 
DVI

24 weeks 24%a/51%b NR NR NR [49]

Kenya
2016–2018

5–12 months PfSPZ Vac-
cine

0, 8, 
16 weeks

4.5 × 105 
DVI

3 months
6 months

12.1%a/20.7%b

0.8%a/13.5%b
38.4%
26.4%

35.9%
19.8%

NR
NR

[50]

0, 8, 
16 weeks

9.0 × 105 
DVI

3 months
6 months

14.7%a/21.4%b

−6.5%a/3.3%b
7.1%
8.5%

4.2%
11.5%

NR
NR

0, 8, 
16 weeks

1.8 × 106 
DVI

3 months
6 months

28.7%a/41.1%b

12%a/30.1%b
40.2%
33.7%

45.8%
28.6%

NR
NR

Burkina Faso
2016–2018

21–40 years PfSPZ Vac-
cine

0, 8, 
16 weeks

2.7 × 106 
DVI

24 weeks
76 weeks

37.7%a/47.9%b

15.4%a/45.9%b
NR NR NR [129]

Mali
2017–2018

18–45 years PfSPZ-CVac 
(CQ)

0, 4, 8 weeks
2.048 × 105 

DVI

24 weeks 24.8%a/33.6%b NR 35.3% NR [57]
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Further studies are focused on evaluating a more condensed 
vaccination regimen (Table 1), with a Day 0, 5, 28 schedule 
yielding 77% efficacy in malaria-naïve adults following chal-
lenge with heterologous CHMI [58].

Different genetically attenuated P. falciparum sporozoite 
vaccine candidates have also been developed and evaluated 
in malaria-naïve human volunteers (e.g., [59, 60]). Here, the 
aim is to arrest the development of the genetically attenuated 
parasites (GAPs) in the liver prior to the parasites entering 
the bloodstream. The PfGAP3KO vaccine (P. falciparum 
with deletions in the P52, P36 and SAP1 genes) is the most 
recent candidate to undergo clinical evaluation. Following 
three or five immunisations with 200 PfGAP3KO-infected 
mosquito bites/immunisation, 50% of vaccinees developed 
sterile protective immunity against homologous CHMI [59]. 
Genetically attenuated parasites that arrest growth late in the 
liver have been shown in animal models to induce stronger 
protective immune responses than those that arrest earlier 
and this may be explained by exposure to a broader rep-
ertoire of parasite antigens [61]. Late liver stage-arresting 
replication-competent (LARC) P. falciparum GAPs have 
been developed by two different research groups through 
the targeted deletion of the Mei2 gene [62, 63]. In both 
instances, the parasite does not produce exoerythrocytic 
merozoites, and this prevents initiation of the blood-stage 
infection. These LARC GAPs are being further developed as 
next-generation, live-attenuated sporozoite vaccines.

Historically, all whole-sporozoite vaccines have relied on 
mosquitoes as a source of infectious sporozoites. For the 
PfSPZ Vaccine and PfSPZ-CVac, which contain purified 
sporozoites, the manufacturing process has been a chal-
lenge for large-scale vaccine production as it is labour-inten-
sive, involving the manual dissection of salivary glands of 
infected mosquitoes to obtain the sporozoites. Recently, San-
aria have developed an in vitro method for the production of 
infectious sporozoites without the need for mosquitoes [64]. 
While further optimisation is required, this development has 
the potential to transform the manufacture of PfSPZ-based 
vaccines and facilitate their production for mass vaccination 
programmes.

6.2 � Non‑circumsporozoite Protein Sub‑Unit 
Pre‑erythrocytic‑Stage Vaccines

Vaccines based on thrombospondin-related anonymous pro-
tein (TRAP) have utilised viral vectors to deliver ME-TRAP, 
a fusion protein consisting of a multi-epitope string (ME) 
and TRAP, in heterologous prime-boost regimens. The ME 
string consists of 20 epitopes, predominantly CD8+ T-cell 
epitopes from P. falciparum pre-erythrocytic antigens. These 
vaccines aim to induce a protective CD8+ T-cell response 
that can target parasitised hepatocytes. The most recent 
iteration of the ME-TRAP vectored vaccine regimen used 

non-replicating chimpanzee adenovirus 63 (ChAd63) and 
Modified Vaccinia Virus Ankara (MVA) expressing ME-
TRAP. In a phase IIb trial, vaccine efficacy against infection 
was 67% in Kenyan adults over a 2-week follow-up period 
[65]. Significant vaccine efficacy was not observed in Sene-
galese adults [66] or in Burkinabe infants [67] against infec-
tion or clinical malaria, respectively.

6.3 � Circumsporozoite Protein‑Based Sub‑Unit 
Pre‑erythrocytic‑Stage Vaccines

The cloning of the first malaria genes in the 1980s [68–70] 
led to the development of circumsporozoite protein (CSP)-
based vaccine candidates. Most of the sub-unit vaccines 
targeting the pre-erythrocytic stage of the parasite are 
based on the CSP, which is expressed on both the sporo-
zoite and liver-stage parasites. The RTS,S/AS01 and R21 
vaccines have been evaluated in field trials (discussed fur-
ther below). These vaccines both contain truncated CSP 
without the amino terminus. The amino terminal region is 
critical for sporozoite attachment and invasion; antibodies 
targeting this region are associated with protection. Thus, 
full-length (FL) CSP vaccine candidates are also in early 
clinical development, with a recent study showing that a 
FL CSP vaccine adjuvanted with GLA-LSQ was safe and 
immunogenic in malaria-naïve humans [71]. Efficacy of this 
vaccine candidate has not yet been reported. A gene-based 
vaccine approach has also been evaluated using a heterolo-
gous prime-boost regimen. Volunteers were primed with 
both PfCSP and PfAMA-1 DNA and boosted with adeno-
viral vectors encoding the genes expressing PfCSP and 
PfAMA-1 [72]. PfAMA-1 was chosen as a second antigen 
due to its expression on sporozoites and liver-stage parasites 
and its’ potential to induce blood-stage immunity. This regi-
men induced the highest level of sterile immunity in humans 
that has been achieved with a gene-based anti-parasite vac-
cine; 4/15 volunteers (27%) were protected against homolo-
gous CHMI. Protection was associated with AMA-1-specific 
CD8+ T-cell responses. Further vaccine optimisation is 
required to improve efficacy.

6.3.1 � RTS,S—The Clinical Trials

RTS,S, the most advanced pre-erythrocytic vaccine, utilises 
the hepatitis B surface antigen (HBsAg) VLP vaccine plat-
form. RTS,S contains 189 amino acids from a single allele 
of the P. falciparum CSP including NANP conserved repeats 
(the ‘R’) from the central region and the C-terminus of the 
non-repeat region which contains T-cell epitopes (the ‘T’). 
The NANP repeats contain the immunodominant B-cell 
epitopes while the C-terminal region contains numerous 
polymorphisms and three known T-cell epitopes consisting 
of highly variable CD4+ and CD8+ T-cell epitopes and a 
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conserved ‘universal’ CD4+ T-cell epitope. This truncated 
CSP fragment is fused to approximately 25% of the HBsAg 
(the ‘S’) that is in the vaccine. When expressed in yeast 
cells, this chimeric fusion protein (RTS) and the remaining 
un-fused HBsAg (the ‘, S’), self-assemble to form VLPs 
with the CSP and S sequences displayed on their surface. 
In the 1980s, GlaxoSmithKline (GSK) and the Walter Reed 
Army Institute of Research (WRAIR) entered into a collabo-
rative research partnership to develop the RTS,S vaccine. 
There have been numerous refinements to the RTS,S vaccine 
over the years, with a major focus on evaluating different 
adjuvants, including GSK’s proprietary adjuvant systems 
(Table 3), to maximise the vaccine’s efficacy.

Numerous studies have been undertaken in malaria-naïve 
individuals using CHMI to evaluate vaccine efficacy against 
infection (Table 4). Initially, two different RTS,S formula-
tions (RTS,S/Alum and RTS,S/Alum/Monophosphoryl lipid 
A [MPL] [AS04]) were evaluated in malaria-naïve adults. 
Only the RTS,S/AS04 vaccine demonstrated any efficacy, 
completely protecting 2/8 vaccinees from challenge with 
CHMI [73]. A further study in malaria-naïve adults evalu-
ated the efficacy of RTS,S vaccines formulated with the 
adjuvants AS04, AS03 (an oil-in-water emulsion) or AS02 
(an oil-in-water emulsion with MPL and the saponin QS21). 
Poor efficacy was observed in the AS04 (1/8) and AS03 
(2/7) adjuvanted vaccine groups, however 6/7 volunteers 
(85.7%) who received the AS02 adjuvanted vaccine were 
completely protected [74]. Both the AS03 and AS02 groups 
received fractional third doses. Subsequently, a number of 
phase Ia/II challenge studies were undertaken for the RTS,S/
AS02 vaccine to optimise antigen dose and vaccine regi-
men [75–77]. Across all studies, when two to three doses of 

RTS,S 50 µg were administered, protective efficacy against 
challenge with CHMI was approximately 40–50%.

Heterologous prime-boost vaccine regimens have been 
examined for RTS,S/AS02. RTS,S/AS02 was administered 
to naïve volunteers and volunteers previously immunised 
with PfCSP DNA to assess safety and immunogenicity 
[78]. Although priming with PfCSP DNA did not result 
in improved CD4+ T-cell or antibody responses [78, 79], 
there was an expansion of the PfCSP-specific CD8+ T-cell 
responses induced by the DNA vaccination [79]. These 
CD8+ T-cell responses were not observed in individuals who 
received RTS,S/AS02 alone, indicating that this heterolo-
gous prime-boost vaccine regimen resulted in an enhanced, 
broader immune response. An additional approach employed 
the viral vector MVA, which expressed the entire CSP as 
well as two additional T-cell epitopes (CS). RTS,S/AS02 
vaccination with MVA-CS as the primary or final booster 
vaccination resulted in equivalent vaccine efficacy of 33% 
against challenge with CHMI [80].

In parallel with the studies in malaria-naïve adults, evalu-
ation of RTS,S/AS02 commenced in malaria-exposed indi-
viduals (Table 5). In adults, following three doses, vaccine 
efficacy against infection and clinical malaria was 34 and 
31%, respectively [81]. Efficacy waned substantially from 
9 weeks following the final vaccine dose. A fourth dose 
the following year did not improve efficacy over this first 9 
weeks of follow-up. Evaluation of the RTS,S/AS02A vac-
cine candidate in paediatric populations commenced with 
initial studies focused on dose optimisation, immunogenic-
ity, and safety [82]. Half of the standard dose and volume of 
RTS,S/AS02A was used for proof-of-concept efficacy stud-
ies in children aged 1–4 years in Mozambique [83–86]. Vac-
cine efficacy against first clinical episode over 6 months of 
follow-up was 29.9–35.4%, 45% against infection and 57.7% 
against severe malaria. This vaccine efficacy was maintained 
at only one of the two study sites over 18 months of follow-
up. This disparity may be due to differences in study design, 
follow-up and treatment, resulting in differential exposure to 
low-density parasitemias at the different sites [86]. Subse-
quently, a specific paediatric formulation (RTS,S/AS02D) 
was developed, containing half the amount of each active 
ingredient present in the adult formulation (RTS,S/AS02A) 
in the same volume [87]. In infants, vaccine efficacy against 
first clinical episode was 65.8% over a 3-month follow-up 
[88] and this decreased to 33% (non-significant) after 14 
months [89]. At a different study site, this efficacy against 
clinical malaria was not confirmed [90]. At both sites, vac-
cine efficacy against infection was 65% over 6 months of 
follow-up [88, 90].

Based on promising studies in the rhesus non-human 
primate model, a RTS,S vaccine formulated with the adju-
vant AS01 (a liposome-based adjuvant system with MPL 
and QS21) was compared with the RTS/AS02 vaccine in 

Table 3   Composition of RTS,S adjuvants

+ indicates present; − indicates absent; MPL monophosphoryl lipid 
A
a AS04 has also been referred to as SBAS4 in published literature
b Oil-in-water emulsion-based adjuvant system containing squalene, 
polysorbate 80 and α-tocopherol
c AS03 has also been referred to as SBAS3 in published literature
d Liposome-based adjuvant system
e AS02 has also been referred to as SBAS2 in published literature

Adjuvant Formulation Alum MPL QS21 
(Sapo-
nin)

AS04a Adult + + −
AS03b,c Adult − − −
AS02Ab,e Adult − + +
AS01Bd Adult − + +
AS02Db,e Paediatric − + +
AS01Ed Paediatric − + +
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Table 4   Efficacy of RTS,S vaccine formulations in malaria-naïve adults in CHMI trials

Time period of study Adjuvant Dose of RTS,S in volume 
of adjuvant

Time of/challenge/s Protection against chal-
lenge
Vaccine efficacy (%) 
(protected/total partici-
pants)

References

NR RTS,S/aluminium 
hydroxide

50 µg/1 mL 0, 2, 6/6.5 months 0% (0/6) [73]

RTS,S/AS04 25% (2/8)
NR RTS,S/AS04 50 µg/1 mL 0, 1, 7/7.75 months 12.5% (1/8) [74, 130]

RTS,S/AS03 D1 50 µg/0.5 mL 28.5% (2/7)
D2 50 µg/0.5 mL
D3 10 µg/0.1 mL

RTS,S/AS02 D1 50 µg/0.5 mL 85.7% (6/7)
D2 50 µg/0.5 mL
D3 10 µg/0.1 mL

NR RTS,S/AS02 50 µg/0.5 mL 0/1 months 30% (3/10) [75]
50 µg/0.5 mL 0, 1/2 months 47% (7/14)
50 µg/0.5 mL 0, 1, 9/10 months 47% (3/6)
25 µg/0.25 mL 0, 1, 9/10 months 55% (4/7)
10 µg/0.1 mL 0, 1, 9/10 months 20% (1/4)

NR RTS,S/AS02A 50 µg/0.5 mL 0, 1/1.5 months 42% (8/19) [77]
1998–1999 TRAP/AS02A 25 µg/0.5 mL 0, 28/44–55 days 0% (5/5) [131]

TRAP + RTS,S/AS02 25 µg (TRAP) + 50 µg 
(RTS,S)/0.5 mL

9% (1/11)

2000–2001 RTS,S/AS02 50 µg/0.5 mL 0, 1, 3/3.75 months
0, 7, 28 d/7 weeks

45% (9/20)
39% (7/18)

[76]

2002–2003 D1: RTS,S/AS02A 50 µg/0.5 mL 0, 1, 3/4/5a months 33.3% (2/6)/ 50% (1/2) [80]
D2: RTS,S/AS02A 50 µg/0.5 mL
D3: MVA-CS 1 × 108 pfu/2 × 0.1 mL
D1: MVA-CS 1 × 108 pfu/2 × 0.1 mL 33.3% (2/6)/ 0% (0/2)
D2: RTS,S/AS02A 50 µg/0.5 mL
D3: RTS,S/AS02A 50 µg/0.5 mL

2003–2006 RTS,S/AS02A 50 µg/0.5 mL 0, 1, 2/2.5/5a months 32% (14/44)/ 44% (4/9) [91]
RTS,S/AS01B 50 µg/0.5 mL 0, 1, 2/2.5/5a months 50% (18/36)/ 44% (4/9)

2011–2012 RTS,S/AS01B 50 µg/0.5 mL 0, 1, 2 months/Day 77 52.4% (11/25) [112]
D1 Ad35.CS01
D2 RTS,S/AS01B
D3 RTS,S/AS01B

D1 5 × 1010 vp
D2 50 µg/0.5 mL
D3 50 µg/0.5 mL

44% (11/21)

2013–2014 RTS,S/AS01B 50 µg/0.5 mL 0, 1, 2/2.75 months 62.5% (10/16) [107]
RTS,S/AS01B D1 50 µg/0.5 mL

D2 50 µg/0.5 mL
D3 10 µg/0.1 mL

0, 1, 7/7.75 months 86.7% (26/30)

2013–2014 D1 RTS,S/AS01B 50 µg/0.5 mL 0, 2, 4, 8, 
10/12 weeks/6 monthsa

82.4% (14/17)/87.5% 
(7/8)

[113]

D2 ChAd63 ME-TRAP 5 × 1010 vp
D3 RTS,S/AS01B 50 µg/0.5 mL
D4 RTS,S/AS01B 50 µg/0.5 mL
D5 MVA ME-TRAP 2 × 108 pfu
RTS,S/AS01B 50 µg/0.5 mL  0, 4, 8/12 weeks/6 

monthsa
75% (12/16)/83.3% (5/6)
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malaria-naïve adults. Vaccine efficacy, reflecting the per-
centage of vaccinees who were completely protected (i.e. 
had sterile immunity), was higher in individuals who 
received the RTS,S/AS01B vaccine (50%) compared with 
the RTS,S/AS02A vaccine (32%) [91]. Following this, 
comparative field trials were undertaken. Unadjusted vac-
cine efficacy against infection was not significant and was 

similar for the two vaccine formulations (29.5 vs 31.7%), 
however, following adjustment for confounders, the AS02A 
adjuvanted vaccine was superior [92].

A paediatric RTS,S/AS01 formulation, RTS,S/AS01E, 
was also developed, containing half of the active ingredi-
ents of the adult RTS,S/AS01B formulation. Vaccine effi-
cacy against clinical malaria was evaluated in infants aged 

Table 4   (continued)

Time period of study Adjuvant Dose of RTS,S in volume 
of adjuvant

Time of/challenge/s Protection against chal-
lenge
Vaccine efficacy (%) 
(protected/total partici-
pants)

References

2015 RTS,S/AS01B 50 µg/0.5 mL 0, 4, 8/11 weeks 75% (6/8) [114]

RTS,S/AS01B D1 50 µg/0.5 mL
D2 50 µg/0.5 mL
D3 10 µg/0.1 mL

88.9% (8/9)

RTS,S/AS01B + ChAd63 
ME-TRAP

D1 50 µg/0.5 mL + 
5 × 1010 vp

60% (6/10)

RTS,S/AS01B + MVA 
ME-TRAP

D2 50 µg/0.5 mL + 
2 × 108 pfu

RTS,S/AS01B + MVA 
ME-TRAP

D3 50 µg/0.5 mL + 
2 × 108 pfu

RTS,S/AS01B + ChAd63 
ME-TRAP

D1 50 µg/0.5 mL + 
5 × 1010 vp

55.6% (5/9)

RTS,S/AS01B + MVA 
ME-TRAP

D2 50 µg/0.5 mL + 
2 × 108 pfu

RTS,S/AS01B + MVA 
ME-TRAP

D3 10 µg/0.1 mL + 
2 × 108 pfu

2017–2019 RTS,S/AS01B D1 50 µg/0.5 mL 0, 1, 7/10 months 55% (11/20) [109, 110]
D2 50 µg/0.5 mL
D3 10 µg/0.1 mL
D4 5 µg/0.1 mL AS01E 19/19.75 months 36% (4/11)
D1 50 µg/0.5 mL 0, 1, 7/10 months 55% (11/20)
D2 10 µg/0.1 mL
D3 10 µg/0.1 mL
D4 5 µg/0.1 mL AS01E 19/19.75 months 71% (5/7)

RTS,S/AS01E D1 50 µg/0.5 mL 0, 7/10 months 29% (6/21)
D2 10 µg/0.1 mL
D3 5 µg/0.1 mL AS01E 19/19.75 months 67% (8/12)
D1 50 µg/1.0 mL 0, 1, 7/10 months 76% (16/21)
D2 50 µg/1.0 mL
D3 10 µg/0.2 mL
D4 5 µg/0.1 mL 19/19.75 months 57% (4/7)
D1 25 µg/0.5 mL 0, 1, 7/10 months 64% (14/22)
D2 25 µg/0.5 mL
D3 5 µg/0.1 mL
D4 5 µg/0.1 mL 19/19.75 months 42% (5/12)

a Participants protected in the first CHMI challenge, were rechallenged
Ad Adenovirus, CHMI controlled human malaria infection, D vaccine dose, MVA modified vaccinia virus Ankara, NR not reported, vp virus par-
ticles
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Table 5   Efficacy of RTS,S vaccine formulations in field trials

NR not reported
a Follow-up period is from Dose 1 (study Day 0). This unadjusted analysis uses a modified intention-to-treat population [102]

Location and 
time period of 
study

Age of partici-
pants

Adjuvant Time/dose 
of RTS,S in 
volume of 
adjuvant

Follow-up 
period

Vaccine efficacy according-to-protocol analysis References

Infection First or only 
clinical epi-
sode

All 
clinical 
episodes

Severe 
malaria

Gambia
1998

18–45 years AS02 0, 1, 5 months
50 µg/0.5 mL

15 weeks 34% NR 31% NR [81]
9 weeks/9–

15 weeks
71%/0% NR NR NR

Booster dose 
at 18 months

9 weeks 47% NR 59% NR

Mozambique 
(Manhica)

(Cohort 1)
2003–2007

1–4 years AS02A 0, 1, 2 months
25 µg/0.25 mL 

(half of adult 
dose)

6.5 months NR 29.9% 27.4% 57.7% [83–85]
18.5 months NR 35.3% 29.8% 48.6%
42.5 months NR 30.5% 25.6% 38.3%

Mozambique 
(Ilha Joshua)

(Cohort 2)
2003–2005

1–4 y AS02A 0, 1, 2 months 6.5 months 45% 35.4% 30% NR [83, 86]
25 µg/0.25 mL 

(half of adult 
dose)

12.5 months NR 9% NR NR

Mozambique 
(Ilha Joshua 
and Taninga)

2005–2007

1st dose at 
10 weeks of 
age

AS02D 0, 1, 2 months
25 µg/0.5 mL

3 months 65.9% 65.8% NR NR [88, 89]
11 months NR 33% 25.9% NR

Kenya
2005–2006

18–35 years AS02A 0, 1, 2 months
50 µg/0.5 mL

14 weeks 35.1% NR NR NR [92]

AS01B 0, 1, 2 months
50 µg/0.5 mL

14 weeks 11% NR NR NR

Tanzania
2006–2009

1st dose at 
8 weeks of 
age

AS02D 0, 1, 2 months
25 µg/0.5 mL

6 months 65.2% 58.6% NR NR [90, 132]
12 months NR 53.6% 50.7% NR
18 months NR 34.9% 26.7% NR

Kenya and 
Tanzania

2007–2016

5–17 months AS01E 0, 1, 2 months
25 µg/0.5 mL

Mean 7.9 
months

NR 53% 56% NR [93–96]

12 months NR 39.2% 42% NR
15 months NR 45.8% 51% NR
4 y NR 32.1% 23.5% NR
7 y NR 33.8% 7% NR

Ghana, Tanza-
nia, Gabon

2007–2009

6–10 weeks AS01E 0, 1, 2 months
25 µg/0.5 mL

12 months NR 61.6% NR NR [97]
17 months NR 52.5% 59.1% NR

0, 1, 7 months
25 µg/0.5 mL

12 months NR 63.8% NR NR

Mozambique, 
Malawi, 
Tanzania, 
Kenya, 
Burkina 
Faso, Ghana, 
Gabon

2009–2014

5–17 months AS01E 0, 1, 2 months
25 µg/0.5 mL

12 months NR 55.8% 55.1% 47.3% [99–102]
18 months NR NR 45.7% 35.5%
48 monthsa NR NR 28.3% 1.1%

6–12 weeks 0, 1, 2 months
25µg/0.5mL

12 months NR 31.5% 33% 36.6%
18 months NR NR 26.6% 14.9%
38 monthsa NR NR 18.3% 10.3%

5–17 months Booster dose 
at month 20

48 monthsa NR NR 36.3% 32.2%

6–12 weeks Booster dose 
at month 20

38 monthsa NR NR 25.9% 17.3%
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5–17 months over 8 months of follow-up at two different 
African sites and it ranged from 53 to 56% [93]. This effi-
cacy was sustained over 15 months of the 7-year follow-up 
[94–96]. The final analysis showed that vaccine efficacy in 
year 1 was lower in the cohorts with high malaria parasite 
exposure (39.5%) compared with low exposure (57.5%) and 
waned more rapidly in participants with high exposure [96]. 
A separate study showed that delaying the third dose did 
not improve vaccine efficacy against clinical malaria over 
a year of follow-up [97]. A pooled analysis of phase II data 
for RTS,S vaccines concluded that vaccine efficacy against 
clinical disease was of limited duration and that it declined 
with increasing transmission intensity, highlighting the 
importance of evaluating malaria vaccines across areas of 
varying malaria transmission and the need to account for 
these factors when reporting pooled vaccine efficacy data 
from different sites [98].

RTS,S/AS01E was the first malaria vaccine candidate to 
progress into a phase III clinical trial. In 2011, the first anal-
ysis from children (aged 5–17 months) in this trial showed a 
vaccine efficacy of 55.8% against clinical malaria and 47.3% 
against severe malaria over 12 months [99]. The vaccine 
did not perform as well in 6- to 12-week-old infants; effi-
cacy against clinical and severe malaria was 31.5 and 36.6%, 
respectively [100]. This trend was observed in a follow-up 
study which also reported that there was evidence of sig-
nificant waning of protection over an 18-month follow-up 
period [101]. The final analyses from this trial were reported 
in 2015 and included evaluating the impact of a booster dose 
at 20 months [102]. Vaccine efficacy against clinical malaria 
was shown to wane over the extended follow-up period. Dur-
ing the full follow-up period of 3–4 years, this efficacy in 
children and infants who did not receive a booster dose was 
28.3 and 18.3%, respectively, while it was slightly improved 
in children (36.3%) and infants (25.9%) who received the 
booster dose. Significant efficacy against severe malaria 
over this period was only observed in older children who 
received the booster dose. A meningitis safety signal was 
also reported in the final analysis, reflecting the greater inci-
dence of meningitis in children who received the RTS,S/
AS01E vaccine compared with the control group. This find-
ing was further investigated in the expanded pilot implemen-
tation studies (mentioned further below). A further analysis 
demonstrated that in children, the RTS,S/AS01 vaccine had 
greater efficacy over 12 months of follow-up against clinical 
malaria caused by parasites that matched the vaccine in the 
entire C-terminal region of the CSP (50.3%) compared with 
mismatched parasites (33.4%); in this population, < 10% of 
parasites matched the vaccine [13]. This indicates that the 
efficacy of RTS,S/AS01 is partially strain-specific and is 
influenced by the proportion of matching parasites circulat-
ing in the local parasite population.

Samples collected from participants of the RTS/AS01E 
trials have been used for in-depth interrogation of vaccine-
induced immune responses which could enable the identifi-
cation of immunological surrogates of protection and may 
be used to inform the development of optimised RTS,S vac-
cines and other CSP-based vaccines. RTS,S-induced protec-
tion is thought to be predominantly mediated by CSP-spe-
cific antibodies against the immunodominant central repeat 
region of the CSP, although T cells may also play a role. 
Anti-circumsporozoite antibody titres have been shown to be 
a surrogate of protection and may be used to predict vaccine 
efficacy over time [103]. While mechanisms of protective 
immunity are not completely understood, recent work sug-
gests that functionality of the antibodies (e.g. Fc-receptor-
mediated functions [104], inhibition of sporozoite invasion 
and complement fixation and activation [105]) is important. 
Interestingly, the observed decline in these functional anti-
bodies within a year of vaccination mirrors the decline in 
vaccine efficacy over that same period [104, 105]. Although 
the role of CD4+ T cells has not been consistently demon-
strated across different studies, they may contribute to pro-
tection by providing help to B cells for antibody production, 
maintenance, class switching and co-operating with other 
immune cells. Developing a more in-depth understanding 
of the precise mechanisms of vaccine-induced protective 
immunity is critical as this may facilitate further optimisa-
tion of RTS,S/AS01 to augment vaccine efficacy as well as 
inform the development of next-generation vaccines.

6.3.1.1  RTS,S/AS01—Beyond the  Phase III Trial  Follow-
ing completion of the phase III trials and a review of the 
quality, safety, and efficacy data for the vaccine, in 2015, 
the European Medicines Agency’s Committee for Medici-
nal Products for Human Use (CHMP) adopted a positive 
scientific opinion for RTS,S/AS01 for use outside of the 
European Union [106]. Later that year, two independent 
WHO advisory groups, the Strategic Advisory Group of 
Experts (SAGE) and the Malaria Policy Advisory Commit-
tee (MPAC), called for a pilot implementation programme 
in sub-Saharan Africa. Subsequently, WHO-coordinated tri-
als were undertaken in Ghana, Kenya, and Malawi to evalu-
ate the vaccine’s role in reducing mortality, its safety with 
routine use and the feasibility of delivering it within regu-
lar childhood services. In 2021, based on the results from 
the ongoing pilot programme and advice from SAGE and 
MPAC, the WHO recommended the use of RTS,S/AS01 for 
the prevention of P. falciparum malaria in children living 
in regions with moderate-high malaria transmission. Addi-
tionally, the WHO recommended that it should be provided 
as a four-dose regimen to children aged ≥ 5 months for the 
reduction of malarial disease. RTS,S/AS01 is the first vac-
cine against any parasitic disease to be recommended for 
routine use in humans. Efforts to further optimise the vac-
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cine to improve its efficacy are ongoing and are discussed 
below.

6.3.1.2  RTS,S/AS01—Modification of  the  Regimen  As 
three full doses of RTS,S/AS01 was shown to provide only 
partial protection in phase III trials, a modified regimen 
including a fractional dose of RTS,S/AS01 was assessed 
in an effort to improve vaccine efficacy (Tables  4, 5). In 
malaria-naïve adults, vaccine efficacy against challenge 
with CHMI was 86.7% (26/30) in individuals who received 
a delayed, low, fractional boost for the third vaccination, 
whereas the efficacy in individuals who received the stand-
ard regimen was only 62.5% (10/16) [107]. Individuals who 
received delayed, fractional dosing had a more balanced 
antibody response to the repeat and C-terminal regions of 
CSP, whereas the standard regimen induced a more focused 
response to the repeat region [108]. Fractional boosting 
also resulted in expanded C-terminal Fc-mediated effector 
functions and increased antibody avidity [107, 108]. In a 
further study, five delayed fractional dose vaccine regimens 
were tested in malaria-naïve adults using different vaccine 
doses and schedules for RTS,S/AS01B and RTS,S/AS01E 
[109]. Following challenge with CHMI, all three-dose vac-
cine regimens with fractional doses demonstrated efficacy 
against challenge with CHMI ranging from 55 to 76%. 
For the adult formulation, the efficacy of the three-dose 
regimen (55%) was clearly superior to a two-dose regimen 
(29%). In an extension of this study, a proportion of vac-
cinees received a further fourth fractional dose (one-fifth 
dose volume) of RTS,SAS01E 12 months after their third 
vaccine dose. Three weeks later they were re-challenged by 
CHMI; vaccine efficacy was comparable between those pre-
viously protected against CHMI (52%) and those who were 
not (54%). This demonstrates that fractional RTS,S/AS01E 
boosters given 12 months after the primary vaccine regi-
men can both extend and induce protection against CHMI 
[110]. An interim analysis from an ongoing phase IIb trial in 
5- to 17-month-old infants in Africa comparing the efficacy 
of the standard vaccine regimen (three full doses) against 
a regimen with a fractional third dose showed that vaccine 
efficacy against clinical malaria was similar in both groups 
over 12 months of follow-up and that there was no difference 
in antibody avidity [111]. Furthermore, this efficacy was not 
improved by delaying the fractional dose by 5 months. This 
study is continuing and will examine the impact of annual 
boosters on the efficacy of the different vaccine regimens 
over 50 months of follow-up.

Efforts to improve the efficacy of RTS,S/AS01 have 
also focused on using a heterologous prime-boost strategy 
in an attempt to increase the CD4+ T-cell responses and 
augment the antibody response (Table 4). Priming with the 
full-length CS-expressing replication-deficient recombi-
nant human adenovirus 35 (Ad35.CS.01) followed by two 

doses of RTS,S/AS01B did not improve vaccine efficacy 
against challenge with CHMI when compared with three 
doses of RTS,S/AS01B [112]. Combining three doses of 
RTS,S/AS01B with a dose each of the viral vectors ChAd63 
and MVA expressing ME-TRAP yielded a vaccine regimen 
that was more effective against challenge with CHMI than 
three doses of RTS,S/AS01B alone (vaccine efficacy: 82.4 
vs 75%) [113]. A further study evaluated different vac-
cine regimens of RTS,S/AS01B alone (with or without a 
third fractional dose) or with concomitant administration 
of ChAd63 and MVA expressing ME-TRAP [114]. When 
both RTS,S/AS01B and the viral vectors were administered 
at the same time, they were also administered at the same 
site. Interestingly, the highest vaccine efficacy against chal-
lenge with CHMI was observed in the group that received 
two full and one fractional dose of RTS,S/AS01B (vaccine 
efficacy: 88.9%). Co-administering the RTS,SAS01B with 
the ChAd63 and MVA ME-TRAP led to reduced immuno-
genicity and a reduced efficacy of 55.6%. This effect could 
be attributed to immune interference and indicates that alter-
native vaccine schedules and different sites may be needed 
to improve vaccine efficacy.

6.3.1.3  RTS,S and  Seasonal Malaria Chemoprevention  As 
RTS,S/AS01 has been shown to provide incomplete protec-
tion of limited duration, a novel approach to malaria control 
could involve combining seasonal RTS,S/AS01E vaccina-
tion with chemoprevention in areas of high seasonal malaria 
transmission. A recent trial undertaken in children 5–17 
months of age in Burkina Faso and Mali [115] demonstrated 
that in areas of high seasonal malaria transmission, a combi-
nation of the RTS,S/AS01E vaccine with seasonal malaria 
chemoprophylaxis (SMC) (sulfadoxine-pyrimethamine + 
amodiaquine) had greater efficacy against uncomplicated 
malaria, severe malaria, and death from malaria than either 
intervention alone over the 3-year study period. The vac-
cine was delivered as three doses over three consecutive 
months immediately prior to the transmission season and 
one booster dose/year in the following 2 years. The SMC 
was delivered as four courses at monthly intervals over the 
malaria transmission season each year. Such an approach 
may also be relevant within the context of intermittent pre-
ventive treatment in infants and pregnancy and mass drug 
administration during the final stages of a malaria eradica-
tion programme [116].

6.3.2 � R21

Like RTS,S, R21 also contains the HBsAg fused to trun-
cated CSP, which self-assemble into VLPs when expressed 
in yeast. Unlike RTS,S, the R21 particles are formed exclu-
sively from CSP-HBsAg chimeric fusion proteins and do not 
contain monomeric HBsAg; this results in a higher density 
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of the CSP on the surface of the VLPs [117]. Following 
pre-clinical evaluation of R21 in combination with different 
adjuvants [117], the vaccine was progressed into clinical tri-
als with Matrix-M, a saponin-based adjuvant that simulates 
antibody and cellular immune responses. In a phase IIb trial, 
Burkinabe infants aged 5–17 months received three doses of 
R21 (5 µg)/Matrix-M (MM) (25 or 50 µg). Vaccine efficacy 
against clinical malaria was 77% in the high-dose adjuvant 
group at 6 and 12 months following the final vaccine dose 
[118]. The higher dose of MM was associated with an 86% 
increase in CSP NANP-repeat-specific antibodies after the 
third vaccine dose, compared with the lower dose of MM. 
One year after the primary three-dose regimen was com-
pleted, participants received a booster vaccination and were 
followed for a further 12 months. Over this period, vaccine 
efficacy against clinical malaria was 80% in the high-dose 
adjuvant group and titres of CSP NANP-repeat-specific anti-
bodies correlated positively with protection in both years of 
follow-up [119].

Although larger studies at multiple sites in areas of dif-
fering malaria endemicities will be required to fully evalu-
ate the efficacy of R21/MM, so far the results are prom-
ising. They meet the WHO-stated goal of a vaccine with 
>75% efficacy against P. falciparum clinical malaria over 12 
months of follow-up in the target population but fall short of 
the WHO’s PPC for efficacy against clinical malaria. R21 is 
currently undergoing evaluation in a phase III trial.

7 � Conclusion

There is no doubt that decades of malaria vaccine research 
have yielded some major outcomes over recent years. The 
decision to recommend and then implement RTS,S/AS01 
vaccination in young children at high risk of P. falciparum 
infection is a significant moment in the history of malaria 
vaccine research and control. RTS,S/AS01 is also the first 
anti-parasite vaccine to be recommended for routine use in 
humans. Although it is an imperfect vaccine, it is hoped that 
it will make a significant contribution to reducing malaria-
related morbidity in areas of high endemicity when used in 
combination with other control measures such as SMC and 
insecticide-treated bed nets. Research continues with the aim 
of developing a more effective malaria vaccine. This could 
involve further optimising RTS,S/AS01 through alternative 
regimens as mentioned above or by including additional CSP 
alleles to address the limitations imposed on vaccine effi-
cacy by the strain-specific nature of the protective immune 
response. It could also involve developing next-generation 
CSP-based vaccines such as R21, which has so far demon-
strated a high level of efficacy against clinical malaria in a 
single phase IIb study in Africa, although this vaccine may 

also be impacted by the genetic diversity of the CSP and 
may need to include other variants. An additional sub-unit 
vaccine approach would be to use a partially effective pre-
erythrocytic-stage vaccine like RTS,S/AS01 in combination 
with vaccine candidates that target the blood-stage of the 
parasite (asexual stage and transmission blocking vaccine 
candidates) to prevent the development of a blood-stage 
infection and transmission of the parasites to the mosquito 
vector. Whole-parasite vaccine approaches such as the 
PfSPZ Vaccine and PfSPZ-CVac have now been evaluated in 
the field and while further optimisation is required to max-
imise the protective efficacy of these vaccine candidates, the 
results are encouraging, and the trials are a significant mile-
stone in the development of whole-parasite malaria vaccines. 
Placental malaria vaccines are urgently needed to prevent 
the severe outcomes associated with pregnancy-associated 
malaria for both mother and offspring. Further optimisation 
of the placental malaria vaccine candidates PRIMVAC and 
PAMVAC could improve their activity against heterologous 
parasite strains and recent structural studies have suggested 
how this may be achieved [120]. We should also not forget 
the need for a P. vivax vaccine, which is a more challenging 
proposition due to its latent hypnozoite form in the liver.

The methodologies, knowledge and infrastructure 
acquired throughout the many malaria vaccine trials that 
have been conducted so far will benefit and inform the 
development of the next generation of malaria vaccine 
candidates. While there is reason to be optimistic about 
the possibility of malaria vaccines playing a crucial role 
in reducing malaria-attributable disease and death and ulti-
mately contributing to malaria eradication, it is important 
that we do not lose the momentum that we have built over 
decades of vaccine research and development.
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