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Introduction

Despite considerable efforts over decades, we do not yet have a highly effective vaccine for 

any of the five plasmodial species which cause human malaria. While malaria deaths are 

reported to have declined between 2000 and 2013 [1], further inroads into this global 

scourge will require new tools, including a vaccine. Development of such a vaccine is 

complicated by the complex life cycle of the parasite involving both a vertebrate and an 

invertebrate host (Figure 1). Infectious sporozoites from the Anopheline vector enter the 

liver, replicate and differentiate there to asexual stage merozoites which can invade 

erythrocytes. Replication in red cells and accompanying host innate and acquired immune 

responses are responsible for all the clinical symptoms of disease. Finally small numbers of 

parasites differentiate into male and female gametocytes which can be picked up by the 

insect vector and thus complete the cycle. This review summarizes the status of malaria 

vaccine development, particularly focusing on Plasmodium falciparum since P. vivax 
vaccine approaches have been recently reviewed ([2], and why it has been so difficult to 

achieve protective immune responses to the various stages of these fascinating organisms.

Sporozoites and Pre-Erythrocytic Stages of Infection

The notion that vaccine-induced immune responses against Plasmodium sporozoites could 

have a protective effect, inhibiting parasite infectivity in the vertebrate host, arises from 

early studies indicating that immunization of mice[3] and humans[4] with radiation-

attenuated malaria sporozoites conferred sterile protection. Importantly, human vaccine trials 

demonstrated that sterile immunity induced by exposure to radiation-attenuated Plasmodium 
falciparum sporozoites was not strain specific and could last for at least 10 months (reviewed 

in [5]. From these seminal studies two main streams of research developed. One of them has 

focused on the development of subunit vaccines consisting of well-defined parasite antigens. 
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More recently, a second line of research proposes the development of a vaccine based on the 

use of whole attenuated sporozoites. Both vaccine candidates have advanced to the point of 

human clinical trials involving large numbers of volunteers living in endemic areas.

RTS,S, the most advanced subunit malaria vaccine now known as Mosquirix™, contains the 

conserved central repeat and C-terminal regions of the P. falciparum Circumsporozoite 

Protein (CSP) which is expressed on sporozoites and in early liver stages. Phase III clinical 

trials in over 15,000 African children demonstrated that the vaccine efficacy of RTS,S ranges 

from 25–55%, depending on the age of the children and the intensity of transmission[6], and 

that this protection appears to be mediated by antibodies and perhaps also CD4+ T cells[7]. 

The partial efficacy of the RTS,S vaccine wanes over time with a significant reduction by 3 

years post-immunization [6]. Thus, while these results are encouraging, it is generally 

accepted that improvements in the efficacy of this vaccine will be needed.

The limited efficacy of this vaccine may be due, at least in part, to the narrow breadth of the 

immune responses induced by RTS,S, which consists mostly of antibodies against the repeat 

domain of the CSP, which are known to neutralize sporozoite infectivity. While this vaccine 

also induces some antibody and CD4+ T cell responses against the C-terminal region [7], the 

anti-parasite effect of these immune mechanisms has not been demonstrated. Thus, the 

protective capacity of the RTS,S-induced immune responses may be quite limited, relying 

mostly on the recognition of few or perhaps single epitopes. The efficacy of this vaccine 

might be significantly improved if additional antigens were included in this construct. This 

would broaden the specificity of the anti-parasite immune response and help achieve 

additive anti-parasite effects from responses specific for the other antigens. In fact there are a 

number of sporozoite and liver stage antigens that have been identified, some of them 

several years ago, that could be part of a more complex vaccine construct. Unfortunately, 

very few studies have been done to evaluate their potential as components of a multi-antigen 

vaccine. In addition, optimization of the vaccination schedule might elicit more effective 

antibody responses, as had been seen in an early Phase I trial of this vaccine [8, 9].

Another significant limitation of the RTS,S vaccine is the fact that it does not induce CD8+ 

T cell responses, which represent an efficient anti-parasite mechanism that eliminates 

malaria liver stages in rodent model systems (reviewed in [10]. Development of vaccines 

capable of inducing CD8+ T cell responses in addition to antibodies may require major 

changes in the design of the vaccine construct and will also necessitate the identification of a 

number of CD8+ T cell epitopes presented by class I MHC molecules in hepatocytes 

expressed in most if not all individuals living in malaria endemic areas. Finally, a recent 

study indicates that RTS,S-induced responses may not be fully effective against P. 
falciparum strains expressing CSP alleles different from that used to develop RTS,S [11]. If 

confirmed, such allele-specific response may explain in part the reduced RTS,S efficacy, and 

most importantly, it raises the issue as to whether this vaccine may select for resistant strains 

and therefore gradually lose efficacy.

Vaccination with whole sporozoites, attenuated by irradiation or genetic manipulation, has 

recently acquired a new impetus. This new approach is based on the use of cryopreserved 

parasites instead of exposure of individuals to the bites of infected mosquitos as was done in 
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the original studies. Limited clinical trials with volunteers from non-endemic areas 

demonstrated the development of sterile immunity in all immunized volunteers, after 5 

immunizations with irradiated sporozoites administered intravenously [12]. It was shown 

that immunized individuals developed strong antibody responses to sporozoites as well as T 

cell responses. Recent trials in adults in malaria endemic areas also showed induction of 

sterile immunity, but only in 20–30 percent of vaccinees. It is unclear what causes the 

difference in efficacy, but it is conceivable that the semi-immune status of individuals living 

in endemic areas may adversely affect the development of a fully efficacious immune 

response. It is also possible that due to the labile nature of sporozoites, and the fact that only 

live parasites can induce protective immunity, the logistical conditions present in endemic 

areas may negatively affect parasite viability and reduce appropriate immunogenicity. In 

addition, the difficulties in producing enormous numbers of sporozoites as well as the 

current intravenous route of immunization remain as challenges to this approach, especially 

in children.

Another variation of the whole sporozoite immunization platform is sporozoite infection 

under the cover of chloroquine treatment, which allows infection of the liver but prevents 

progression of blood-stage parasites to the point of clinical illness [13]. Naïve volunteers 

immunized by this chemoprophylaxis and sporozoite immunization (CPS) strategy involving 

very few mosquitoes develop efficient sterile immunity against subsequent challenge 

infection by mosquitoes carrying homologous parasites. In contrast, when the immunized 

volunteers are challenged with blood-stage parasites, they are not protected, suggesting that 

this immunity is directed to preerythrocytic stages ([14]. In addition, this controlled human 

challenge model has enabled investigation of immune activation during infection (recently 

reviewed in [15]).

Asexual Blood Stages of Infection

The progressive development of naturally acquired immunity to the erythrocytic stages of 

Plasmodium falciparum malaria with age has been recognized for many years [16], and the 

contributions of antibodies to this immunity are due in part to a groundbreaking study 

showing that passive transfer of IgG from adult Africans long exposed to malaria could drive 

down erythrocytic malaria parasite levels in children with this disease [17]. This finding was 

later extended to a study demonstrating that African immunoglobulin could also reduce 

parasites in adults with malaria in Thailand, establishing that the antibodies could recognize 

conserved determinants on parasites half a world away [18]. What we still don’t know is the 

targets of the effector antibodies and the mechanisms by which they function in vivo. More 

recent studies of antibody populations in endemic areas using array technologies have 

highlighted the complexity of the human antibody response to the erythrocytic stages of 

malaria infection [19].Nevertheless, these findings have served as a rationale for 

development of vaccines designed to reduce morbidity and mortality.

Many blood-stage vaccine candidates have been identified based on studies in mouse 

malaria parasites, and in some cases protective immunity to these proteins has also been 

demonstrated in non-human primates (reviewed in [20, 21]. In general these antigens are 

involved in merozoite invasion of red cells, and experience with model systems has shown 
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that high concentrations of specific antibodies are necessary for protection in vivo; the levels 

required (perhaps 80–100ug/ml) challenge human vaccinology in terms of platforms which 

could generate and maintain such levels. With respect to merozoites, there are a number of 

candidates which have reached human efficacy trials [20], but results have generally been 

disappointing. Partial efficacy was seen with P. falciparum AMA1 (apical membrane 

antigen-1) tested in Malian children but primarily against parasites with homologous AMA1 

sequences (8% of total episodes)[22]. Allelic diversity seen with AMA1 and other merozoite 

proteins presumably reflects the strong selective pressure of the host immune system on 

important parasite proteins involved in merozoite invasion of the red cell, and it continues to 

present a major challenge to merozoite vaccine development. Disappointing Phase II trials 

with several candidates have provided impetus for identification of new possible candidates 

and recent interest has focused on PfRh5 (reticulocyte-binding protein homologue), a crucial 

and relatively conserved merozoite protein which binds to basigin on the surface of 

erythrocytes [23]. Antibodies to PfRh5 display high levels of in vitro growth inhibitory 

activity (GIA) and immunization of non-human primates elicits protective immune 

responses against heterologous parasites [24]; human clinical trials are in progress. Other 

merozoite antigens involved in erythrocyte binding have also been examined but the 

redundant invasion pathways employed by the parasite may allow escape from host immune 

responses (reviewed [25]).

Assays to evaluate functionality of immune responses to merozoites are complicated by the 

lack of understanding of effector mechanisms in naturally acquired immunity and the lack of 

efficacy in clinical vaccine trials. Thus there are no definitive surrogate markers of protective 

immunity. Of course, CD4+ T cells are required for antibody production but may have other 

effector functions as well including production of cytokines. Limited attention has been 

given to CD8+ T cells since human red cells lack Class I molecules, and roles of other cell 

types have not been well characterized. Given the established importance of B cell products, 

most tests measure antibodies and these include ELISA assays, GIA assays, antibody 

dependent cell-mediated inhibition (ADCI), antibody dependent respiratory burst assays 

with neutrophils (ADRB)[26], complement-dependent GIA to merozoites [27], and 

opsonophagocytosis of infected red cells. The ADCI assay has been extremely difficult to 

reproduce in various laboratories so its utility is unclear, and the ADRB, cGIA, and 

opsonophagocytosis assays have not been extensively evaluated. The GIA has been studied 

in most detail and standardized, but it only evaluates the ability of antibodies to inhibit 

invasion of merozoites into red cells and subsequent parasite growth, and there are likely 

other important effector functions which it does not measure. In addition, sera from African 

adults has been shown to inhibit this reaction in vitro, a finding which may suggest possible 

host adaptive immune system interference with other antibodies which inhibit parasite 

growth [28].

A very recent study has been informative with respect to mechanisms of protection and GIA 

using controlled human malaria infection (CHMI) with P. falciparum after immunization 

with AMA1, one of the best studied and most promising of the merozoite vaccine candidates 

[29]. The immunization of malaria naïve individuals resulted in relatively high levels of 

antibody (median nearly 100ug/ml prior to challenge) and GIA (median 59.5%), and it 

might be expected that these antibodies would have a negative effect on the in vivo growth 
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rate of parasites after a low level challenge with the homologous parasite. However, the 

observed growth rates were indistinguishable in those that received AMA1 or only the 

parasite challenge. In this case there is no pre-existing exposure to malaria to modulate 

results so this raises questions as to our understanding of what is required in vivo to achieve 

partially protective responses. Questions include the necessary level of antibodies, antibody 

specificity, possible requirements for additional merozoite antigens in the vaccine, 

inadequate cellular responses, or the possibility that higher parasitemias are required to 

activate other host effector systems such as phagocytosis.

Some data has suggested that naturally acquired immunity to malaria is primarily dependent 

on immune responses to parasite-encoded antigens found on the surface of the infected red 

cell rather than on the merozoite; antibodies to these antigens accumulate over time with 

progressive exposure to various parasite strains [30]. Since they are displayed on the surface 

for long periods and accessible to blood components, they are prime targets for vaccines. 

The most prominent of these are encoded the PfEMP1 (P. falciparum erythrocyte membrane 

protein-1) proteins encoded by the large var gene family, with approximately 60 members in 

each genome (reviewed in [31–33]. These large proteins (approximately 300kDa) with 

multiple variable domains and ability to switch expression from one to another have been a 

great challenge for vaccine developers. One exception is the PfEMP1 gene encoding 

VAR2CSA which has been associated with placental malaria (reviewed in [34, 35]), and its 

domains are being investigated in human trials for a vaccine against pregnancy associated 

malaria. The recent remarkable finding in two individuals of monoclonal antibodies in two 

individuals that are broadly reactive to the surfaces of infected red cells points to a potential 

conserved antigenic target on the red cell surface and may provide new insight to this area 

[36].

The general goal of blood stage vaccines in the past has been to reduce morbidity and 

mortality to malaria as opposed to eliminating parasites and this remains a laudable 

objective. In addition to probing for conserved epitopes on the infected erythrocyte, 

additional utilization of CHMI rather than expensive and laborious field trials in children, 

more comprehensive analysis of correlates of protection in humans, defined concentrations 

of functional human antibodies, and exploration of the activity of defined mixtures of 

antibodies to various parasite antigens will be areas to be explored in the future.

Sexual and Mosquito Stages of Malaria

The recent inroads made in malaria have primarily been due to control of the Anopheline 

vectors of this disease, employing insecticide treated bednets, insecticide spraying, treatment 

of larval breeding sites, etc. However, new insights into the biology of sexual stage parasites 

[37] and to the insect vector will be necessary to decrease transmission, perhaps including a 

transmission blocking vaccine (TBV). Since the female Anopheline mosquito picks up 

human plasma at the same time as she feeds on blood containing gametocytes, antibodies 

from the vertebrate blood are also transferred to the mosquito midgut and can function there 

to block transmission. This strategy derives from original observations on avian models of 

malaria [38] which led to experiments showing that chickens immunized with inactivated P. 
gallinaceum gametocytes produced a transmission blocking activity in the serum that 
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inhibited parasite development in the mosquito [39, 40]. Since the vaccine recipient does not 

directly and immediately benefit, this approach was originally considered to be an “altruistic 

vaccine”. However, this limited view has been replaced by the recognition that the 

recipient’s family, neighbors, and community would benefit from a successful TBV and 

eventually the recipient would as well.

Most efforts to develop a TBV have utilized parasite molecules unique to the sexual or 

mosquito stages such as components of gametes, zygotes, or ookinetes. Construction of 

monoclonal antibodies which had TB activity facilitated the identification of candidate 

antigens ([41]; the major proteins that have been investigated were recently reviewed [42, 

43]. Those that are the best studied include Pfs25 found primarily on ookinetes, and Pfs230 

and Pfs48/45 found primarily on gametes and zygotes and involved in fertilization. Clinical 

trials in humans of these proteins are in early stages, but indications are that high antibody 

titers are required for reduction of transmission in laboratory assays. A significant advantage 

of most of these molecules is that they are minimally exposed to the vertebrate immune 

system and consequently are less subject to immune selective pressures. The counter to this 

advantage of more sequence conservation is that malaria infection of the vertebrate host may 

not boost a vaccine-elicited immune response to these antigens. Given this situation, it will 

be challenging to maintain the high titers of antibodies likely required to limit transmission 

of gametocytes to the mosquito over long periods of time.

Evaluating the functionality of TBV candidates has been somewhat simpler, partly because 

the main focus has been on the role of antibodies, in some cases with the participation of 

complement. To mimic this process, the Standard Membrane Feeding Assay (SMFA) was 

developed in which cultured P. falciparum gametocytes are incubated with antibodies, then 

fed to mosquitoes, and one week later the oocysts on the mosquito midgut are enumerated. 

While termed the standard assay, its difficulty was in the lack of reproducibility and variable 

application of the two readouts of the assay, viz., inhibition of oocyst development and 

inhibition of prevalence of infected mosquitoes. The latter is important since current 

evidence suggests that a single oocyst may allow transmission by the mosquito [44]. Recent 

studies have systematically examined the SMFA and have made computer modeling and 

statistical evaluation of SMFA results possible [45];[46]. Standardization of this difficult 

assay has enhanced comparative evaluation of TBV candidates.

Another problem for TBV vaccine candidates is actually testing them in the field. While the 

SMFA and other assays provide an indication of the potential of antibodies to prevent 

mosquito infection in the laboratory, the actual measure of a TBV is at the community level 

(reviewed in [47]. The standard epidemiologic method for such evaluation is a cluster 

randomized trial, involving a number of villages, some villages receiving TBV vaccine and 

others receiving a control vaccine, with the readout being malaria cases. However, this 

approach is difficult, time-consuming, and costly, so surrogate measures are being sought 

that should reflect declines in malaria.

A variant of the transmission blocking vaccine approach is to use antigens derived from the 

vector as vaccine candidates rather than from the parasite (reviewed in [42, 43]. These are 

usually components of the insect midgut; it may be that important mosquito-encoded 
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receptors for specific parasite components can elicit antibodies with more potential to inhibit 

infection of the vector. As an example, it has been proposed that binding of Pfs47 to its 

receptor in the mosquito allows the parasite to evade the destructive innate immune system 

of the vector, and different haplotypes of this protein would permit successful infection of 

various Anopheline species around the world [48].

Another approach that is being discussed for malaria as well as other mosquito transmitted 

diseases is the generation and dissemination of genetically modified vectors. For example, 

the gene encoding the variable region of a monoclonal antibody directed to a malaria protein 

such as PfCSP or Pfs25 could be introduced into the Anopheles genome; this would be 

equivalent to a passive protection model in the vector. The problem has always been how to 

drive this genomic modification through the vector population. One recent study has 

proposed introducing CRISPR/cas9 information into the mosquito genome and allowing that 

system to facilitate the gene drive [49]. The over 70 species of Anopheline mosquitoes 

which are capable of transmitting malaria will make this a significant challenge but new 

approaches to these vectors are now possible.

Conclusions

The positive results with the Phase III trial of RTS,S have established that a vaccine against 

malaria can provide partial protection to children in endemic areas, but its limited efficacy 

and relatively short window of protection mandate that new generations of more efficacious 

vaccines must be sought. Supporting evidence shows that anti-parasite immune responses 

can control infection against other stages as well, but translating these experimental findings 

into vaccines for blood stages has been disappointing and efforts to test a TBV are just 

beginning. Difficulties include the biological complexity of the organism with an array of 

stage-specific genes many of which in the erythrocytic stages are antigenically diverse. In 

addition, it appears necessary to elicit high and long-lasting antibody titers, account for 

redundant pathways of merozoite invasion, and still seek surrogate markers of protective 

immunity and better model systems. Most vaccine studies have focused on a single or a few 

antigens with an apparent functional role, but this is likely to be too restrictive, and broad, 

multi-antigen, multi-stage immune responses based on an understanding of biological 

responses are needed. Finally, novel tools and developments involving parasite sexual stages 

and the mosquito vector should provide new avenues for reducing or blocking malaria 

transmission.
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Highlights

• The positive clinical results with RTS,S in a large Phase III trial in 

African children have established that a malaria vaccine can be 

developed, but the partial efficacy and the limited life-span of the 

protection will require new generations of more efficacious vaccines.

• Blood stage vaccines have generally been disappointing and 

transmission blocking vaccines are in early stages of clinical testing.

• Additional candidates for all stages need to be evaluated and more 

multi-antigen, multi-stage combinations need to be tested without 

Phase II efficacy trials. This will require surrogate markers of 

protective immunity and other models such as Controlled Human 

Malaria Infections and better animal models.

• Investigations into the biology of plasmodial sexual stages and the 

Anopheline vectors of malaria may provide new approaches to 

reducing malaria transmission.
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Figure 1. 
Life Cycle of Malaria Parasites
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