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Vaccines against infectious diseases have had great successes in the history of public health. Major breakthroughs
have occurred in the development of vaccine-based interventions against viral and bacterial pathogens through
the application of classical vaccine design strategies. In contrast the development of a malaria vaccine has been
slow. Plasmodium falciparum malaria affects millions of people with nearly half of the world population at risk of
infection. Decades of dedicated research has taught us that developing an effective vaccine will be time
consuming, challenging, and expensive. Nevertheless, recent advancements such as the optimization of robust
protein synthesis platforms, high-throughput immunoscreening approaches, reverse vaccinology, structural
design of immunogens, lymphocyte repertoire sequencing, and the utilization of artificial intelligence, have
renewed the prospects of an accelerated discovery of the key antigens in malaria. A deeper understanding of the
major factors underlying the immunological and molecular mechanisms of malaria might provide a compre-
hensive approach to identifying novel and highly efficacious vaccines. In this review we discuss progress in novel
antigen discoveries that leverage on the wheat germ cell-free protein synthesis system (WGCFS) to accelerate
malaria vaccine development.

1. Introduction to malaria

Five species of Plasmodium cause malaria in humans; namely, Plas-
modium falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi. After
decades of concerted efforts to fight the scourge, malaria remains a
disease of global public health importance [1]. P. falciparum is the most
virulent among the species and puts nearly half of the world population
at risk of infection. In 2018, an estimated 93% of the 405,000 malaria
associated deaths were in Africa, of which 70% occurred in children
under 5 years of age. Despite immense resources dedicated to reduce the
disease burden, the decline in cases has stagnated in the past 2-5 years
[2,3]; thus imposing a huge and cyclic economic burden upon the people
in affected regions. In response, the United Nations has included malaria
in the key milestones that must be tackled by 2030 under goal number
three of the recently adopted Sustainable Development Goals (SDGs)
[4]. This demands the immediate upscaling or modification of the
available interventions and the development of new tools, including
effective vaccines, for malaria control. However, the road toward ma-
laria reduction, elimination, and eradication is not without daunting

roadblocks, such as the emergence of insecticide resistant mosquitoes
and drug resistant malaria parasites [5], failing global financial support,
limited human resources in malaria endemic regions, difficulties in
understanding naturally acquired immunity to malaria, and the lack of a
licensed highly effective malaria vaccine [6].

The molecular mechanisms of malaria infection involve interactions
between parasite and host proteins, which are partially understood and
largely limited to in vitro studies [7]. Infection of the human host begins
when the Anopheles mosquito, the definitive host, injects mature spo-
rozoites during a blood meal, which rapidly migrate to and invade he-
patocytes. Within these cells they develop and differentiate into
thousands of merozoites, which are released into the bloodstream and
bind to and invade erythrocytes [7-9]. Invasion and intracellular
development within erythrocytes provides the parasite an immunolog-
ically protected niche for survival and propagation, but also initiates
malaria symptoms and pathology [7-9]. Recent data suggest that a
repertoire of parasite-encoded ligands, such as the merozoite surface
protein (MSP) family, recognize and bind to the erythrocyte surface. The
merozoite then orientates itself to bring its apical end into direct contact
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with the erythrocyte membrane, followed by formation of a tight junc-
tion. Other proteins such as EBA175, reticulocyte binding protein ho-
mologue 5 (PfRh5), AMA1-RON, and SUB1 participate in interactions
with host receptors to bring about commitment to tight junction for-
mation and invasion [7-10]. Since the parasite is exposed to host im-
mune responses, erythrocyte invasion and the responsible parasite-
encoded proteins present an attractive target for malaria vaccine and
drug development [9,11,12].

The mechanisms of immunological protection against malaria are
not well understood. It is known that naturally acquired immunity
against clinical disease develops following repeated infections [13-15].
Transfusion of immunoglobulins taken from immune individuals
dramatically improve malaria symptoms, suggesting that humoral im-
munity is critical for protection against the disease [16-19]. The current
understanding is that antibodies can mediate protection from malaria
infection and clinical disease alone or they may require cooperation
with host immune cells (reviewed in [20]). Specifically, the functional
mechanisms of antibodies may include blocking sporozoite traversal
through tissues and inhibiting hepatocyte invasion [21,22]. Antibodies
can also protect against clinical malaria by interfering with parasite
processes such as adhesion and erythrocyte invasion by merozoites, thus
impeding the intra-erythrocytic cycle; and blocking infected erythro-
cytes from binding to host endothelial receptors and sequestering in
deep tissues [20]. For example, growth-inhibitory antibodies against
PfRh5, a PfRh family protein essential for erythrocyte invasion, have
been associated with delayed time to onset and reduced risk of clinical
malaria [23,24]. The antigen targets of the protective immunoglobulins
deserve further investigation, since the observations suggest that it is
possible to make an efficacious malaria vaccine.

2. Challenges in malaria vaccine studies

The determination of the P. falciparum genome in the 2000s [25]
opened the “omics” era - genomics, proteomics, and transcriptomics -
and brought renewed promise for malaria studies. However, little suc-
cess has been realized and malaria vaccine discovery efforts have yiel-
ded but a handful of vaccine candidates [26]. The few antigens that have
progressed to clinical trials have yielded low or moderate efficacies, as
extensively summarized in [27-29]. The leading vaccine, P. falciparum
circumsporozoite antigen derived RTS,S, is currently undergoing pilot
implementation studies in African countries; albeit with moderate and
short-lived efficacy [30,31]. One constraint to develop malaria vaccines
with high efficacies is the lack of understanding of the mechanisms of
naturally acquired immunity in residents of malaria endemic regions,
and a lack of well-defined correlates of protection. Data from malaria
field studies in both natural infection and vaccine induced immunity has
pointed to an important role of specific antigenic targets in driving the
cellular and humoral immunity mediating protection [32]. Vaccine
candidates such as AMA-1, MSP1, and GLURP induce robust protective
antibody responses against homologous parasites, but their develop-
ment has stagnated due to genetic polymorphism and the lack of a
protective effect against heterologous parasite strains (reviewed in
[33]). Nonetheless, recent technological advances have greatly
improved the prospects for designing an effective malaria vaccine, via a
combination of high-throughput biological studies, improved statistical
and computation capacities, and improved adjuvants for use in clinical
trials.

3. Malaria vaccine antigen discovery technologies

Understanding the function of proteins predicted from the Plasmo-
dium genome sequence, including those that are targets of protective
immunity, has been protractedly hindered by the practical difficulties in
producing Plasmodium proteins by heterologous expression systems in
native or functionally active states [34,35]. Characteristics of
P. falciparum proteins that negatively impinge on production include:
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(i) P. falciparum genes have a remarkably low GC content (~ 20%),
and have codons that are infrequently used by heterologous
protein expression organisms [25,36].

(i) Many Plasmodium proteins are unusually enriched in extensive
and repetitive low-complexity sequences containing a limited
repertoire of amino acids [37,38].

(iii) Most proteins are of high molecular weight (>60 kDa), possess
disordered regions, and have basic pI (> 6) [25,35].

(iv) The presence of export motifs and/or signal peptide sequences
can negatively impact recombinant protein expression [35,39].

(v) Extracellular proteins typically have multiple disulfide bonds to
stabilize correct folding. Their globular protein domains, such as
epidermal growth factor (EGF)-like motifs, are considered
attractive candidates for antimalarial vaccines, but their
disulfide-bonded structures make them difficult to express
[40,41].

Nevertheless, in the last decade diverse approaches have been
applied to express recombinant Plasmodium proteins, including both
cell-based and cell-free technologies (Table 1). The major cell-based
systems include expression platforms using bacterial [35,42,43]; yeast
such as Saccharomyces cerevisiae [44,45] and Pichia pastoris [46,471;
Dictyostelium discoideum [48]; insect, e.g. Spodoptera frugiperda Sf9; [49]
silkworm [50]; plants [51]; algae [52]; and mammalian cells [53,54].
Cell-free systems exploit the protein synthesis power of normal cells
while eliminating many of the constraints of cell-based systems, and are
derived from cells such as rabbit reticulocyte [55], Chinese hamster
ovary [56], insect [57], HeLa [58], Leishmania tarentolae [59], tobacco
plant [60], archaeal [61], and yeast [62]. Other cell-free systems include
those derived from bacteria such as Escherichia coli [63], Bacillus subtilis
[64], Vibrio natriegens [65], Pseudomonas putida [66], Bacillus megaterium
[64], and Streptomyces [67]. The use of codon optimized artificial genes
continues to contribute to improved protein synthesis in different sys-
tems [68,69]. We note that cell-free systems gained attention for their
ability to rapidly produce proteins under controlled conditions [70].
Indeed, E. coli-derived expression systems have been a mainstay of cell-
free protein expression largely due to their easy adaptability, low cost,
rapid deployment, and high expression yields [71]. However, the sys-
tematic expression of soluble functional P. falciparum proteins remains

Table 1
Examples of protein expression systems.
References
Cell-based protein expression Mammalian cells [53,54].
systems Bacterial [35,42,43]
Algae [52]
Plants [51]
Dictyostelium discoideum [48]
Silkworm [50]
Insect cells, Spodoptera frugiperda  [49]
Sf9
Yeast
Saccharomyces cerevisiae [44,45]
Pichia pastoris [46,47]
Cell-free protein expression Hela [58]
systems Rabbit reticulocyte [55]
Archaeal [61]
Yeast [62]
Chinese hamster ovary [56]
Insect cells [57]
Leishmania tarentolae [59]
Tobacco [60]
Bacteria
Escherichia coli [63]
Pseudomonas putida [66]
Bacillus subtilis [64]
Streptomyces [67]
Vibrio natriegens [65]
Bacillus megaterium [64]
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difficult, with success rates being as low as 6% [72,73]. Consequently,
the functional characterization of extracellular parasite proteins has
typically been restricted to smaller protein fragments, such as peptide
arrays [74], that can be expressed rather than full-length proteins or
entire ectodomains, which are more likely to be representative of the
native proteins. These are major challenges considering that extensive
efforts are needed to generate a functional malarial protein library
[34,42].

To overcome the above limitations, the wheat germ cell-free system
(WGCFS) offers a eukaryotic alternative to express plasmodial proteins
with wide applications in malaria studies (Fig. 1) [34,75,76]. In our
early experiments, Tsuboi et al. 2008 generated soluble P. falciparum
proteins and demonstrated that WGCFS expressed proteins are greatly
advantageous over E. coli based system-derived proteins in the pursuit of
obtaining high yields of full-length proteins [34]. Furthermore, it was
reported that WGCFS-produced malaria proteins have greater immu-
noreactivity to human immune sera, as opposed to identical proteins
produced in E. coli-cell free systems [72]. WGCFS is capable of
expressing large and complex proteins in their near native forms with
minimal or no codon optimization requirements [75,76]. WGCFS yields
proteins that can induce biologically functional antibodies in immu-
nized animals, such as demonstrated by growth inhibition assays (GIA)
[77]. The specificity of the recombinant proteins is suggested by their
strong reactivity with sera obtained from individuals exposed to
P. falciparum but not from malaria-naive donors [23,77,78]. These ob-
servations support that plasmodial protein domains are correctly folded
as native proteins and require neither purification nor refolding.
Recently, we and others have conducted several studies to validate these
protein libraries in several immune epidemiology studies in Asia and
Africa [23,78-80].

4. WGCFS and immunoscreening approaches

Immuno-epidemiology studies have contributed immensely to the
identification or characterization of most of the current candidate anti-
malaria vaccines in the developmental pipeline. High-throughput
immunoscreening to simultaneously investigate the interactions of
proteins as immune correlates of protection and potential vaccine can-
didates has been a major strategy in malaria studies [23,42,53,81].
Some of the identified antigens include AMA1, PfRh5, CelTOS, MSP3,
and GLURP [23,78,82]. Still, the identification of new targets will
advance vaccine discovery through the prioritization of more immu-
nogenic, multiple parasite stage expressed antigens not only for
P. falciparum, but also for P. vivax and other malaria causing species.

Through collaborative efforts we have developed and optimized an
innovative high-throughput WGCFS based antibody screening system
[78,80,83]. This approach has prioritized several P. falciparum antigens
for inclusion in the vaccine development pipeline following the immu-
noscreening of hundreds of parasite proteins expressed in multiple
parasite stages. In a recent study for vaccine candidate discovery a total
of 1827 recombinant proteins were drawn from different P. falciparum
stages (sporozoites, merozoites, trophozoites, schizonts, and gameto-
cytes) and expressed using WGCFS [78]. The proteins were used to
probe individual serum samples obtained from residents of a malaria
endemic region in Uganda. In the population 54% of the proteins were
immunoreactive. Among them, 128 antigens induced antibody re-
sponses that significantly correlated with protective immunity. Antigen
prioritization based on immunoscreening studies has traditionally
focused on proteins putatively expressed on the surface of infected
erythrocytes or infective stages (merozoites and sporozoites) by virtue of
having a signal peptide (SP) and/or transmembrane domain (TM)
[23,53,81]. As such, 53 antigens were selected as rational targets of a
host protective immune response since they are predicted to have a SP
and/or TM, or are confirmed to be localized on the parasite surface. In a
similar approach, by targeting parasite protein families that are expor-
ted to the surface of infected red blood cells such as erythrocyte
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membrane protein 1 (PfEMP1), surface-associated interspersed gene
family (SURFIN), repetitive interspersed family (RIFIN) proteins, and
subtelomeric variable open reading frame (STEVOR) [84], we observed
that more than 95% of the antigens were reactive with serum samples
obtained from Uganda [85,86]. These studies clearly suggest that the
repertoire of potentially protective antigens is wider than thought and
offers multiple options for the identification of malaria vaccine candi-
dates. One reassuring observation was that several of the selected anti-
gens are currently under clinical or pre-clinical evaluation as vaccine
antigens [78]. Similarly, WGCFS based surveys have contributed to
immuno-epidemiological studies in P. falciparum infections in Papua
New Guinea (PNG) [23], Mali [80], Tanzania [87], and in controlled
human malaria infection investigations [88]; with additional antigens
being selected for vaccine development or as correlates of protective
immunity in malaria.

Numerous parasite proteins have been observed to reach the plasma
membrane or extracellular space via unconventional routes [89-91].
Such atypical secreted proteins may escape conventional annotation
since they lack SP but rather have cryptic motifs conferring trafficking to
the cell surface. Re-analysis of available data collected in unbiased
studies may ascertain additional protective antigens in malaria.

Multiple efforts have been ongoing over the last decade in several
endemic regions to comprehensively evaluate naturally acquired anti-
body responses against P. vivax proteins. However, as with P. falciparum
studies, difficulties in protein expression have been a major drawback.
Recently it was reported in PNG that a greater breadth of antibody re-
sponses to multiple P. vivax antigens are present in asymptomatic in-
dividuals than in febrile patients [92]. No difference was seen in a study
in similar groups in India [93] while the opposite was later reported in
Thailand [94]. These disparities could be due to differences in the study
designs in the different geographic regions or a result of distinct trans-
mission intensities within the study sites. Alternatively, inconsistencies
might be due to the use of different P. vivax protein microarrays
encompassing separate sets of proteins, or the quality of the proteins
used in the analyses. A direct comparison of naturally acquired antibody
responses to different antigens is important to the identification of
protective antigens, characterization of biomarkers of infection, and
describing immunity in vivax malaria.

We have also established a high-throughput P. vivax antibody
screening system using WGCFS technology. In its first use we deter-
mined antibody responses in sites in Thailand, Brazil, and PNG against
307 P. vivax proteins at the time of infection, and at several points in
time in follow-up periods [79]. Most proteins in the panel were identi-
fied as immunoreactive in all sites. However, the antigens induced
relatively short-lived antibody responses, with estimated half-lives of
less than six months. Antibodies with relatively longer-lived responses
were observed in PNG where individuals have had greater past exposure
to P. vivax. A panel of 60 serological markers was identified capable of
detecting exposure to P. vivax infections in the prior nine-month period.
Subsequently, antibody responses to eight proteins with specificity for
detecting recent infections were determined in independent studies
conducted in Thailand, Brazil, and the Solomon Islands [95]. These
biomarkers could help in the identification of possible hypnozoite car-
riers who should be targeted for treatment with liver-stage drugs such as
primaquine. The antigens might also be used in screens to monitor
future malaria elimination efforts through mass drug administration or
other interventions.

WGCFS-based standardized high-throughput antibody detection
methods offer unlimited options in future studies. To accelerate the
identification of protective antibody targets, the methods can be applied
widely as a common platform to facilitate immune evaluations between
studies and across populations including malaria in children, in preg-
nancy, and in controlled human malaria infection studies. Moreover, the
approaches produce large multi-dimensional data that can be compu-
tationally analyzed to generate testable hypotheses that may yield in-
sights into the mechanisms underlying vaccine efficacy, and inform
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Fig. 1. Schematic illustration of wheat germ cell free protein expression system and its applications.

A.The DNA template for protein expression is prepared by cloning into pEU expression vectors or by direct PCR amplification followed by in vitro transcription to get
mRNA. The mRNA is then mixed with wheat germ extract in the presence of blended amino acids, ATP, and GTP for in vitro translation. SP6 represents SP6 RNA
polymerase promoter; EO1, enhancer sequence; MCS, multiple cloning site; and ORF, open reading frame of the target gene.

B.Approaches for immunoscreening and reverse vaccinology-based vaccine target selection and validation using recombinant proteins synthesized using the WGCFS.
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pathways on which vaccine strategies should focus.
5. WGCFS and reverse vaccinology

Reverse vaccinology and genome-based annotation hold significant
promise in vaccine antigen discovery through the interrogation of
comprehensive antigenic repertoires using libraries of select recombi-
nantly expressed antigens. This is vital to deepening our understanding
of the mechanisms of protection by naturally acquired and/or vaccine
induced immunity; and will be needed to drive further studies to identify
less immune but protective epitopes. Indeed, such in silico approaches
have been used to select several novel vaccine antigens. For example,
Pritam et al. systematically identified five potentially protective
P. falciparum antigens with highly promiscuous T cell epitopes using
bioinformatics tools; and prioritized the same for downstream evalua-
tion [96]. Similarly, identification of conserved Pf48/45 and PfHAP2
genes as transmission blocking vaccine candidates was informed by
reverse vaccinology analysis of P. berghei proteins [97-99]. The proteins
are important targets due to their ability to diminish the fertility of male
gametes.

In our recent study we annotated a selection of more than 300 pro-
teins from the P. falciparum genome based upon the presence of SP and
TM and aided by curations in malaria genome databases (PlasmoDB).
The proteins were synthesized by WGCFS and used to raise antibodies in
rabbits [100]. We observed that antibodies against a vaccine antigen,
PfGAMA, co-immunoprecipitate with PfMSP10. Both PfGAMA and
PfMSP10 co-localize on the surface of free merozoites and a direct
interaction between the two was validated by surface plasmon reso-
nance (SPR) [101]. Additionally, antibodies against PfMSP10 have
growth inhibitory activity against cultured parasites, with the N-termi-
nal region PEMSP10 R1 critical for interaction with its principal target,
PfGAMA [101]. We propose PfMSP10 R1 as a candidate for further
evaluation as an asexual-blood stage malaria vaccine antigen.

Similarly, we have observed that antibodies against the PIMSA180 C-
terminal region, which contains an erythrocyte-binding domain, have
GIA activity [102]. Further characterization by SPR showed that
PfMSA180 specifically interacts with human erythrocyte integrin asso-
ciated protein (CD47), suggesting that PfMSA180 has a role during
merozoite invasion of erythrocytes. Naturally acquired PfMSA180-
specific antibodies responses are associated with reduced risk to ma-
laria in a Thai population [103]. Another protein of interest is a leading
subunit vaccine candidate, PfRipr. PfRipr is highly conserved among
African parasite isolates and forms a complex with CyRPA/Rh5-basigin
which is suggested to play a central role in the sequential molecular
events leading to merozoite invasion [104,105]. Through WGCFS syn-
thesis of truncates of this large cysteine-rich molecule it has been
demonstrated that antibodies against a region spanning Cy9-Dgs4,
which lies within the C-terminal EGF-like domains, potently inhibit
merozoite invasion of erythrocytes [106]. The antibodies also strongly
impede PfRipr interaction with Rh5 and SEMA7A, an erythrocyte-
surface receptor, suggesting the inhibitory mode of action. PfRipr is a
short and less complex molecule that is amicable to the good
manufacturing practice (GMP) compatible baculovirus-based vaccine
production system, and further development as a blood-stage malaria
vaccine should be pursued.

Improvements in computing power now allow predictive algorithms
to identify T and B cell epitopes as well as to accurately assess highly
protective epitopes before recombinant protein production and antigen
inclusion in vaccine development pipelines [107]. By utilizing WGCFS
in conjunction with other reverse vaccinology approaches we may
accelerate this process, especially for disease causing pathogens with
complex genomes such as malaria parasites.

6. WGCFS and structural vaccinology

Structural vaccinology will accelerate studies into the structures of
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P. falciparum proteins through the identification of functional epitopes
prioritized for further development [108,109]. Such functional epitopes
can be tailored, either singly or as components of potent multivalent
subunit vaccines, to circumvent some of the challenges in studies of
malaria vaccines which include highly immunogenic but non-protective
epitopes that the parasites might use to induce a “smoke-screen effect” to
evade host immunity. Recently we observed that although antibody
responses against full length PMSP10 did not associate with clinical
protection, antibodies against a short N-terminal region predicted clin-
ical protection [101]. It should now be determined which linear or
structural PfMSP10 N-terminal region epitopes induce protective im-
munity. Structural studies enabled Gangnard et al to identify a highly
conserved interface between the DBL3X and DBL4e domains that con-
tributes significantly to the structuring of the functional VAR2CSA
extracellular region [110]. This also holds true for the characterization
of the three-dimensional structure of the invasion ligand cysteine-rich
protective antigen (CyRPA) that was identified as containing a protec-
tive epitope which adopts a 6-bladed p-propeller structure similar to a
sialidase fold but without enzymatic function [111]. Antibodies against
CyRPA and its interacting partner PfRh5 have robust GIA activities
[111].

Although protein crystallization is a strong approach for character-
izing malaria parasite proteins, it is hampered by limitations in the
synthesis of correctly folded target proteins produced in quantity and
quality. An advantage of WGCEFS is the linear scalability of the reaction
volumes that allow small scale trials to determine recombinant protein
suitability, followed by rapid scale up in production for high-resolution
cryo-EM, X-ray crystallography structural studies, or isotope-labeled
proteins for NMR structure analyses [112]. Using several target genes,
Novicova and colleagues recently described WGCFS as a multiscale
pipeline that allows quick screening for protein solubility, optimization
for high yield expression, purification strategies suitable for high-
resolution structural investigations, and feasibility of high-throughput
screening, while avoiding potential toxicity issues [113]. We antici-
pate that soon malaria vaccines will incorporate structurally defined
epitopes that elicit strong protective immune responses.

7. Future directions

A key strength of cell-free protein production systems is that they are
amenable to direct manipulation at the transcription and translation
steps. Customization is possible such as the expression of proteins with
unnatural amino acids [114]; labeling with markers; and complex pro-
tein expression in lipid compartments such as liposomes [115], making
it possible to study transmembrane proteins. However, some barriers
must be overcome for WGCFS to be a complete system of choice. For
example, the system lacks post translational glycosylation mechanisms
for the production of glycoproteins. This drawback might be overcome
by the recent development of a cell-free transcription-translation system
enriched with glycosylation machinery which integrates protein
biosynthesis with asparagine-linked protein glycosylation [116].
WGCFS could be heterologously enriched with functionally active
WGCFS-produced oligosaccharyltransferases that catalyze N-linked or
O-linked glycosyl transfer reactions, or combined with engineered
glycan biosynthesis pathways [117].

It will be important to make WGCFS meet the regulatory re-
quirements for vaccine manufacturing including GMP compliance for
inclusion in the development of vaccines for preclinical testing in animal
models and clinical studies in humans. This has been a major drawback
considering that a good system requires substantial investment. GMP
compliant systems have commercial goals such as high quality, high
yields, and low costs; and WGCFS may offer the robustness needed to
support these requirements.

The challenges in malaria vaccine development mirror those for
other infectious diseases; such as the lack of a clear understanding of T
and B cell immune responses to malaria, limited data on antigen(s)
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required for sterile protection, inadequate understanding on how to
efficiently induce a long-lasting protective immune response, and how
to identify the optimal means to harness innate immunity. However,
new candidate vaccines may soon be available that are identified via the
recent advent of high-throughput immunoscreening, reverse genomics
approaches, lymphocyte repertoire sequencing [118], structural design
of immunogens [119], and utilizing artificial intelligence (AI)
[120,121]. Furthermore, with the explosion of next-generation vaccine
development platforms fast-tracked largely by the urgent need for in-
terventions against other emerging diseases such as the COVID-19
pandemic [122], we anticipate that adapting these technologies to
malaria will increase the possibilities of designing and developing highly
protective vaccines in the next decade.

8. Conclusion

The development of a highly efficacious malaria vaccine faces many
challenges, including those associated with the identification of critical
vaccine targets. The wheat germ cell-free expression systems will be an
integral part of testing malaria vaccine-oriented hypotheses, such as
identification and characterization of functional interactions between
specific parasite proteins and/or host molecules. A deeper understand-
ing of the major factors underlying the immunological and molecular
mechanisms of malaria might provide a comprehensive approach to
identifying novel and highly efficacious vaccines. Ultimately, these in-
vestigations will contribute to the development of second-generation
malaria vaccines suitable for use in malaria-endemic areas, as envi-
sioned under the malaria vaccine technology roadmap toward 2030.
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