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Despite the significant gains made with control efforts, malaria
continues to be a dominant infectious disease threat in many
parts of the world [1]. Malaria in humans is caused by infection
with five distinct Plasmodium parasite species exhibiting com-
plex biology that is controlled by genomes encoding for more
than 5000 genes. Malaria parasite infections constitute
extreme challenges for the human immune system. Immune
responses can develop against thousands of parasite antigens,
many of which are expressed in a stage-specific manner, and
antigens targeted preferentially by the immune system have
evolved to be highly polymorphic. Furthermore, the parasite
forms that establish the asymptomatic first phase of infection
within hepatocytes, called preerythrocytic stages, are distinct
from blood stage parasites, which replicate in red blood cells.
Natural immunity to the preerythrocytic stages is believed to
be insignificant because few infectious sporozoite stages of
the parasite are transmitted by the bite of an Anopheles mos-
quito. In contrast, blood stage infection, with its large parasite
biomass, causes disease and elicits a pronounced immune
response. Yet, blood stages employ immune evasion strategies
and perturb immune cell function that render immune
responses only partially effective and at best allow infected
individuals to merely control parasite burden and pathogenic
sequelae [2]. Complete immunity to malaria is hence not
effectively engendered by natural infection. Accordingly, the
quest for a highly protective subunit malaria vaccine, mainly
focused on the most lethal human malaria parasite
Plasmodium falciparum, has met with limited success.

Despite substantial efforts over decades, the subunit vac-
cine RTS,S is the only malaria vaccine candidate that has
undergone full clinical development [3]. It contains a large
portion of the P. falciparum circumsporozoite protein (CSP)
that coats the sporozoite surface, fused to the envelope pro-
tein of the hepatitis B virus, and adjuvant to augment the
immune response to vaccination. Immunization with RTS,S
induces high antibody titers to CSP. The vaccine was designed
to protect against sporozoite infection and initially conferred
approximately 50% sterile protection in direct controlled
human malaria infection (CHMI) trials conducted via mosquito
bite in adult, malaria-naive subjects. However, the vaccine was
never extensively tested for durability, nor for protection
against heterologous parasite strains using CHMI. Thus, it did
not come as a surprise that the degree of protection observed

with RTS,S in phase III field trials in Africa was moderate and of
limited durability [4]. Thus, a future subunit malaria vaccine
needs improvement, and this might be achieved by adopting
different immunization schedules, optimization of the immu-
nogen, the application of different vaccine technology plat-
forms, and addition of further parasite antigens.

Whereas subunit malaria vaccine efforts continue with
unpredictable outcome, whole-cell attenuated malaria vaccine
approaches have experienced a remarkable renaissance over
the past decade. These efforts mainly focus on the preerythro-
cytic stages and employ a simple principle: immunization with
large numbers of infectious sporozoites engenders powerful
immune responses against sporozoites as well as against the
intrahepatocytic replicating forms of the parasite called liver
stages. Together these preerythrocytic stages contain thou-
sands of distinct parasite proteins, many of which are potential
antibody targets of sporozoites as well as T-cell targets of liver
stage-infected hepatocytes. The ultimate challenges for this
type of vaccine rest with safety, i.e. vaccination should not
result in clinical malaria infection but should elicit optimal
immunity that engenders protracted sterilizing protection
against multiple strains of P. falciparum. Historically, the first
whole sporozoite vaccination technology to be explored and
currently most advanced in clinical studies is radiation-
attenuated sporozoites (RAS). Irradiation causes DNA damage
in sporozoites, allowing them to retain infectivity. However,
upon infection of hepatocytes, DNA damage blocks parasite
DNA replication and in consequence, developmental arrest of
the early liver stage within hepatocytes. This causes the death
of the parasite within the infected hepatocyte or death of both
the parasite and the infected cell, allowing for parasite antigen
presentation and priming of immune responses. Experimental
immunization trials with P. falciparum RAS delivered by the
bites of >1000 infected mosquitoes in the 1970s demon-
strated that RAS conferred near-complete protection against
homologous CHMI [5]. More recently, vialed, cryopreserved
RAS have been administered by intravenous injection and
conferred robust and durable protection against homologous
CHMI [6,7] as well as to a lesser extent against heterologous
CHMI [8] and, importantly, naturally acquired malaria infection
in a setting of seasonal transmission [9]. These trials demon-
strate the safety and efficacy of RAS vaccination. RAS vaccine
efforts have been driven by the biotech company Sanaria and
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utilize a mosquito-based sporozoite production platform,
thereby demonstrating the potential for manufacturing scale-
up, and a reasonably practical means of administration for
whole sporozoite vaccines. Although RAS have a considerable
safety record, their immunogenicity appears to be suboptimal.
To achieve robust and protracted protection against a homo-
logous and a heterologous P. falciparum strain, immunizing
sporozoite doses have to be exceedingly high (1–3 million
RAS) and have to be delivered by direct venous
administration.

Building on the RAS experience, the question arises as to
whether it is possible to further improve the immunogenicity
and efficacy of a whole sporozoite vaccine. It stands to reason
that if the live parasite immunogens were to retain replication
competence within hepatocytes, parasite biomass would
increase, the antigen repertoire would diversify, and thus,
such a whole parasite immunization could elicit broader and
more robust immune responses than RAS. This principle has
indeed been demonstrated by infection-treatment vaccination
(ITV), in which subjects undergoing prophylactic treatment with
the blood stage antimalarial chloroquine were immunized with
fully infectious sporozoites. Here, liver stage development pro-
ceeds unaffected, but parasites that are released from the liver
and infect red blood cells are subsequently killed by chloro-
quine. ITV engenders sterile protection against CHMI (tested
after the chloroquine effect has waned) but strikingly requires
an approximately 60-fold lower cumulative sporozoite dose
when compared to RAS [10,11]. Unfortunately however, the
continuous administration of an antimalarial drug during immu-
nization is considered an impractical element of vaccination
and as such it is difficult to envision ITV as a viable modality
for mass vaccinations.

Fortuitously, with the advent of genetic manipulation tech-
niques, it is now possible to embark on the rational and
targeted design of attenuated malaria parasite vaccine strains.
This approach has numerous principal advantages: (1)
Attenuation is intrinsic and targeted by employing the precise
removal of genes; (2) Attenuation is based on biological infor-
mation and can be focused on achieving safety with conco-
mitant optimal immunogenicity; (3) Sequential genetic
manipulation enables a combinatorial platform to create mul-
tigene deletion attenuated strains; (4) Addition of immunosti-
mulatory transgenes as well as antigens from different human
Plasmodium parasite species (e.g. Plasmodium vivax) might
further augment the immune responses as well as broadening
the target profile; and (5) Attenuation, immunogenicity, and
efficacy can be iteratively improved based on preclinical and
clinical data.

The genetic attenuation of malaria parasites initiated with
studies of rodent malaria genetically attenuated parasites
(GAPs) and focused on genes that were upregulated in infec-
tive sporozoites [12]. The deletion of many of these upregu-
lated genes from parasite genomes did not affect parasite
viability during blood stage replication, the viability of sexual
stages, mosquito infection, and sporozoite production but
instead only caused early developmental arrest of the liver
stage after hepatocyte infection. These early GAPs were robust
immunogens, protecting immunized mice against sporozoite

challenge [13,14]. Based on research of rodent malaria GAPs, a
P. falciparum early liver stage-arresting triple knockout GAP
(PfGAP3KO) was created (p36‾/p52‾/sap1‾), which in preclinical
studies showed complete attenuation early after infection of
hepatocytes with no evidence of breakthrough blood stage
infection in a humanized mouse model [15]. A recent clinical
study showed a favorable safety profile with no breakthrough
to blood stage infection when PfGAP3KO was administered to
human subjects by the bites of approximately 200 PfGAP3KO-
infected mosquitoes [16]. A further P. falciparum GAP was
recently created that arrests early during hepatocyte infection
[17] and will enter clinical trials in due course. Accordingly,
GAP vaccine efforts have reached important goals: full viability
throughout the parasite life cycle including sporozoite viability
and infectivity, specific arrest during liver stage infection, and
complete attenuation. What vaccine efficacy profile can we
expect from PfGAP3KO? Based on rodent malaria GAP3KO
studies, this type of early liver stage-arresting GAP confers
complete protection against sporozoite challenge in mice
[18]. A preliminary analysis of human humoral immune
responses to PfGAP3KO showed induction of potent sporo-
zoite infection-blocking antibodies [18], but T-cell responses
have yet to be analyzed. It can be speculated that vaccine
efficacy might turn out to be superior when compared to RAS
as PfGAP3KO is uniformly attenuated. Further clinical studies
are underway to test the preliminary efficacy of PfGAP3KO
against homologous CHMI, and future trials will test efficacy
against heterologous CHMI as well as the safety and efficacy of
an injectable PfGAP3KO formulation.

What improvements can be made to increase potency of a
GAP vaccine? As mentioned, it is of great benefit to allow the
whole parasite immunogen to undergo significant replication
within infected hepatocytes, and this is strongly supported by
ITV trials that demonstrated superior protection [10] vis-à-vis
RAS immunization [6]. Furthermore, proof of concept has been
generated in rodent malaria models that late liver stage-
arresting GAP can be generated and engender better T-cell
responses and antibody responses compared to early liver
stage-arresting GAP and RAS [18,19]. These GAPs confer super-
ior protection against sporozoite challenge with homologous
and heterologous parasites when compared to early liver
stage-arresting GAP and RAS and retain complete efficacy
when administered intradermally. Furthermore, late liver
stage-arresting GAP also confers protection against the
blood stages of the parasite [18,19], which is not observed
with RAS. Thus, a safe late liver stage-arresting P. falciparum
GAP strain should be the ultimate goal of whole parasite
vaccine efforts, but this has yet to be realized [20].

In conclusion, evidence in animal models of malaria and in
humans demonstrates that a whole parasite vaccine expressing
the full repertoire of sporozoite and liver stage antigens con-
stitutes the most potent, broadly protective, and durable immu-
nogen against malaria infection. Genetic engineering of the
parasite provides a powerful and versatile platform to pursue
the informed design of this type of live-attenuated vaccine. As
such, the creation and clinical development of an optimal live-
attenuated malaria vaccine should receive the highest priority
from the malaria vaccine development community. The
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generation of robust P. falciparum liver stage ‘omics data sets,
conducting CRISPR/Cas9 gene-editing screens to identify loci
whose deletion attenuates the liver stage and the further refine-
ment and increase in throughput of preclinical assays for test-
ing genetically engineered P. falciparum vaccine strains, are a
critical element in this pursuit. Furthermore, the safety and
efficacy assessment of attenuated strains in human CHMI trials
must be accelerated. Together such efforts will all require sub-
stantial investment by funders. Formidable other hurdles
remain that need to be further addressed, which include the
scalable production of attenuated sporozoites, their preserva-
tion, storage, distribution, as well as the route of administration
for global immunization efforts. Only then will we have a
realistic shot at a highly efficacious P. falciparummalaria vaccine
within the next decade.

Funding

The manuscript is not funded.

Declaration of interest

A M Vaughan has received grants from the NIH. S H I Kappe has received
grants from the NIH, Bill and Melinda Gates Foundation, the Department
of Defense and is an inventor listed on U.S. Patents pertaining to GAP
technology. The authors have no other relevant affiliations or financial
involvement with any organization or entity with a financial interest in or
financial conflict with the subject matter or materials discussed in the
manuscript apart from those disclosed.

References

Papers of special note have been highlighted as either of interest (•) or of
considerable interest (••) to readers.

1. WHO.Worldmalaria report 2015. Eds., World Health Organization, 2015
2. Crompton PD, Moebius J, Portugal S, et al. Malaria immunity in

man and mosquito: insights into unsolved mysteries of a deadly
infectious disease. Annu Rev Immunol. 2014;32:157–187.

3. Kaslow DC, Biernaux S. RTS,S: toward a first landmark on the malaria
vaccine technology roadmap. Vaccine. 2015;33(52):7425–7432.

4. RTS/S Clinical Trials Partnership. Efficacy and safety of RTS,S/AS01
malaria vaccine with or without a booster dose in infants and
children in Africa: final results of a phase 3, individually rando-
mised, controlled trial. Lancet. 2015;386(9988):31–45.

5. Clyde DF, Most H, McCarthy VC, et al. Immunization of man
against sporozoite-induced falciparum malaria. Am J Med Sci.
1973;266(3):169–177.

•• Seminal study in man demonstrating for the first time that
immunization by P. falciparum-irradiated mosquito bite could
lead to protection against CHMI.

6. Seder RA, Chang LJ, Enama ME, et al. Protection against malaria by
intravenous immunization with a nonreplicating sporozoite
vaccine. Science. 2013;341(6152):1359–1365.

• The first successful clinical trial carried out showing that immuni-
zation of man with intravenous cryopreserved P. falciparum RAS
could protect against CHMI.

7. Epstein JE, Paolino KM, Richie TL, et al. Protection against
Plasmodium falciparum malaria by PfSPZ vaccine. JCI Insight.
2017;2(1):e89154.

8. Lyke KE, Ishizuka AS, Berry AA, et al. Attenuated PfSPZ vaccine
induces strain-transcending T cells and durable protection against
heterologous controlled human malaria infection. Proc Natl Acad
Sci U S A. 2017;114(10):2711–2716.

9. Sissoko MS, Healy SA, Katile A, et al. Safety and efficacy of PfSPZ
vaccine against Plasmodium falciparum via direct venous inocula-
tion in healthy malaria-exposed adults in Mali: a randomised,
double-blind phase 1 trial. Lancet Infect Dis. 2017. DOI:10.1016/
S1473-3099(17)30104-4.

10. Roestenberg M, McCall M, Hopman J, et al. Protection against a
malaria challenge by sporozoite inoculation. N Engl J Med.
2009;361(5):468–477.

• First trial in man demonstrating that immunization with wild-
type P. falciparum sporozoites under blood-stage chemopro-
phylaxis promotes a highly efficacious immune response
leading to complete protection against CHMI.

11. Mordmüller B, Surat G, Lagler H, et al. Sterile protection against
human malaria by chemoattenuated PfSPZ vaccine. Nature.
2017;542(7642):445–449.

12. Matuschewski K, Ross J, Brown SM, et al. Infectivity-associated
changes in the transcriptional repertoire of the malaria parasite
sporozoite stage. J Biol Chem. 2002;277(44):41948–41953.

13. Mueller AK, Labaied M, Kappe SH, et al. Genetically modified
Plasmodium parasites as a protective experimental malaria
vaccine. Nature. 2005;433(7022):164–167.

•• Seminal study showing for the first time that Plasmodium gene
deletion leads specifically to liver-stage arrest and that this
GAP is a powerful immunogen leading to protection against a
wild-type sporozoite challenge in mice.

14. Mueller AK, Camargo N, Kaiser K, et al. Plasmodium liver stage devel-
opmental arrest by depletion of a protein at the parasite-host interface.
Proc Natl Acad Sci U S A. 2005;102(8):3022–3027.

15. Mikolajczak SA, Lakshmanan V, Fishbaugher M, et al. A next-generation
genetically attenuated Plasmodium falciparumparasite created by triple
gene deletion. Mol Ther. 2014;22(9):1707–1715.

16. Kublin JG, Mikolajczak SA, Sack BK, et al. Complete attenuation of
genetically engineered Plasmodium falciparum sporozoites in
human subjects. Sci Transl Med. 2017;9:371.

• First clinical trial in man with a P. falciparum GAP vaccine
showing complete attenuation and a favorable humoral immu-
nity profile.

17. van Schaijk BC, Ploemen IH, Annoura T, et al. A genetically attenu-
ated malaria vaccine candidate based on P. falciparum b9/slarp
gene-deficient sporozoites. elife. 2014;3.

18. Butler NS, Schmidt NW, Vaughan AM, et al. Superior antimalarial
immunity after vaccination with late liver stage-arresting geneti-
cally attenuated parasites. Cell Host Microbe. 2011;9(6):451–462.

• First study to show that late liver-stage-arresting GAP vaccines are
more potent immunogens compared to early liver-stage-arresting
GAP and RAS and can protect against a blood-stage challenge.

19. Sack BK, Keitany GJ, Vaughan AM, et al. Mechanisms of
stage-transcending protection following immunization of mice
with late liver stage-arresting genetically attenuated malaria
parasites. Plos Pathog. 2015;11(5):e1004855.

20. van Schaijk BC, Kumar TR, Vos MW, et al. Type II fatty acid
biosynthesis is essential for Plasmodium falciparum sporozoite
development in the midgut of Anopheles mosquitoes. Eukaryot
Cell. 2014;13(5):550–559.

EXPERT REVIEW OF VACCINES 767

https://doi.org/10.1016/S1473-3099(17)30104-4
https://doi.org/10.1016/S1473-3099(17)30104-4

	Funding
	Declaration of interest
	References



